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Résumé : Spin-lasers are semiconductor devices in
which the radiative recombination processes involving
spin-polarized carriers result in an emission of circu-
larly polarized photons. Nevertheless, additional lin-
ear in-plane anisotropies in the cavity generally lead
in preferential linearly-polarized laser emission and
to possible coupling between modes. In this thesis,
a general method for the modeling of semiconductor
laser such as vertical-(external)-cavity surface-emitting
laser containing multiple quantum wells and involving
anisotropies that may reveal i) a local linear birefrin-
gence due to the strain �eld at the surface or ii) a
birefringence in quantum wells (QWs) due to phase
amplitude coupling originating from the reduction of
the biaxial D2d to the C2v symmetry group at the
III-V ternary semiconductor interfaces. A novel scat-
tering S-matrix recursive method is implemented using
a gain tensor derived analytically from the Maxwell-
Bloch equations. It enables to model the properties of

the emission (threshold, polarization, mode splitting)
from the laser with multiple quantum well active zones
by searching for the resonant eigenmodes of the cavity.
The method is demonstrated on real laser structures
and is used for the extraction of optical permittivity
tensors of surface strain and quantum wells in agree-
ment with experiments. The method is generalized to
�nd the laser eigenmodes in the most general case of
circular polarized pumps (unbalance between the spin-
up and spin-down channels) and linear gain dichroism.
In addition, the measurement of full 4× 4 Mueller ma-
trix for multiple angles of incidence and in-plane az-
imuthal angles has been used for extraction of optical
permittivity tensors of surface strained layers and quan-
tum wells. Such spectral dependence of optical tensor
elements are crucial for modeling of spin-laser eigen-
modes, resonance conditions, and also for understand-
ing of sources of structure anisotropies.

Titre : Sv¥telné koherentní zdroje se spinov¥ polarizovaným proudem

Klí£ová slova : spinové lasery, VCSELs, ellipsometrie Muellerových matic

Abstrakt : Spinové lasery jsou polovodi£ové za-
°ízení v nichº zá°ivé p°echody zahrnující spin nosi£·
vedou k emisi kruhov¥ polarizovaných foton·. Lokální
anisotropie p°ítomné v rezonátoru v²ak ovliv¬ují
výslednou polarizaci a vedou k emisi lineárních
nebo elipticky polarizovaných vlastních mód· a k
p°ípadné vazb¥ mezi nimi. V této práci je pop-
sána obecná metoda modelování povrchov¥ emitujících
polovodi£ových laser· s vertikální geometrií zahrnu-
jící vícenásobné kvantové jámy a p°ítomné lokální
anisotropie: i) linearní dvojlom a dichroismus na
povrchu ii) anisotropie v kvantových jamách pocháze-
jící z fázov¥-amplitudové vazby vzhledem k redukci D2d

symetrie na C2v symetrii na rozhraní III-V ternárních
polovodi£·. Nová metoda zahrnující S-maticový p°ístup
a vyuºívající tenzor zesílení odvozený z Maxwell-

Blochových rovnic umoºnuje modelování vlastností
spinového laseru (laserový práh, vyzá°enou polarizaci,
frekven£ní rozestup mód·) s vícenásobnými aktivními
oblastmi. Metoda je demonstrována na p°íkladu reálné
laserové struktury a je vyuºita pro výpo£et lokálních
optických tenzor· permitivity na povrchu a v kvan-
tových jamách. Metoda je dále zobecn¥na pro popis
spinových laser· s elektrickým a optickým £erpáním a
s lineárním dichroismem v zesílení. Pro výpo£et ani-
zotropních optických konstant bylo vyuºito m¥°ení 4×4
Muellerovy matice pro r·zné úhly dopadu a r·zné az-
imutální úhly. Spektrální závislost optických konstant
je klí£ová pro modelování vlastních módu, podmínek
rezonance a také pro pochopení rozdílných zdroj· ani-
zotropie v laserových strukturách.





Introduction

Spin electronics, also called spintronics, refers to a branch of physics, in which a
charge and spin of an electron are considered together and not separately as in con-
ventional electronics, which ignores spin. Adding the spin degree of freedom provides
new e�ects and new functionalities. This opens new horizons for modern devices
combining properties of maintream charge-based electronics with spin-dependent
phenomena. The perspective of spintronic devices and theirs application in tech-
nology was open in 1988 by Albert Fert and Peter Grunberg [1, 2] by discovering
the giant magneto-resistance e�ect (GMR), which demonstrated the in�uence of the
spin of electrons on the electrical properties in a magnetic multilayers composed of
alternate ferromagnetic and nonmagnetic layers. In the consecutive years, an in-
tensive research e�ort in the investigation of spin injection, spin manipulation, and
spin detection in metals has been stimulated. Since then, the GMR and more gen-
eral spintronic e�ects like tunneling magneto-resistance (TMR) have been applied
in hard disk drives, bio-sensors, micro-electro-mechanical systems, and many others.
While metal spintronics has already found its role in industry, semiconductor spin-
tronics is yet to demonstrate its full potencial, in particular for speci�c optoelectronic
properties like explained in this manuscript.

The rise of semiconductor spin-lasers

In the past decade, a continuous research e�ort has been devoted to the physics
and development of novel type of spintronic devices with possibility to control po-
larization states of emitted light. In such spin-polarized light sources, the radiative
recombination of injected spin-polarized carriers results in emission of circularly
polarized photons through the quantum optical selection rules [3]. The direct link
between the polarization of the injected carriers and the emitted photons makes
such spin-polarized sources suitable for many applications. A prerequisite for the
realization of such devices has been the development of solid state spin-injectors at
room temperature.

The �rst spin-polarized photoluminescence based on a semiconductor light emit-
ting diode (spin-LED) was proposed by Fiederling in 1999 [4]. He demonstrated a
successful high-degree spin injection (90 %) into nonmagnetic bulk GaAs by using a
quaternary II-VI magnetic semiconductor BexMnyZn1−x−ySe as a spin-aligner under
the application of an external magnetic �eld along the normal direction of the growth
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layers at a low-temperature regime. A high degree of injected spin polarization was
con�rmed by the measurement of the circular polarization state of emitted light.
This opened a new horizons in a new research �eld called the spin-optoelectronics.
In the consecutive years, the spin-LEDs have been used in experimental spintronics
for detection and characterization of spin-polarized carriers in a new generation of
spintronic structures [4�11].

Achieving an e�ective spin-polarized electron injection into a semiconductor
at room-temperature has been one of the most important challenges in the spin-
optoelectronics. Signi�cant e�ort has been made to incorporate ferromagnetic met-
als in the semiconductor spintronic devices because they o�er an e�ective source of
spin-polarized electrons. It has been shown that the obstacle with the conductivity
mismatch between the injecting ferromagnetic and receiving semiconductor materi-
als can be overcome by a tunneling mechanism through a barrier [12�14]. In 2003
Habinski et al. observed an electron spin polarization of 32% at room-temperature
in a GaAs quantum well due to electrical spin injection from Fe/AlGaAs Schot-
tky contact, which provided a natural tunnel barrier between the metal contact
and the semiconductor [15]. Two years later in 2005, Jiang et al. demonstrated an
e�ective spin injection into AlGaAs/GaAs quantum well system resulting to a high-
degree emitted circular polarization (47%) in a room-temperature regime by using
CoFe/MgO metal tunnel junction [7]. Unfortunately, all these experiments required
an out-of-plane applied external magnetic �eld due to the natural shape anisotropy
of thin ferromagnetic �lms, which force the in-plane magnetization.

From a technological point of view, the spin-LED devices would be competitive
in practical applications only if they operate in a room-temperature regime without
the external magnetic �eld. Several groups have already achieved spin injection into
semiconductors using spin injectors with a perpendicular magnetic anisotropy at
magnetic remanence. Using both con�guration with a Schottky contact and a MgO
tunnel contact, respectively, Hovel et al. [9] has achieved spin injection at remanence
while the maximum degree of circular polarization of the emitted light was 3% at
room temperature. The maximal degree of emitted circular polarization (8%) at zero
magnetic �eld has been accomplished by Liang et al. by using CoFeB/MgO metal
tunnel junction spin-injector on a top of InGaAs/GaAs quantum well system. These
types of ultrathin perpendicular spin injectors are of great interest to realize the
electrical switching of the injector magnetization owing to the advanced spin-transfer
torque properties of the CoFeB layer. Moreover such injector can be directly included
in optical cavities for future spin-lasers due to their very low optical absorption
loss [16].

Despite all above mentioned results with the spin-LEDs, such devices remain a
wonderful tool for characterization and optimization of spin-injection in semiconduc-
tor, however, they are limited for practical application for the following reasons. i) A
spontaneous emission regime limits the e�ciency of a spin conversion to the emitted
light polarization, which is proportional to the ratio between a carriers recombina-
tion time and a spin-lifetime in an active medium. This leads to a low polarization
degree of circularly-polarized photons, especially at room-temperature regime with
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reduced spin-lifetime. ii) Light emission from spin-LED is non-coherent and spatially
unfocused with a polarization state, which depends on a direction of emission.

Active region

     (QWs) 

DBR

   Air gap

  Spin-injector

a) b)

Figure 1: a)Monolithic VCSEL consists of distributed Bragg mirrors (DBR), which
plays the role of mirrors. The active region, usually quantum wells (QWs) [17, 18]
or quantum dots (QDs) [19, 20], are responsible for the emission of coherent light
through electron-hole recombination [18]. Figure reprinted from [18]. b) The VEC-
SEL con�guration with an external cavity.

All above mentioned limitation can be overcome by combining a proper active
medium with a resonant optical cavity leading to the stimulated emission regime.
Such spin-laser would lead to a highly-coherent and spatially-focused emission with
a high degree of emitted circular polarization even with a relatively low degree of
injected spin-polarization due to the ampli�cation e�ects in the cavity. Therefore
maximal conversion e�ciency between injected spin and easily switchable output
circular polarization can be achieved. Such spin-controlled light-emitting devices
provide many advantages for future optical communication systems such as spin
driven recon�gurable optical interconnects [21], fast modulation dynamics [22], po-
larization control [23, 24] as well as higher performances such as laser threshold
reduction [25, 26], improved laser intensity, and polarization stability.

From a technological point of view, optically active III-V semiconductors based
lasers with vertical geometry (VCSELs) are considered as a good candidates for
room-temperature highly-implementable devices. In such devices, the optical propa-
gation is normal to the substrate surface and the gain is provided by several quantum
wells sandwiched in the optical cavity. It exists nowadays two kinds of surface-
emitting semiconductor lasers: monolithic micro-cavity-type VCSELs for highly-
integrated devices and vertical-external-cavity surface-emitting lasers (VECSEL).
Figure 1 shows the di�erence between both types of the laser structures. Monolithic
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VCSEL consists of distributed Bragg mirrors (DBR), which plays the role of inter-
nal mirrors in the resonator. The active region, usually quantum wells (QWs) [17,
18] or quantum dots (QDs) [19, 20, 27], are responsible for the emission of a coher-
ent light through electron-hole recombination [18]. Two magnetic contacts are used
to achieve spin injection into the active region. In the past decade, spin-operation
regime with an electroluminescence of circular polarization of 23% has been demon-
strated e.g. by Holub et al. [17] with monolithic VCSEL by using electrical pumping
in a low-temperature range (50 K). Considering electrical injection, the distance
of the spin-injector and active medium plays a crucial role and must be optimized
to reduce spin relaxation between injection and recombination. Despite impressive
technological e�ort[17, 19, 20], highly e�cient electrical spin-injection in VCSEL
at room temperature and magnetic remanence without an external magnetic �eld
remains to be demonstrated.

Alternatively, spin-polarized carriers can be injected optically by using circularly-
polarized light [23, 28�31]. In particular, experimental investigations showed that
the output circular polarization degree can exceed the input one via non-linear gain
e�ects [29]. Figure 1b shows vertical-external-cavity surface-emitting laser struc-
ture based on 1/2-VCSEL without upper Bragg mirror, which is replaced by high-
re�ective output coupler [32]. The con�guration with the external cavity enables to
bene�t from an additional degree of freedom provided by the cavity adjustment.
For example, it is possible to tune laser parameters by adjusting the cavity length
or by adding additional intra-cavity optical components [33, 34]. Moreover, the ex-
ternal cavity of VECSEL enables to deposit an ultra-thin electrical spin-injector
perpendicularly-magnetized at magnetic remanence close to the active quantum
wells and thus the impact of the spin-relaxation mechanisms occurring during elec-
tron transport can be minimized [16]. In addition, the optical pumping is considered
as a most e�ective method to maximize the e�ciency of spin-injection into an active
medium [29, 33, 34].

Goal and motivation of thesis

As already mentioned above, in spin-LEDs and spin-lasers, the optical polarization of
the emitted photons is directly related to the spin polarization of the carriers through
the quantum optical selection rules [3, 35]. Nevertheless, this is not only factor, which
determines the polarization state of the emitted light. The second factor is related
to additional in-plane anisotropies in the multilayer semiconductor cavity, which
strongly impact the performance and properties of spin-laser operation [36] and
lead to complex polarization dynamics. Although the V(E)CSEL geometry exhibits
theoretically good isotropic behavior, even a small local anisotropy in a cavity can
break this in-plane symmetry and beat the emitted circular polarization resulting
in preferential linearly-polarized laser emission.

Previous theoretical as well as experimental investigations [37] have allowed to
separate between several di�erent contributions: i) a linear birefringence originating
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from interfaces between ternary quantum wells and barriers (GaAsP/InGaAs/GaAsP),
ii) possible local surface strain of III-V material after surface crystalline reconstruc-
tion [38, 39], iii) magneto-optical anisotropy originating from a magnetized ferro-
magnetic spin injectors [40]. First contribution, the in-plane optical anisotropy of
III-V quantum well structures, was found due to the reduction from D2d to C2v

symmetry group when the host materials do not share any common atoms, [38,
39, 41] as well as chemical segregation [38] and strain e�ect in quantum well. The
second contribution originating from the surface may have two di�erent causes: a
surface-bulk electro-optic e�ect due to the appearance of a signi�cant electric �eld
developing from the top surface by pinning of the Fermi level and an e�ect related
to strain by surface reconstruction. [42] The last contribution is given by magneto-
optical e�ects which causes a circular dichroism and birefringence in a magnetized
ferromagnetic layer used as a spin-injector.

For the aforementioned reasons, a precise modeling of a light emission and prop-
agation in the multilayer active structure with local anisotropies is required. The
main goal of the thesis is to model the optical properties of the electromagnetic
radiation emitted from spin-LED and spin-VCSEL multilayer structures. It could
be based on two steps: (i) representation of active quantum well layers with dipole
sources and (ii) modeling of light propagation in resonant multilayer structures by
using an appropriate matrix approach ful�lling Maxwell equations in each layer and
boundary conditions at the interfaces.

We propose the approach, which (i) describes polarization of emitted photons
related to the quantum optical selection rules and consider spin polarization of
injected current or generally polarized optical pumping �eld, (ii) describes the prop-
agation of emitted �eld in general anisotropic multilayer system consisting of locally
anisotropic layers a�ected by the symmetry reduction on the III-V semiconductor
interfaces, surface reconstruction, strain and magneto-optical e�ects, (iii) correctly
de�nes phases of incoherent spontaneous emission (spin-LED) and coherent stim-
ulated emission (spin-lasers), and (iv) describes the complete polarization state of
emitted �eld from laser structure and conditions for laser resonance. In that mind,
new recursive formulas derived in this thesis are used for calculation of the e�ective
active region and enable to include the interference and re�ection e�ects between
both active regions together with ampli�cation of multiple re�ected light inside the
multiple quantum wells (MQWs). Consequently, it enables to model the properties
of the emission (threshold, polarization, mode splitting) from the laser with MQW
active zones by searching for the resonant eigenmodes of the cavity. The method
will be demonstrated on real laser structures and will be used for the extraction of
optical permittivity tensors of surface strain and quantum wells in agreement with
experiments.

In addition, the Mueller matrix ellipsometry will be applied to study anisotropic
multilayer 1/2-VCSEL structure with anisotropic surface and multiple quantum well
region. We demonstrate that both surface and QWs birefringences are the origins
of the optical frequency splitting, as observed in semiconductor laser measurement
developed in Montpellier by the group of A. Garnache.
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Basic principles of spin-
vertical-cavity surface-emitting lasers
and diodes

We give a simple description of the optical selection rules in the dipolar Hamiltonian
approximation, well documented in the literature [3, 48], in order to illustrate in the
following chapters the power of our technical method to model the properties of light
emission from quantum heterostructures. The optical selection rules are found by
evaluating the dipole moment of the transition between the conduction band state
|c⟩ and the valence band state |v⟩ at the center (Γ-point) of the Brillouin zone (BZ)
using the transition matrix element

Dcv = ⟨ c | D̂ | v ⟩ , (1)

where D̂ stands for the dipole moment operator at �rst order of perturbation. The
electronic Bloch states may be expressed as |J, mj⟩, where J denotes the total
angular momentum and its projection onto the z axis described by the magnetic
quantum number mj. The conduction band is represented by two di�erent electron
quantum states |1/2, ±1/2⟩ , while the valence band is represented by two heavy
hole states |1/2, ±3/2⟩ and two light hole states |1/2, ±1/2⟩ in the center of the
zone at the Γ+

8 valley. The quantization axis for the angular momentum is �xed
along the photon wavevector k and the crystal axis of the cubic AIIIBV crystal
(001) in the z direction. The electron state of the conduction band can be described
using the Bloch wave function

ψCB
km = uCB

m eik
′r, (2)

where the Bloch amplitudes have the following form

uCB
1/2 = |S ↑⟩, uCB

−1/2 = |S ↓⟩. (3)

The |S⟩ denotes the s-type wavefunction and arrows denote spin functions. The
Bloch amplitudes of the valence band can be described using the p-type wavefunc-

7



8

tions |X⟩, |Y ⟩ and |Z⟩ with the symmetry around x, y, and z axes, respectively

uHH
3/2 = − 1√

2
(|X ↑⟩+ i|Y ↑⟩) (4)

uHH
−3/2 =

1√
2
(|X ↓⟩ − i|Y ↓⟩) (5)

uLH1/2 =
1√
3

[
− 1√

2
(|X ↓⟩+ i|Y ↓⟩) +

√
2|Z ↑⟩

]
(6)

uLH−1/2 =
1√
3

[
1√
2
(|X ↑⟩ − i|Y ↑⟩) +

√
2|Z ↓⟩

]
. (7)

The characteristic matrix elements given by the dipolar Hamiltonian coupling both
the conduction and valence bands are in Table 1 [3].

Table 1: Matrix elements of the dipole moment Dcv/D [3].
CB ⟨1/2, +1/2| ⟨1/2, +1/2|
HH |3/2, +3/2⟩ −

√
1/2(x̂+ iŷ) 0

|3/2, −3/2⟩ 0
√
1/2(x̂− iŷ)

LH |1/2, +1/2⟩
√

2/3ẑ −
√

1/6(x̂+ iŷ)

|1/2, −1/2⟩
√

1/6(x̂− iŷ)
√

2/3ẑ

We remind the main conclusions concerning dipole transitions. As required from
the conservation of the angular momentum, radiative recombinations lead to an
emission of right- (σ+) and left-circularly polarized photons (σ−) with a projec-
tion of angular momentum along the direction of their k′ wave-vector equal to ±1,
respectively. Moreover, from intensity of dipoles follows, that the heavy hole (HH)
transitions are three times larger than corresponding light hole (LH) transitions.
Note, that the transition probability is proportional to |Dcv|2. Let us de�ne normal-
ized transition probabilities according to

ξHH = 3/4 ξLH = 1/4 ξHH + ξLH = 1. (8)

In bulk semiconductor, the HH and LH bands are degenerate at the Γ-point and the
present rules are valid for all direction of the emission. In the case of QW structures,
this bulk-degeneracy between the HH and LH valence bands is lifted due to quantum
con�nement or by biaxial epitaxial strain. Moreover, these selection rules are valid
only in the vertical (Faraday) geometry where the carrier spin orientation and the
photon emission are oriented perpendicularly to the QW plane. Figure 2 depicts the
selection rules in direct bulk semiconductor and 2D quantum well system [3, 17].
Transitions for which ∆mj = +1 and ∆mj = −1 result in the emission of circularly
polarized photons with negative (σ−) and positive (σ+) helicity, respectively. More-
over, transitions involving heavy holes (HH) are three times more probable then
those involving light holes (LH). When we consider 2D quantum system (Fig 2b),
the energetic splitting between HH and LH states appears as a consequence of the
quantum con�nement and epitaxial strain. In this case, the depicted selection rules
are valid only for vertical geometry [3, 17]
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Figure 2: Selection rules in a) direct bulk semiconductor and (b) 2D quantum system [3,
17].

Figure 3: Schematic description of the 1/2-VCSEL structure dedicated to the optical
pumping.

Design of the V(E)CSEL structure

Generally, the V(E)CSEL device is based on a laser resonator and the active gain
medium: quantum wells or quantum dots. Figure 3 shows a schematic description
of the 1/2-VCSEL semiconductor structure without top mirror dedicated for the
optical pumping in the VECSEL con�guration. The structures studied in this thesis
have been grown on [0 0 1]-GaAs substrate by metalorganic vapour-phase epitaxy
(MOCVD) by Dr. Isabelle Sagnes from LPN Marcoussis.

The 13λ/2 thick active region is constituted of 6 strain-balanced 8 nm In-
GaAs/GaAsP QWs with the emitting laser frequency at λ ≃ 1µm. The strain
induced by adding of 20% of Indium in QW is compensated by inclusion of 5% of
Phosphorus in GaAsP barrier. Moreover, inclusion of the Phosphorus increases the
barriers gap from Eg = 1.423 eV to Eg = 1.488 eV, however, it also reduces the
electron capture e�ciency in the QW [33]. Each pairs of QWs is separated by GaAs
spacers, which size decreases when getting closer to the surface. Thicknesses of these
spacers are designed to ensure QW placement in the maxima of the electromagnetic
�eld in the cavity. A 30 nm thick insulating AlAs layer in-between the surface and
the active medium is used as a carrier con�nement layer in optical pumping experi-
ments. The nominal thickness of GaAs capping layer is 10 nm.
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Figure 4: Dependence of the Bragg mirror re�ectivity on the incident wavelength
for two di�erent number of period.

The structure consists also of the epitaxial high-re�ectivity (99.9%) bottom
AlAs/GaAs Bragg mirror (DBR, 26 pairs) of the nominal thicknesses tAlAs = 85.37 nm
and tGaAs = 71.8 nm, which acts as a laser feedback. Bottom DBR is designed to
be highly re�ective while top DBR (output coupler) is partially re�ective. These
re�ectors act as a one-dimensional photonic crystal (with a photonic band-gap),
which consists of epitaxially-grown semiconductor layers having the thicknesses of
the quarter wavelengths and alternating with a high and low-refractive indices. A
principle of such dielectric mirrors is based on the interference of a light re�ected
from the di�erent layers of the dielectric stack. Each interface between the two ma-
terials e.g. AlAs/GaAs contributes to the partial re�ection of an optical wave. Then
if the optical path length di�erence between re�ections from subsequent interfaces
is half of the wavelength then all re�ected components from the interfaces interfere
constructively, which results in a strong re�ection in a large spectral region called
the bandgap. The achieved re�ectivity is determined by the number of layer pairs
and by the refractive index contrast between the layer materials.

Figure 4 shows the calculated dependence of the re�ectivity from a Bragg mirror
for two di�erent number of layer pairs. The calculation is based on the matrix
formalism, which is explained in the following chapter. This structure consists of
GaAs/AlAs semiconductor pairs designed for central wavelength λ = 1 µm. The
achieved re�ectivity strongly depends on the number of layer pairs. For 5 pairs the
maximal re�ectivity is around 80 % (red curve). One can observe three main regions
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(green curve): i) the photonic bandgap with the high re�ectivity around λ = 1000 nm
sorrounded by ii) the transparent region for λ > 800 nm with strong interference
e�ects in multilayer structure, and iii) the absorbing region for λ < 800 nm, where
the top GaAs layer absorbs the incident light. The peaks around λ ≈ 250 nm and
λ ≈ 400 nm are given by the absorption of the top GaAs layer as can be seen from
a comparison with the re�ectivity of GaAs (blue curve).

Linear birefringence and circular gain dichroism

Additional linear in-plane anisotropies in the multilayer semiconductor cavity strongly
impact the performance and properties of spin-laser operation [36] leading to com-
plex polarization dynamics. Previous theoretical as well as experimental investiga-
tions [37] have allowed to separate between several di�erent contributions: i) a linear
birefringence originating from interfaces between ternary quantum wells and barriers
(GaAsP/InGaAs/GaAsP) and ii) possible local surface strain of III-V material af-
ter surface crystalline reconstruction [38, 39], and iii) a magneto-optical anisotropy.
First contribution, an in-plane optical anisotropy of III-V quantum well structures,
was found due to the reduction from D2d to C2v symmetry group when the host
materials do not share any common atoms, [38, 39, 41] as well as chemical segrega-
tion [38] and strain e�ect in quantum well. The second contribution originating from
the surface may have two di�erent causes: a surface-bulk electro-optic e�ect due to
the appearance of a signi�cant electric �eld developing from the top surface and an
e�ect related to strain by surface reconstruction [42]. The last contribution is given
by magneto-optical e�ects, which causes the circular dichroism and birefringence in
a magnetized ferromagnetic layer used as a spin-injector [40, 58].

Natural interface anisotropy

The natural interface anisotropy is a form of an inversion asymmetry, which results
from the structure of chemical bonding at the interfaces [59]. Such interface e�ect
reduces the symmetry from D2d to C2v. This argument becomes clear from Figure 5,
which depicts the atomic structure of zinc-blend type quantum wells along the [110]
axis grown on a [001]-oriented substrates. Figure 5a shows the case of a quantum
well/barrier system with a common atom (Fig. 5a). While within each layer the
anions (black circles) are surrounded by equivalent cations (white circles), the inter-
facial anion is bonded to di�erent cations from the upper and lower layers. Example
of such system is GaAs/AlAs structure depicted in Fig. 5d. The planes of the As-Al
and As-Ga bonds involving a common anion are rotated by π/2 with respect to
each other at each side of the interface. It results from this particular C2v symmetry
leading to a possible heavy to light hole mixing in the component of the wavefuction
at interface leading to the optical anisotropy [60, 61]. Consequently, di�erent optical
properties are expected along the [110] and [110] directions. However, even if the top
interface exhibits any anisotropy due to the symmetry reason, such anisotropy would
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be compensated at the bottom interface because the chemical bonds themselves are
same. The quantum well/barrier system thus remain symmetric [42]. On the other
hand, the di�erent situation is in the case when quantum well/barrier system does
not share any common atoms as depicted in Fig. 5b and Fig. 5c. The anisotropy
of top interface is not compensated at the bottom interface because the chemical
bondings are di�erent and thus the system is not symmetric.

The latter case has been clearly demonstrated by Hall et al. on binary InAs/GaSb
superlattices with no common atoms [62]. Krebs et al. has examined and theoret-
ically predicted the interface anisotropy in ternary semiconductor quantum well
systems such as GaInAs/InP. Although both well and barrier materials contain the
common atom indium (In), the "average" atom (GaIn) in quantum well is di�erent
from In in the barrier and therefore contributes to the interface asymmetry [59]. Two
years later in 1998, Krebs et al. reported polarization-resolved optical transmission
measurements performed on GaInAs/InP multi-quantum wells evidencing a large
dichroism [63].

In the case of system studied in this work, In(22%)Ga(78%)As/GaAs(95%)P(5%),
quantum wells and barriers share the common atoms Ga and As. However, the "av-
erage" cation-type and anion-type atoms (InGa) and (As) in quantum wells are
di�erent from the "average" atoms (Ga) and (AsP) in the barriers. Therefore the
symmetry breaking leading to the optical linear birefringence and dichroism is ex-
pected. Moreover, the local surface strain of III-V material due to even a small
lattice mismatch after surface crystalline reconstruction as well as due to the chemi-
cal segregation can be present [38, 39]. The detailed origin of such optical interfacial
anisotropies are currently under study in LSI-UMφ by advanced k.p methods in a
frame of the PhD study of Quang Duy To.

Anisotropy at surface

The linear birefringence and dichroism originating from the surface may have two
di�erent causes: the e�ect related to the strain by surface reconstruction [42, 64] and
the surface-bulk electro-optic e�ect due to the appearance of a signi�cant electric
�eld at a surface.

One contribution to the overall anisotropy predicted and observed at clean (001)
surfaces of binary III-V semiconductors is caused by the the surface reconstruction
with its characteristic dimer-con�guration and back-bonds as depicted in Fig. 6.
This anisotropy could be understood on the basis of trigonally bonded overlayers
leading to the strain and thus di�erent optical properties along the [110] and [110]
directions [65]. Typical examples are the As or Ga dimers found on the di�erent
reconstruction of the GaAs surface. Since the dimers have a preferential orientation,
electronic transitions involving these states are expected to be highly anisotropic.
Moreover, reconstruction induces small changes in atomic positions in the atomic
layers close to the surface and thus producing a strain �eld [42, 64].

Another contribution to the surface linear anisotropy is due to the linear electro-
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Figure 5: Origin of the natural interface asymmetry [59].

optic, bulk-related e�ect induced by the sample surface electric �eld. Such e�ect
originates from an electric charge exchange between the bulk and the surface states
of the semiconductor, in order for the material to attain thermodynamic equilibrium.
As a result of this process, the Fermi level becomes pinned at the semiconductor
surface at an energy in the forbidden gap. The presence of the surface electric �eld
results in the breaking of the symmetry of GaAs near the surface and in the loss
of the optical isotropy in this region. A systematic studies of this e�ect on n-type
GaAs has been done by Acosta-Ortiz by using re�ectance-di�erence technique [66].

On the other hand, the electro-optic e�ects can appear also in the presence of
the applied external electric �eld (electrically-injected VCSELs) or the electric �eld
from high-power pumping laser (optically-pumped VECSELs). When an electric
�eld is present along [001] direction, the refractive indices along [110] and [110] can
be calculated as [67]:

n[110] = n0 −
n3

2
r̃E, (9)

n[110] = n0 +
n3

2
r̃E, (10)

where n0 is the refractive index in the absence of an electric �eld E and r̃ is the
electro-optic coe�cient. Such electro-optical birefringence can be used to control the
cavity resonance of the polarized light along the [110] and [110] directions, which are
shifted to shorter and longer wavelength depending on the direction of the applied
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Figure 6: The surface reconstruction with its characteristic dimer-con�guration and
back-bonds.

electric �eld [68]. Figure 7 shows the emission spectra of the VCSEL device investi-
gated by Park et al., where the birefringence has been induced at the top of DBR by
applying an electric �eld along the [001] direction. The emission spectrum measured
in the absence of an electric �eld represents the [110] mode. For the +10 V V applied
voltage, the emission spectrum shifts to a longer wavelength because the [110] mode
shows a red shift (dashed curve). On the other hand, for the -10 V applied voltage,
the emission spectrum of the [110] mode also shows a small red shift (dotted curve)
so that the dominant polarization mode occurs along the [110] or [110] direction
for the negative or positive electric �eld application. By varying the direction and
strength of the electric �eld, a wanted polarization mode can selected [68].
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Figure 7: Shift of emission spectrum at positive and negative applied voltages.
Figure extracted from Ref. 68.
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Experimental study of surface and
interfacial optical anisotropy

This chapter is devoted to the experimental study of local linear anisotropies in
InGaAs/GaAsP semiconductor VECSEL laser structure using the Mueller matrix
ellipsometry. Such anisotropic e�ects originate from i) the reduction from D2d to C2v

symmetry group at the III-V semiconductor interface and ii) locally present strain
at surface and in the quantum wells. We present ellipsometry results in the spectral
range from 0.73 to 6.4 eV in order to disentangle surface and quantum wells (QWs)
contributions to the linear optical birefringence of the structures. The measurement
of the full 4×4Mueller matrix for multiple angles of incidence and in-plane azimuthal
angles in combination with proper parametrization of optical functions has been
used for extraction of optical permittivity tensors of surface strained layers and
QWs. Such spectral dependence of optical tensor elements are crucial for modeling
of future spin-laser eigenmodes, resonance conditions, and also for understanding
of sources of structure anisotropies. The Mueller matrix measurement and analysis
have been submitted in the journal Applied Physics Letters [43].

Sample description

Figure 8 shows schematically the VECSEL laser structure consisting an epitaxial
high-re�ectivity (99.9%) bottom AlAs/GaAs Bragg mirror (26 pairs) of the nominal
thicknesses tAlAs = 85.37 nm and tGaAs = 71.8 nm. The 13λ/2 thick active region
is constituted of 6 strain-balanced 8 nm InGaAs/GaAsP QWs with emitting laser
frequency at λ ≃ 1µm. Each pairs of QWs is separated by a GaAs spacer which size
decreases when getting closer to the surface. A 30 nm thick insulating AlAs layer
in-between the surface and the active medium used as a carrier con�nement layer
in optical pumping experiments. The nominal thickness of GaAs capping layer is
10 nm.

Results

Figure 9 displays the measured spectra of the Mueller matrix componentsM21,M34,
and M44 in the full range from 0.73 to 6.4 eV compared with data �t with using the
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Figure 8: Schematic description of studied VECSEL structure.

tabulated optical constants of GaAs, AlAs, InGaAs, GaAsP [84, 85], and including
also GaAs oxide layer on the top [86]. These components of the Mueller matrix
together with M12 =M21, M43 = −M34, and M33 =M44 are the most important to
reveal the linear birefringence and dichroism. Considering the general form of the
re�ection coe�cient rss and rpp (without s- and p- polarized light conversion), one
can show that M21 ∝ |rss|2 − |rpp|2 and M44 ∝ ℜ

{
rssr

∗
pp

}
leading to the sensitivity

on linear dichroism, while M34 ∝ ℑ
{
rssr

∗
pp

}
is the most sensitive element to the

linear birefringence [87]. From the spectral measurement, one can clearly observe two
di�erent region: i) the transparent region from 0.73 to 1.7 eV (730-1700 nm) with
visible interference e�ect, where the light is propagating in the whole structure due
to the negligible absorbtion in semiconductor multilayers with presence of photonic
Bragg bandgap in the the range from 1.2 to 1.3 eV (953-1033 nm), and ii) the range
from 1.7 to 6.4 eV (193-730 nm) without any interferences, where the AlAs/GaAs
surface layers absorb incident light.

The analysis procedure of VECSEL structure consists of the following steps:
I) The analysis of the full measured spectra from 0.73 to 6.4 eV, variable angle
of incidence, and using tabulated optical constants in order to extract the precise
thicknesses of all semiconductor layers. Example of thickness �t is shown on Fig. 9.
II) Including data with 360 degree range of azimuthal sample-rotation angles, replac-
ing the tabulated constant by the proper parametric functions of the AlAl/GaAs
top layers, and �tting the parameters of the oscillators in the absorbtion region
E > 1.8 eV, where the sensitivity to surface is maximal due to an absorbtion of
the top layers. III) Fitting of all azimuthal angles in whole spectral range including
mainly transparent region E < 1.8 eV, replacing the tabulated constant by para-
metric function of the InGaAs quantum wells and �tting of a few parameters of the
optical oscillators while the surface optical constants obtained in the previous step
are �xed.

As mentioned above, the critical step involved in �tting Mueller matrix ellipso-
metric data to a given structural model is the proper parametrization of the energy-
dependent complex material optical functions described by the complex permittivity
ε(E) = ε1 − iε2. We have used the Kramers-Kronig (KK) consistent Tauc-Lorentz
(TL) model function [88]. This approach is combined by subset of more general
Herzinger-Johs parametrized function shape with KK properties [89] to model the



19

Wavelength (nm)
200 400 600 800 1000 1200 1400 1600 1800

-1

-0.5

0

0.5

1
M

21

M
34

M
44

Model

Energy (eV)6 5 4 3 2 1

Mueller matrix components

Figure 9: Measured and modeled Mueller matrix element spectra. The angle of
incidence of θ(0) = 40◦ has been chosen.

shape of anM0 critical point seen in direct gap semiconductors such as GaAs around
the gap energy Eg. In combination with 4× 4 matrix formalism describing the light
propagation in anisotropic strati�ed media, the Levenberg-Marquardt least square
algorithm [90] is used to obtain Mueller matrix data �t.

Figure 10 displays the measured Mueller matrix elements as a function of the
in-plane azimuth rotation angle ranging from 0 to 360 degree for the photon energy
of E = 2.2 eV. Clear evidence of the broken in-plane symmetry in the surface
GaAs/AlAs layers is observed due to the 180 degree (π) symmetry of the measured
MM dependence on the rotation angle. Note that e�ects of the sample tilt and
misalignment would exhibit 360 degree (2π) symmetry. Presented model is based
on the optical functions parametrization of the GaAs/AlAs top layers by TL model
with the amplitudes as a �tting parameters in the absorbing range from 1.7 to 6.4 eV,
while all other structure parameters (thicknesses, optical constants of quantum wells
and barriers, etc.) are �xed. The resulting optical constants are shown in Fig 11a)
and Fig. 12a). For the lasing energy of E = 1.24 eV, the di�erence between ordinary
and extraordinary optical constants ∆ε1 = ε1,o − ε1,eo gives ∆ε1 = 0.115± 0.005 for
10 nm thick GaAs and ∆ε1 = 0.021±0.005 for 30 nm thick AlAs, giving the average
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Figure 10: The measured Mueller matrix elements as a function of the in-plane
azimuth rotation angle ranging from 0 to 360 degree for E = 2.2 eV and for the
angle of incidence θ(0) = 40◦.
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Figure 11: a) The ordinary (blue curve) and extraordinary (red curve) optical
constants and b) the permittivity di�erences of real ∆ε1 and imaginary ∆ε2 parts
of GaAs
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Figure 12: a) The ordinary (blue curve) and extraordinary (red curve) optical con-
stants and b) the permittivity di�erences of real ∆ε1 and imaginary ∆ε2 parts of
AlAs.

value about ∆ε̃1 = 0.04 for a 40 nm thick layer composed of GaAs/AlAs at surface
in agreement with our recent analysis using active lasing con�guration described in
Chapter 6 and published in our paper [37].

We will now discuss the connection between particular interband transitions of
zinc-blende-type semiconductor depicted in Fig. 14 with the obtained permittivity
functions. The fundamental absorption edge of zinc-blende-type GaAs and AlAs
corresponds to direct transitions from the highest valence band to the lowest con-
duction band at the Γ point (Brillouin zone center) with the energy Eg = 1.42 eV for
GaAs and Eg = 2.89 eV for AlAs as depicted in Figs. 11a) and 12a). Above the Eg

critical point, we observe E1 and E1 +∆ (spin-orbit split) transitions, which occur
at the L point of the Brillouin zone or along the Λ lines [91]. The E ′

0 describes the
transitions between the valence bands and higher conduction band at the Γ point.
The imaginary part of the permittivity ε2 reaches a strong absolute maximum known
as the E2 peak, which contains contribution over a large region close to the edges
in the [100] (X point) and [110] (K point) directions of the Brillouin zone [92].

In Figure 11b and Fig. 12b one can observe each of the resonant peak absorption
corresponding to each critical points of the Brillouin zone. The main contribution
of the anisotropy of the GaAs originates from the E1 and E1 +∆ transitions giving
up a positive anisotropy between ordinary end extraordinary axis ∆ε1 > 0 and
∆ε2 > 0 up to the energy of E = 2.9 eV and opposite ∆ε1 < 0 for higher energy.
The contribution of AlAs to the surface anisotropy for energy below band gap Eg is
much more smaller due to the compensation between E1 and E ′

0 oscillators. On the
other hand in higher energy range, these oscillators play crucial role and contribute
most to the surface strain.
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Figure 13: a) The ordinary (blue curve) and extraordinary (red curve) optical
constants and b) the permittivity di�erences of real ∆ε1 and imaginary ∆ε2 parts
of InGaAs quantum wells.

ε1 = ε1,o ε2 = ε2,o ∆ε1 = ε1,o − ε1,eo ∆ε2 = ε2,o − ε2,eo

GaAs 12.30 0 0.115 0
AlAs 8.69 0 0.021 0

InGaAs 13.10 0.76 0.047 0.026

Table 2: Table of the optical constants and their extracted di�erence.

In the following step, the extracted optical constants of the surface layers have
been considered �xed, while the optical constants of the InGaAs QW are parametrized
and �tted to the experimental data in the in the full range from 0.73 to 6.4 eV. The
optical constants in all QWs are considered the identical (coupled) in order to re-
duce a number of �tting parameters. Results are depicted in Fig. 13a and Fig. 13b.
We note that the highest accuracy is obtained for region below 1.8 eV, while the
features above are determined only quantitatively. The contribution of the QW to
the overal birefringence admits two main parts: i) one positive originating from the
region of E1 and E

′
1 spin-orbit split transitions and ii) the negative from the region

of higher energies around E2 transition. For the lasing energy E = 1.24 eV, this
gives ∆ε1 = 0.047± 0.005 for 8 nm thick InGaAs QW (48 nm total). We �rst note
a positive sign of ∆ε1 > 0, identical to the surface birefringence, which should be
correlated to a corresponding negative sign in the regime of laser operation due to
the population inversion. The larger value of the ∆ε1, although not yet understood,
may originate to the non-saturated inversion of population in laser operation, where
the average birefringence has been extracted close to 6 · 10−3 [37]. The order of
magnitude of ∆ε1 is in agreement with the RAS measurement of the similar single
quantum well system InGaAs/GaAs in Ref. 38.
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Figure 14: Electronic energy-band structure of GaAs calculated by density function
theory (DFT) using Wien2K. The main interband transitions are indicated by the
vertical arrows.
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Theoretical and numerical techniques
for the analysis of eigenmodes of
spin-VECSELs with local linear
birefringence and gain dichroism

The modeling method developed in this work contains description of the ampli�ca-
tion processes in multiple quantum wells, multiple re�ections, propagation between
them, and involving anisotropies that may reveal i) a local linear birefringence due
to the strain �eld at the surface or ii) a birefringence in quantum wells (QWs) due
to phase amplitude coupling originating from the reduction of the biaxial D2d to
the C2v symmetry group at the III-V ternary semiconductor interfaces. From a nu-
merical point of view, a novel scattering S-matrix recursive method is implemented
using a gain or ampli�cation tensor derived analytically from the Maxwell-Bloch
equations. It enables to model the properties of the emission (threshold, polariza-
tion, mode splitting) from the laser with multiple quantum well (MQW) active zones
by searching for the resonant eigenmodes of the cavity. The results presented in this
chapter have been published in the journal Physical Review A [37] and in Ref. 45.

Generalization for emission from multilayer spin-laser

and spin-LED

Description of the optical gain in multilayers

In this section, we describe the main properties of the optical gain tensor derived
above and the propagation of the electromagnetic �eld inside the multilayer laser.
One de�nes the amplitude of the source Jones vector in a Cartesian s-p basis ac-
cording to Ad

down = [Ad
1; A

d
3]

T and Ad
up = [Ad

2; A
d
4]

T (with T transpose vectors) as
illustrated in Fig. 15. Those describe the E waves, respectively, propagating down-
ward and upward. We call, respectively, A′

up,down and A
′′

up,down the amplitudes of
the E �eld traveling towards the respective up and down directions in the region
of space below (′′) and above (′) a given active QW region, as depicted in Fig. 15.
Ampli�cation e�ects by the dipole sources in the active layers can be expressed in
the following matrix form:
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[
A′

up

A′′
down

]
=

[
Tuu 0
0 Tdd

] [
A′′

up

A′
down

]
+ γsp

[
Ad

up

Ad
down

]
, (11)

where the �rst term describes the stimulated emission involving the ampli�cation
tensor Tuu and Tdd (uu for up-ingoing and up-outgoing and dd for down-ingoing and
down-outgoing), the precise form will be given later. The second term in the right-
hand side of the equation describes the spontaneous emission (stochastic process)
weighted by the coe�cient γsp.

Figure 15: Schematic description of the structure with a single active layer showing
wave propagation inside the cavity.

After re�ections on mirrors and back and forth traveling, the wave polariza-
tionA′

down may be di�erent from the source Ad
down because of residual birefringences

(linear or circular) in the host. Note also that, for elliptical modes, polarization and
Jones vectors are changed after re�ections on Bragg mirrors leading to the de�nition
of two di�erent optical-gain tensors for up- and down- propagation. The result [45]
is that one has to consider the gain tensor, T αβ

mn , in a supermatrix form with double
index, one m,n = x, y, z for the coordinates and the other α, β=uu,dd for the prop-
agation direction (up, down). In that sense, (up,up) means ampli�cation from an
up-incoming wave into an up-outgoing wave, and similarly for (down,down) combi-
nation.

Considering normalized vector sources,
(
Ad

down

)+
Ad

down = 1, Tuu and Tdd admit
the form:

Tuu = I+ g00 [1− iαTuu] Tuu (12)

with

Tuu =

[
Ad

2A
d∗
2 Ad

2A
d∗
4

Ad
4A

d∗
2 Ad

4A
d∗
4

]
(13)
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and
Tdd = I+ g00 [1− iαTdd] Tdd (14)

with

Tdd =

[
Ad

1A
d∗
1 Ad

1A
d∗
3

Ad
3A

d∗
1 Ad

3A
d∗
3

]
, (15)

returning to previous form for the ampli�cation matrix T. I is the 2 × 2 identity
matrix. We recall that g00 is the scalar gain to �nd at threshold and α = ∂nr/∂N

∂ni/∂N

is the Henry's coe�cient accounting for the relative change of the real part of the
optical index (nr) [104].

The expression for α dealing with a satellite mode does not take into account the
gain saturation by the central mode. The previous expression of α in (12) and (14)
is therefore changed into αTuu and αTdd in order to consider gain self-saturation
without much computational e�ort. For example, if one considers for the case of
Ps = 0:

Tuu =

[
1+∆2

2
1−∆2

2
1−∆2

2
1+∆2

2

]
, (16)

then by diagonalization procedure of the second term in (12) one �nds[
1− iα

1− iα∆2

] [
1

∆2

]
(17)

for the two di�erent eigenmodes η(1,2) = [1;±1]. Then the corresponding gains are
g(1) = 1 multiplied by the factor 1 − iα and g(2) = ∆2 multiplied by the factor
1− iα∆2. This di�erence causes a particular frequency splitting between two modes
as expected and demonstrated in the next chapter.

Transfer and scattering matrix formalism for anisotropic cav-

ity

We are now going to tackle the issue of propagation end eigenmodes in optical cavi-
ties including active regions (QWs), barriers, and Bragg mirrors. One considers �rst
a single QW as an optical source. Fig. 15 displays a simple laser structure consist-
ing of a single active dipole layer embedded in multilayer systems. The multilayers
above and below the active layer are described by transfer matrices M(1) and M(2).
Those transfer matrices connect the amplitudes of the outgoing and ingoing waves
from the external parts of the active layer to the top (1) and bottom (2), respectively.
In that sense, the M matrix contains all the optical properties of the host (birefrin-
gence, strain, and optical anisotropies) from the permittivity tensor. Moreover, the
T matrix includes information on the optical gain. We obtain a compact form of the
basic equation for the calculation of the �eld amplitudes emitted from the structure
A

(0)
up and A

(N+1)
down :

ÃM

[
A

(0)
up

A
(N+1)
down

]
= −γsp

[
Ad

up

Ad
down

]
, (18)
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where

ÃM =

[
−M̃

(1)
uu TuuM

(2)
ud

TddM̃
(1)
du −M

(2)
dd

]
. (19)

The condition for a resonant eigenmode (no spontaneous emission γsp = 0) is the
zero determinant of the constituent matrix ÃM. In the simplest case of a laser cavity
of thickness d, wave vector k0 = 2π/λ, and complex refractive index n = nr−ini, one
obtains in this way the well-known condition for the resonance wavelength k0dnr =
mπ by �nding the zero of the imaginary part of the determinant. From the zero of
its real part, one obtains g = ek0dni/2 − 1, giving the condition for the optical gain g
at the laser threshold. From (18), the conditions for resonance and eigenmodes for
a single active layer are then generally given by:

det
[
ÃM

]
= 0 (20)

or equivalently [
TddM̃

(1)
du

(
M̃(1)

uu

)−1
]−1

= TuuM
(2)
ud

(
M

(2)
dd

)−1

. (21)

However, the transfer matrices M(1) and M(2) connecting the upper and lower
�eld amplitudes is only suitable to describe the single active region. One can easily
be convinced that it cannot be extended to the case of multiple QWs. The scattering
matrix (S-matrix) formalism is much more appropriate to treat this general case. It
describes the ampli�cation and optical propagation/di�usion of the in-going wave
amplitudes into outgoing wave-amplitudes. One derives:

ÃS =

[
S
(1)
uu 0

0 S
(2)
dd

]−1 [
TudS

(1)
du − I TuuS

(2)
ud

TddS
(1)
du TduS

(2)
ud − I

]
, (22)

where I is the 2 × 2 unit matrix. The ÃS matrix in Eq. (22) is in a more general
expression suitable for recursive calculations. T de�ned in (11) is generalized into a
more general form including possible o�-diagonal submatrices Tud and Tdu required
to describe coherent multiple re�ections and interference e�ects between two active
regions (discussed in details in the next subsection). These cannot be included in the
M-matrix formulation and they are derived from a general recursive formula detailed
hereafter. In the case where Tud = Tdu = 0 (a single active region is considered),
�nding the zero-determinant of the ÃM and ÃS matrices in Eqs. (19) and (22)
gives naturally equivalent results for optical modes (polarization, wavelength) and
gain (threshold). The conditions for resonance and eigenmodes for multiple-QWs
structures are:

det
[
ÃS

]
= 0 (23)

or equivalently
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det

[
TudS

(1)
du − I TuuS

(2)
ud

TddS
(1)
du TduS

(2)
ud − I

]
= 0 (24)

that we will consider now by implementing a general recursion method for deriving
S and T tensors in the most general cases. The resonant condition can be written
as: [

TddS
(1)
du

(
TudS

(1)
du − I

)−1
]−1

= TuuS
(2)
ud

(
TduS

(2)
ud − I

)−1

(25)
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Figure 16: Sketch of the phase matching in 1/2 VCSEL structure involving multiple
re�ection, propagation, and ampli�cation process in the optical semiconductor cavity
containing one e�ective active layer, the properties of which are derived by recursive
method. Sdu and Sud correspond to propagation and re�ection e�ects with respective
N (top) andM (bottom) re�ections processes. Tud and Tdu represent re�ection after
ampli�cation in the e�ective active zone whereas Tuu and Tdd correspond to forward
ampli�cation.

or equivalently:

TddS
(1)
du

(
TudS

(1)
du − I

)−1

TuuS
(2)
ud

(
TduS

(2)
ud − I

)−1

= I

TddS
(1)
du

∑
N

(
TudS

(1)
du

)N

TuuS
(2)
ud

∑
M

(
TduS

(2)
ud

)M

= I (26)
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giving the general phase-matching conditions for the optical waves after all possible
optical pathways (S-matrix) and ampli�cations (T -matrix) in the optical cavity. In
that sense, N and M are the number of the partial back-and-forth travelings in the
respective upper and down part of the cavity (see Fig. 16).

Generalization to emission from multiple QW: Recursive for-

mulas for multiple active QW regions

The S-matrix scheme adopted here is suitable to describe multiple optical active
zones, their optical ampli�cation, and the propagation of the electromagnetic in-
side the cavity. In particular, the S-matrix scheme enables us to provide a recursive
formula for the optical gain involving multiple dipole sources that could be imple-
mented in numerical procedures for the derivation of optical eigenmodes of VCSELs
and spin-VCSELs. The result is the following. Let us consider that the dipole ac-
tive layers are described by the dipole source vectors A(n) d and A(n+1) d and the
optical gain tensor T(n) and T(n+1). The de�nition of vectors and optical gain are
similar to (11). The e�ective dipole layer is found by using the following generalized
relationship: [

A
(n)′
up

A
(n+1)′′

down

]
= T(n,n+1)

[
A

(n+1)′′
up

A
(n)′

down

]
+A(n,n+1) d, (27)

where T(n,n+1) is in the form

T(n,n+1) =

[
T

(n,n+1)
uu T

(n,n+1)
ud

T
(n,n+1)
du T

(n,n+1)
dd

]
. (28)

The equivalent dipole source vector, A(n,n+1) d, and optical gain tensor T(n,n+1) of
the total system are written:

T(n,n+1) =

[
0 T

(n)
ud

T
(n+1)
du 0

]
+B

[
T

(n+1)
uu 0

0 T
(n)
dd

]
, (29)

A(n,n+1) d = A(n) d +BA(n+1) d, (30)

where

B =

[
T

(n)
uu S

(n)
uu T

(n)
uu S

(n)
ud

T
(n+1)
dd S

(n)
du T

(n+1)
dd S

(n)
dd

][
I−T

(n+1)
ud S

(n)
du −T

(n+1)
ud S

(n)
dd

−T
(n)
du S

(n)
uu I−T

(n)
du S

(n)
ud

]−1

. (31)

Note that the e�ective T matrix consists of non-zero o�-diagonal sub-matrices
Tud and Tdu, describing coherent re�ection processes between consecutive active
regions. In Sect. , we will show that Tud and Tdu may largely impact the resonance
conditions on the wavelength and the frequency splitting in anisotropic VCSELs.



Application of formalism to the real
1/2 (spin-) VECSELs and spin-LEDs

We will now focus on a numerical and experimental investigation of the local anisotropies
in a LED and VCSEL cavities. We start with a simpli�ed model of multilayer spin-
LED structure, which includes magneto-optical spin-injector and we show the e�ect
of magneto-optical e�ects on the emitted polarization state. Then we will use de-
rived S-matrix recursive formalism for modeling of a frequency splitting and we
will compare it with experimentally measured values in order to extract anisotropic
permittivity tensors of surface layers and quantum wells of a real VCSEL structures.

Model of realistic single-source spin-LED

In this section we will demonstrate our approach on half spin-VCSEL structure in
LED regime (with spontaneous emission), which is constituted of only one DBM.
Such structures can bene�t from the external cavity degree of freedom ensured by
an external mirror, which is placed outside to stimulate Fabry-Perot resonance.

For the following model, the particular form of the Jones source vector will be
used. From the previous section, it becomes now clear that if 100% spin-polarized
carriers are injected in the active medium with a mj = 1/2 state, the emitted light
will consist of photons with both negative (σ−) and positive (σ+) helicity at the 3:1
ratio (in the +z direction ↓). Recalling N± the densities of electrons in the ±1/2
electron states and θ(n) the propagation angle in n-th layer, we can use the following
combination of the dipole sources in a simpli�ed scheme according to:

Ad
↓↑ =

N+

N+ +N−

[√
ξHH

(
1

−icos θ(n)
)
+ eiϕ̃

√
ξLH

(
1

icos θ(n)

)]
+

+
N−

N+ +N−

[√
ξLH

(
1

−icos θ(n)
)
+ eiϕ̃

√
ξHH

(
1

icos θ(n)

)]
, (32)

where ξLH and ξHH are normalized transition probabilities de�ned by

ξHH = 3/4 ξLH = 1/4 ξHH + ξLH = 1. (33)

We consider the outside angle of emission θ(0) ∈< 0,π/2 > for Ad
↓↑. By averaging

the �nal Stokes intensities over the random phase ϕ̃, we describe the independence of

31
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stochastic HH and LH transitions. If we consider anisotropic non-stochastic emission
by speci�c broken symmetry, particular ϕ̃ can be chosen for describing preferential
emitted polarization e.g. in the case of strain-induced broken symmetry of interfaces
with GaAs quantum wells [110].

The polarization state of the emitted light is then calculated by solving of Eq. (18).
In the simple case of an isotropic structure and for purely spontaneous emission (with
gain g = 0), this approach corresponds to the approach described by Benisty [111].
However, note that the spontaneous emission is not a coherent process and thus
the terms γspAd

up and γspA
d
down have to be added incoherently to the incident wave.

In the present method we suppress possible interference e�ects originating from
coherence spurious superposition. To that goal, we consider breaking phase factor
eiϕ̄ of the source vector on the right side of Eq. (18) so that Ad

down = [Ad
1; A

d
3]

T and
Ad

up = eiϕ̄[Ad
2; A

d
4]

T (with T transpose vectors). Then by averaging outside Stokes
vector components over ϕ̄:

Sout =
⟨
S↑, ↓
out (ϕ̄)

⟩
ϕ̄
, (34)

we succeed to obtain outside Stokes vector of the structure with polarized source
including the inherent incoherence property of spontaneously emitted waves.

Figure 17: Modeled spin-structure shown schematically including the gold capping
layer (Au), magneto-optical spin-injector (Co), tunnel barrier (MgO), active layer
GaAs with an active plane in the center and Bragg structure AlAs/InGaAs.

Figure 17 schematically displays the model of the multilayered structure includ-
ing, from top to bottom, the metallic capping layer (Au), the magnetic and magneto-
optically active thin spin-injector (Co) described in a polar geometry ε(Co)

xy = −ε(Co)
yx =

−1.14 + 0.19i [112], the oxide tunnel barrier (MgO) dedicated to electrical spin-
injection issue [12, 113, 114], the active layer GaAs with the active medium QW
(plane) in the center and a Bragg re�ector at the bottom. The energy of the emit-
ted light was �xed to E = 1.6 eV (typical 8 nm GaAs QW), corresponding to
the wavelength of λ = 775 nm. Optical constants for the materials in the struc-
ture are nAu = 0.17 − 4.86i [84], nCo = 2.44 − 4.71i [115], nMgO = 1.73 [85],
nGaAs = 3.69 − 0.01i, nAlAs = 3.02, and nInGaAs = 3.76 − 0.28i [85]. Note, that
all plots describe emission to the halfspace (0) in direction ↑ with the chosen param-
eters for the spontaneous emission γsp = 1 and for the stimulated emission g = 1.

Figures 18 demonstrates the changes of the Stokes vector components during
varying of the injected carrier spin-polarization. We observe two e�ects on outgoing
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Figure 18: The e�ect of the electron spin polarization. Subplots show emission
pattern for varying injected spin polarization Ps = 1 (a), Ps = 0.5 (b), and Ps = 0 (c)
with the magnetization of Co layer oriented in the +z direction. Subplots d), e), and
f) show emission pattern for varying injected spin polarization Ps = 0, Ps = −0.5
and Ps = −1, respectively, with the magnetization of Co layer oriented in the −z
direction.
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Figure 19: The e�ect of the electron spin polarization in the case of the heavy hole
transitions. Subplots show emission pattern for varying injected spin polarization
Ps = 1, Ps = 0.5, and Ps = 0 with the magnetization of Co layer oriented in the +z
direction. Subplot d shows degree of polarization of the emitted light.
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Figure 20: E�ect of thickness d(n) = dGaAs in the case of the hh transitions. Subplot
a) dGaAs = 4λ/nGaAs and subplot b) dGaAs = 8λ/nGaAs.



35

emitted light polarization: (i) an e�ect of the injected spin polarization described
by the spin-polarization parameter Ps and (ii) polarization e�ects originating by
transmission and re�ection from the magneto-optical Co layer. The e�ect of the
injected spin polarization is related to the transition probabilities for heavy and
light holes (see Figure 2). For the spin polarization Ps = 1 (subplot a of Fig. 18),
both heavy hole transition (resulting in RCP in -z direction) and light hole transition
(resulting in LCP) polarization are involved, while HH transitions are three times
more probable than LH transitions.

Moreover the total intensity S0 changes slightly. These changes are caused by
the selective polarization transmission through the structure related to Faraday
magneto-optical e�ect in the ferromagnetic Co layer. Circularly polarized eigen-
modes in Co layer with perpendicularly oriented magnetic �eld are absorbed dif-
ferently and have di�erent velocity due to the magnetic circular dichroism and
birefrigence, respectively. After crossing the Co layer, the input wave transforms
in such a way that its azimuth is rotated and its polarization becomes generally
elliptical. Thus even if unpolarized carriers Ps = 0 are injected (subplot c and d
of Fig. 18) and the source is linearly polarized, we can observe non-zero circular
S3 component, which has di�erent sign for opposite magnetic �eld orientation. The
component S3 switches sign due to di�erent transition probabilities for di�erent cur-
rent spin-polarization Ps (subplot e and f of Fig. 18). Experimental measurement of
the Stokes vector can thus bring valuable information about injected spin-polarized
current.

Figure 19 displays the evolution of the Stokes vector components during varying of
the injected spin polarization in the case of the heavy hole transitions (ξHH = 1). As
expected for the injected current Ps = 1, 100% circularly-polarized light is emitted.
As can be seen on Figure 20, the thickness of the GaAs �lm has an impact on outside
�eld pattern due to the interference e�ects.

Emission from 1/2-VCSELs structures with linear

birefringence and gain dichroism: model vs. exper-

iments

We turn now to experiments and connect our calculation method to some real exper-
imental 1/2-VECSELs structures for two di�erent cavity geometries involving linear
birefringences. The typical set-up is displayed in Fig. 21. This section includes ro-
bust numerical predictions for eigenmodes with strong local linear birefringence and
linear gain anisotropy e�ects. The results are compared to experimental measure-
ments with the goal to disentangle both surface and interface anisotropies. We will
consider two di�erent sources of linear birefringence at the interface and/or in the
QWs.
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Figure 21: Sketch and geometry of the 1/2-VCSEL devices investigated in this study
showing 1/2-VCSEL structure as the gain mirror, the optical pumping system, and
the stable plano-concave-type optical cavity (air gap Lc = 7.5 mm) [70, 116, 117].

Main physical issues: From a single source to multiple QWs

recursion

It is well-known that the birefringence in the laser optical cavity may induce a degen-
eracy shift of the optical frequencies of polarized eigenvectors, leading to a frequency
splitting in the radio-frequency (RF) domain due to di�erence of their optical path.
A simple model for the derivation of the corresponding phase or frequency splitting
between two consecutive modes after one round trip in the optical cavity of length
Lc is given by [96]:

∆ϕl = 2k0Lc∆n, (35)

where ∆n = ny − nx is the modal optical index di�erence between the eigenvector
axis (integrated over the cavity length), and k0 is the free-space wavevector of light.
The frequency splitting is given by 2π∆f = −∆ϕlc/2nLc where n is the average
modal index.

In the non intentionally doped GaAs-based nanostructures considered here, emit-
ting vertically along the [001] crystal axis under optical pumping (no vertical static
electric �eld applied), the typical sources of linear optical anisotropy, and thus bire-
fringence, might �nd their origin in three characteristic regions [70]:

• At the Bragg interfaces;
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• In the QW layers;

• At the top air-semiconductor interface.

We will consider the latter two contributions, as the strongest. An important
remark is that the e�ective phase-amplitude birefringence in QWs depends on the
optical gain and then on the losses unlike purely electro-optic birefringence arising
from the surface.

The power of the proposed method is to correctly include the gain properties
in a self-consistent manner. For instance, we will show that restricting ourselves to
the use of a simple round-trip model suppressing main interferences and inter-QW
ampli�cation [switching-o� Tud and Tdu in Eq. (22)] may lead to inaccuracy in the
determination of the birefringence from the value of the average refractive index,
∆n.

Modeling a real VECSELS involving linear anisotropies.

Description of the 1/2-VCSEL structures.

We consider two di�erent structures (S1 and S2 for samples 1 and 2) schematically
shown in Fig. 22, the anisotropic optical properties of which have been investigated
by high-resolution microwave RF-techniques [70]. In details, the non intentionally
doped 1/2-VCSEL structure was grown by MOCVD on a [001] GaAs substrate [118].
S1 and S2 are composed of a high re�ectivity (99.9%) bottom AlAs/GaAs Bragg
mirror (31.5 pairs), and a GaAs active layer of 13λ/2 thickness containing six strain-
balanced InGaAs/GaAsP QWs emitting at λ ≃ 1µm for S1 and λ ≃ 1.06µm for
S2. Each QWs is placed at an antinode of the optical standing wave, following a
non-uniform longitudinal distribution ensuring uniform QWs carrier excitation. This
ensures a low threshold carrier density and homogeneous gain broadening as needed
for single longitudinal mode operation [70, 117, 118]. S1 is terminated by a dielectric
anti-re�ection coating. S2 is ended by a moderately re�ective top epitaxial AlGaAs
Bragg mirror, that may a�ect the sensitivity of the surface and QW anisotropy.
This leads to an optical con�nement of the electromagnetic �eld which is strongly
enhanced on the QWs. The VECSEL devices are depicted in Fig. 21. The gain
structures were optically pumped in the GaAs barriers close to Brewster incidence
angle θB, by using a linearly polarized single mode 800-nm laser diode, focused with a
pair of aspheric lenses with the focal lengths f1 and f2 on a ≃ 35-µm spot radius with
a circular in-plane geometry. The passive optical cavity is a high �nesse stable plano-
concave resonator of Lc ≃ 7.5mm, closed by a concave output coupler (T = 0.7%
for S1 and 13% for S2) of radius of curvature Rc = 10mm. The minimum waist of
the Gaussian beam occurs at the plan mirror. The typical fundamental TEM00 beam
waist is w0 ∼ 37µm here, and exhibits a circular geometry. From an experimental
point of view, in contrast to the case of monolithic micro-cavity-VCSEL devices [94,
116, 119], for conventional VECSELs both the frequency splitting and the power
beating between polarization eigenmodes are too small to be able to be measured
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using optical spectrometers. Those experiments are thus based on the mixing of the
two orthogonal cavity eigenvectors (see Siegman's book for reference [96]), and on
the observation of the beat note in the RF domain, by measuring on a photodiode
the power spectral density of the laser total power �uctuations [70, 96], as shown in
Fig. 23.

a) b)

Figure 22: Description of the 1/2-VECSEL structures under study a) with (S1, left)
and b) without (S2, right) the moderately re�ective Bragg mirror. S1 is composed
of an antire�ection coating at the surface.

Optical constants.

The optical constants ε = n2 used in the calculation are the following: εGaAs(λ =
1000 nm) = 12.3, εGaAs(λ = 1060 nm) = 12.09, εAlAs(λ = 1000 nm) = 8.7, εAlAs(λ =
1060 nm) = 8.63 [84], εInGaAs(λ = 1000 nm) = 13.1, εInGaAs(λ = 1060 nm) =
12.9 [85], εGaAsP (λ = 1000 nm) = 12.15, and εGaAsP (λ = 1060 nm) = 11.9 [120].
These optical constants are also in agreement with ellipsometry measurements and
modeling that we have recently performed [43] and that are shown in Chapter 4.
Concerning the InGaAs quantum well, we switched o� the imaginary part of the
optical constant being replaced by the optical gain as a controlled input parameter.

Detailed birefringence analysis on 1/2-VCSELs.

We are going now to apply our numerical method to three di�erent physical situa-
tions of a) a linear birefringence at the surface only b) an intrinsic linear birefringence
in QWs, and c) a linear birefringence at the surface and phase-amplitude coupling
in QWs.

Case a) The laser resonance can be found by searching for the maximum of
1/det[ÃS] in Eq. (24). To obtain laser parameters, we calculate the 1/det[ÃS] as a
function of wavelength λ and gain g00 via a step-by-step mesh-calculation procedure.
Under these conditions, one �nds a comb of resonance doublets, as expected, two
representatives of which are plotted in Fig. 24 for Sample 2. The linear gain dichroism
has been �xed at ∆ = 0.95 in the present example and the linear birefringence at
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Figure 23: Experimental birefringence measurement, via orthogonal E-�eld polar-
ization mode beating on a low noise photodiode with a laser beam passing through
a polarizer rotated at 45◦ from [110] axis: an example of measured RF-spectrum,
obtained with Sample 1 in a 7.5 mm long cavity and a concave output coupler with
T = 0.7 %. The absence of the peak in the red dashed curve, con�rms that the
observed beat note is due the orthogonal polarization mode [70].

the surface ∆εs = (εx′x′ − εy′y′) /2 = 0.02, where εx′x′ and εy′y′ are the permittivity
tensor components of a surface layer along the directions parallel to [110] and [110],
respectively. The thickness of the birefringent surface layer has been �xed to 50 nm.
The analysis of the eigenmode polarization demonstrates an orientation of the E-
wave along respective [110] and [110] directions for the whole doublets. One can note
that the two consecutive peaks occur at two di�erent frequencies as expected from
the linear birefringence and moreover occur for two di�erent calculated amplitude
gains, respectively, 0.85 and 0.95 per each quantum well for loss compensation and
corresponding to external mirror transmission of about 13% on the electromagnetic
wave intensity (6× QWs ×2 on the intensity gain). The relative di�erence of the
gain of about 10% is then representative di�erential gains (1 −∆2) chosen for this
particular example.

Case b) Fig. 25a displays the frequency splitting between two consecutive longi-
tudinal modes with and without the linear birefringence ∆εQW in the QWs intro-
duced as an adjustable parameter for a total thickness of 48 nm (for six quantum
wells, 8 nm each). Canceling all the birefringence ∆εQW = 0, the frequency split-
ting between longitudinal modes ∆f = 19.2 GHz matches pretty well the value
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Figure 24: Calculation of the resonance conditions of Sample 2 for two linearly
polarized eigenmodes oriented along the [110] and [110] direction and ∆εs = 0.02.
∆ was taken equal to 0.95.

Sample 1 Sample 2
∆fb −16.5MHz +69MHz

∆εs,1,2 (∆ = 0.95) +0.0152 −0.0245
∆εs (∆ = 0.82) +0.02

Table 3: Measured polarization modes beat frequency∆fb [70], extracted anisotropic
parameters ∆εs,1,2 for experimentally obtained ∆ = ∆1 = ∆2 = 0.95, and
anisotropic parameters ∆εs = ∆εs,1 = ∆εs,2 = (εx′x′ − εy′y′) /2 together with
∆ = 0.82.

∆f = c/2tair = 20 GHz expected from the calculation of the phase matching in
a simple air external cavity of thickness tair. The long extension of the air cavity
compared to the semiconductor part makes it so that the optical phase develops
preferentially in that region.

Fig. 25b) shows the details of the two transverse modes from the ones calculated
in Fig. 25a). One note that switching o� any inter-QWs ampli�cation processes (by
switching o� the o�-diagonal elements Tdu and Tud) leads to a certain inaccuracy
of the mode splitting ∆f in the MHz range for 1/2 cavity VCSELs. Switching
on Tdu and Tud o�-diagonal components appears then mandatory for a correct
determination of the layer-selected anisotropic optical constant ∆n (permittivity
tensor ∆ε).

Case c) We now proceed to the investigation of eigenmodes including linear gain
anisotropy as relaxed parameters with phase-amplitude correlation (Henry's factor
α = 3). We do not consider any other linear birefringence ∆εQW than the phase-
amplitude coupling. This section refers to the recent work of Seghilani [70] giving
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a)

b)

Figure 25: a) Calculation of multimode emission and mode splitting for ∆εQW = 0
(solid blue line) and∆εQW = 0.05 (dashed red line with peak doublets), respectively,
inside the QW of Sample 1. b) Calculation of mode splitting inside the QW of Sample
1. The solid blue curve (∆f = 359 MHz) and the dashed red curve (∆f = 195 MHz)
describe the resonance conditions for models with and without o�-diagonal elements
Tdu and Tud, respectively.
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Figure 26: Dependence of ∆f between two orthogonal linear polarizations on
anisotropic parameters of QWs ∆εQW and surface ∆εs of a) S1 and b) S2.

opposite sign of the frequency splitting ∆f = −16.5 MHz and ∆f = +69 MHz for
S1 and S2. Here, ∆f is counted positive when f[110] > f[11̄0] according to our conven-
tion. The two-dimensional maps presented in Figs. 26a) (S1 sample) and Fig. 26b)
(S2 sample) display the particular dependence of the frequency splitting, ∆f , be-
tween the two orthogonal linear polarizations for the two 1/2-VCSELs vs the gain
anisotropy parameter ∆ and an additional surface linear birefringence (∆εs) with an
e�ective surface thickness of 50 nm. In these examples, we �x the value of α = 3 [70].
The two linear polarizations are, respectively, found along [110] and [110] directions
with inverted frequency splitting between Samples 1 and 2. One observes separately
the dependence of ∆f on ∆ for �xed ∆εs (lines from left to right) and the depen-
dence of ∆f on the linear gain anisotropy ∆ on the horizontal axis. Simple linear
parametrization resulting from our calculation gives a phenomenological dependence
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of ∆f [MHz] on ∆εs and ∆ for both samples as:

∆f1 [MHz] = −1220∆εs,1 + 40(1−∆1) (36)
∆f2 [MHz] = −1700∆εs,2 + 550(1−∆2). (37)

The sensitivity of ∆f2 (S2) on the linear gain dichroism ∆2 is more than a factor
of 13 larger than that of S1. This �nding describes the micro-resonance e�ect in the
region of QWs combined with a larger carrier optical pumping due to the particularly
high decay rate of the cavity. On the other hand, the birefringence at the surface,
delocalized from the optical con�nement region, gives about the same equivalent
e�ect on the frequency mode splitting for the two samples. If one assumes that
the two samples are characterized by an identical surface strain and birefringence
∆εs = ∆εs,1 = ∆εs,2, and identical active zones (the same linear gain dichroism
∆ = ∆1 = ∆2), the common solution of the above equations gives ∆εs = +0.02
and ∆ = 0.82. The change of the sign of the frequency splitting between S1 and S2
may then be understood as 1) an opposite e�ect of the linear birefringence between
surface and active layers together with 2) a main contribution from the surface for
S1 due to small optical losses and gain, and small optical con�nement, and 3) an
enhanced contribution of linear birefringence of QWs for S2 due to larger optical
losses and gain together with a strong optical con�nement.

The matching of the frequency splitting to the experimental situation under the
assumption of the same linear gain dichroism of ∆ = 0.95 (linear gain dichroism
of 10% on the intensity) for samples S1 and S2, gives a surface strain birefringence
∆εs,1 of opposite sign of the order of +0.015 for S1 and ∆εs,2 = −0.025 for S2. QW
gain dichroism of about 10−30% has been measured in Refs. [70, 118]. On the other
hand, a surface birefringence di�erent with opposite sign between S1 and S2 would
be surprising from a technological and physical point of view.

Case of the circular pumps with local linear anisotropies

In this section, we will focus on a case with spin-injected current. The calculation
procedure is following: i) calculation of the resonance condition given by maximum
of 1/det[As] by varying the wavelength λ and modal gain per QW g00 for each
value of surface anisotropy ∆εs (or linear gain dichroism ∆) and the spin-injection
degree Ps. ii) Calculation of eigenvectors of As in resonance for each value of surface
anisotropy ∆εs and the spin-injection degree Ps. iii) We will draw the calculated
Stokes vector components of the output polarization for three di�erent cases: cases
with surface anisotropy without and with phase-amplitude coupling, and case with
the linear gain dichroism.
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E�ect of surface strain and polarization degree spin-injected

current

First of all we apply the derived formalism to calculate the dependence of the output
polarization state on the spin-injection degree Ps of the electrons in the conduction
band of QWs and the surface strain ∆εs = (εxx − εyy) /2. This corresponds to the
situation of a more simpler model described in the beginning of Chapter 5 and
published by Alouini [44].. Figure 27 shows the calculated Stokes vector components
of two eigenmodes (with subscripts a and b) as a function of the spin-injection degree
Ps and the surface strain ∆εs. One can observe three main regions:
i) A region with pure circularly-polarized emission S3a = −1 and S3b = 1. This
emission is ensured by considering no linear anisotropy at surface ∆εs for every
value of the spin-injection |Ps| > 0. Moreover, one can see that even for small value
of surface anisotropy ∆εs, the emitted light is circularly polarized for a high degree
of spin-injection Ps.
ii) A region with decreasing degree of circularly-polarized emission with 0 < |S3a| < 1
and 0 < |S3b| < 1. This e�ect is caused by the surface anisotropy ∆εs, which cancels
emission of circular polarization and leads to an emission of elliptically polarized
light.
iii) Region with no circular polarization S3a = 0 and S3b = 0. It can be seen that
even high degree of spin-injection |Ps| → 1 is not su�cient to force the emission
of circularly polarized light when the strong linear anisotropy at surface ∆εs is
present. In that case, both linear polarization are rotated to the direction of -45
degree from birefringence axis leading to S2a = −1 and S2b = −1. These regions are
schematically shown in Fig. 28b). The frequency splitting between two eigenmodes is
shown in Figure 28. In the region with linear eigen polarizations, both modes oscillate
with di�erent frequencies. On the other hand, circularly polarized eigenmodes are
fully degenerated and oscillate with the same frequency. As can be seen in Fig. 27,
for real value of surface anisotropy extracted in this thesis ∆εs ≈ 0.02, one would
need the spin polarization Ps > 0.2 to obtain the elliptically and circularly-polarized
eigenmodes. Note that if we would consider ∆εs = (εx′x′ − εy′y′) /2, the component
S1 turn to component S2 and vice versa.

We will now turn on the phase-amplitude coupling term α, which originates from
the di�erence of the gain between the two modes for the same population inversion,
while n+ and n− constitutes a unique reservoir for the two modes. In the case with
spin-pumping, n+ mainly concerns one circular mode and n− mainly the second one
and then the two gains are less correlated. For that reason, we will consider α = 1.5
in comparison to α = 3 considered in the case with no spin-polarized pump. Figure
29 displays the calculated Stokes vector components. One can observe same three
regions as in the previous case. However, with nonzero α the transition between
linear and circular modes are more rapid and rotation of the linear modes to -45
degree from birefringence axis is more suppressed (see S2a and S2b components).
Figure 30 also displays the frequency splitting between two modes. In comparison
to the case with α = 0 (Figure 28) one can observe non-degeneracy in frequency also
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between circular (or elliptical) modes, which due to the phase-amplitude coupling
oscillate with di�erent frequencies.
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Figure 27: Dependence of the Stokes vector components of two eigenmodes (with
subscripts a and b) on the spin polarization Ps and surface anisotropy ∆εs for α = 0.

E�ect of linear gain dichroism and polarization degree spin-

injected current

We will now apply formalism derived in Chapter 4 and include all material charac-
teristics and cavity properties of real Sample S2 including the linear gain anisotropy
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a) b)

Figure 28: a) Dependence of the frequency shift ∆f on the the spin polarization
Ps and surface anisotropy ∆εs for α = 0. In the region with linear eigen polariza-
tions, both modes oscillate with di�erent frequencies. On the other hand, circularly
polarized eigenmodes are fully degenerated and oscillate with the same frequency.
b) Scheme of the evolution of the output polarization state.

∆. Figure 31 shows dependence of the Stokes vector components on the linear gain
dichroism ∆ and the spin polarization Ps. One can see observe three main regions:
i) Region of pure circularly-polarized emission S3 = ±1. This emission is ensured
by no linear gain dichroism ∆ = 1 for every value of the spin-injection |Ps| > 0.
Moreover, one can see that even for small linear gain dichroism ∆ ≈ 1, the emitted
light is circularly polarized for high degree of spin-injection Ps. For real value of the
linear gain dichroism ∆ = 0.95, one would need the spin polarization Ps > 0.15 to
obtain the elliptically and circularly-polarized eigenmodes.
ii) Region with decreasing degree of circularly-polarized emission 0 < |S3| < 1. This
e�ect is caused by the linear gain dichroism ∆, which cancels emission of circular
polarization and leads to an emission of elliptically-polarized light.
iii) Region of no circular polarization S3 = 0. It can be seen that even high degree
of spin-injection |Ps| → 1 is not su�cient for emission of circularly polarized light
when strong linear gain dichroism is present. In that case the circularly-polarized
eigenmodes change to the linearly polarized modes with polarization along x′ and
y′ axis ([110 and 110]) respectively. Note, that for pure isotropic case (∆ = 1 and
Ps = 0) S1 = ±1. That means, that numerical solution gives two linear modes os-
cillating along x and y axis. However, in isotropic case all directions are equivalent.
For general case (∆ ̸= 1 and Ps ̸= 0), S1 = 0.
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Figure 29: Dependence of the Stokes vector components and the spin polarization
Ps and surface anisotropy ∆εs for α = 1.5.
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Figure 30: Dependence of the frequency shift ∆f on the the spin polarization Ps

and surface anisotropy ∆εs for α = 1.5.
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Overall conclusion and perspectives

Conclusion

Objective of this thesis is the theoretical and experimental study of spin-polarized
lasers and light-emitting diodes such as (spin-)VCSELs and spin-LEDs with the
local anisotropies. Achieved results can be summarized as follows:

1. Experimental study of in-plane local anisotropy using the Mueller matrix ellip-
sometry at multiple angles of incidence and in-plane azimuthal angles. In com-
bination with proper parametrization of optical functions, the optical permit-
tivity tensors of surface strained layers and QWs have been extracted (Figs. 11,
12, and 13). The Mueller matrix ellipsometry has been presented as the useful
method for study of local anisotropies in multilayer semiconductor structures
such as 1/2-VCSEL dedicated for optical or electrical pumping. Results dis-
cussed in Chapter 4 have been submitted to Applied Physics Letters [43].

2. We have proposed the model which is based on two steps: (i) representation
of active quantum well layers with dipole sources and (ii) modeling of light
propagation in resonant multilayer structures by using an appropriate matrix
approach ful�lling Maxwell equations in each layer and boundary conditions
at the interfaces. Results have been published in Physical Review A [37] and
in Journal of Optics [40]. Advantages of the proposed model are:

(i) The model describes polarization of emitted photons related to the quantum
optical selection rules and consider spin polarization of injected current or
generally polarized optical pumping �eld and e�ects of in-plane symmetry
breaking leading to the linear gain dichroism and to the possible coupling
between modes.

(ii) Our approach describes the propagation of emitted �eld in general anisotropic
multilayer system consisting of locally anisotropic layers a�ected by the sym-
metry reduction on the III-V semiconductor interfaces, surface reconstruction,
strain and magneto-optical e�ects. The 4× 4 matrix formalism provides e�ec-
tive approach for investigation of the propagation of electromagnetic radiation
in anisotropic layered media, where each layer may display anisotropic optical
properties and is characterized by the complex relative permittivity tensor. In
the case of anisotropic layered media, the electromagnetic �eld in an individ-
ual layer can be expressed as a linear superposition of monochromatic plane
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waves with four eigenmode polarizations obtained by nontrivial solutions of
wave equation in each anisotropic layer.

(iii) The proposed model correctly de�nes phases of incoherent spontaneous
emission (spin-LED) and coherent stimulated emission (spin-lasers). In the
case of spin-LED with in the spontaneous emission regime, we improved the
model of Benisty [111] by suppressing possible interference e�ects originating
from spontaneous emission [Eq. (34)].

(iv) Describes the complete polarization state of emitted �eld from laser struc-
ture and conditions for laser resonance [Eqs. (18)-(22)].

(v) New recursive formulas derived in this thesis are used for calculation of
the e�ective active region and enable to include the interference and re�ection
e�ects between both active regions together with ampli�cation of multiple
re�ected light inside the multiple quantum wells (MQWs). Consequently, it
enables to model the properties of the emission (threshold, polarization, mode
splitting) from the laser with MQW active zones by searching for the resonant
eigenmodes of the cavity [Eqs. (27)-(31)].

3. Numerical and experimental investigation of the local anisotropies in a LED
and VCSEL cavities. We started with a simple model of multilayer spin-LED
structure, which includes magneto-optical spin-injector and we showed the
e�ect of magneto-optical spin injector on a emitted polarization state (Fig. 18).
Then we applied S-matrix recursive formalism for modeling of a frequency
splitting and we compared with experimentally measured values in order to
extract anisotropic permittivity tensors of surface layers and quantum wells
of real VCSEL structures (Table 3). Results have been published in Physical
Review A [37].

4. Numerical simulation of the polarization states of emitted eigenmodes includ-
ing local anisotropies such as linear gain dichroism and surface strain. We
demonstrated the dependence of the Stokes vector components on the local
anisotropies in laser structure. From these calculation, we showed the particu-
lar value of the spin-polarization Ps needed to obtain the emission of circularly-
polarized light from the laser structures with local anisotropies.

Perspectives

The approach derived in this thesis is suitable for future development of advanced
laser modeling. In particular, we will extend the method for description of dynamical
behavior of spin-VCSEL with multiple active quantum well region, including mod-
eling of time-dependent electric �eld in the cavity described by the Maxwell-Bloch
equations. The models of dynamical properties of spin-VCSELs are under develop-
ment of pregraduate student Mariusz Drong under supervision of the author of this
thesis.
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One of the most perspective generalization of the approach will be done by im-
plementing of numerical method for the calculation of laser structures with periodic
media such as quantum dots, quantum wires, photonic crystals, and gratings. The
Maxwell equations in a periodic grating will be solved by using rigorous coupled
wave analysis (RCWA) which is based on approximation of the permittivity func-
tion and �eld components by their Fourier series. In this context, the layer-by-layer
formalism including the scattering matrix formalism for description of emission from
multiple active region, is very suitable for RCWA implementation. This will lead
to advanced model, which enables calculation of properties (threshold, polarization
state of the emitted light, mode splitting) of perspective quantum-dot and quantum-
wire spin-lasers. However, the model has to be further generalized to avoid spurious
interferences between Fourier modes.

We also plan to extend participation on technology of laser preparation and ex-
perimental demonstration of spin-VCSELs properties. This will include pump-probe
experiments with femtosecond pulse laser by using new experimental setup, which
will be built soon at Technical University of Ostrava.
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