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Résumé
La cellule photovoltaïque à porteurs chauds se caractérise par une population
électronique hors équilibre thermique avec le réseau, ce qui se traduit par une température électronique supérieure à la température du matériau. Il devient alors
possible de récupérer non seulement l'énergie potentielle des porteurs, mais également leur énergie cinétique, et donc d'extraire un surcroît de puissance qui n'est
pas exploitée dans des cellules conventionnelles. Cela permet d'atteindre des rendements potentiels proches de la limite thermodynamique. L'extraction des porteurs
hors équilibre se fait au moyen de membranes sélectives en énergie an de limiter
les pertes thermiques.
Dans cette thèse, l'inuence de la sélectivité des contacts sur les performances
de la cellule est analysée par des simulations de rendement. Il apparaît que ce
paramètre est moins critique qu'annoncé dans la littérature, et que des rendements
élevés sont possibles avec des contacts semi-sélectifs, permettant l'extraction de
porteurs au dessus d'un seuil d'énergie. De tels contacts sont non seulement beaucoup plus facilement réalisables en pratique que des contacts sélectifs, mais sont
également plus compatibles avec les densités de courant élevées qui sont attendues
dans de tels dispositifs.
Une méthodologie expérimentale est également proposée pour analyser la vitesse
de thermalisation des porteurs hors équilibre. Des porteurs sont photogénérés par
un laser continu et leur température en régime stationnaire est sondée par photoluminescence en fonction de la densité de puissance excitatrice. Un modèle empirique est obtenu reliant la puissance dissipée par thermalisation à la température
électronique. Ce modèle est ensuite utilisé pour simuler le rendement de cellules
présentant une thermalisation partielle des porteurs.
Enn, un rendement de cellule réaliste présentant une absorption non idéale,
une vitesse de thermalisation mesurée sur des matériaux réels et des contacts semisélectifs est calculé. Il ressort qu'une augmentation substantielle de rendement est
possible en comparaison d'une simple jonction ayant le même seuil d'absorption,
mais que la vitesse de thermalisation observée est néanmoins trop élevée pour
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permettre de dépasser les records de rendement actuels. Des idées sont proposées
an d'améliorer les performances des structures étudiées.
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Abstract
A hot carrier solar cell is characterized by a carrier population in thermal non
equilibrium with the lattice, that translates into carriers having a temperature
higher than the material temperature.

It then becomes possible to collect not

only the carrier potential energy but also their kinetic energy, and thus to extract
an additional power that is not used in conventional solar cells. This enables to
reach a potential eciency close to the thermodynamical limit. The extraction of
carriers is made through energy selective membranes in order to reduce the heat
loss.
In this thesis, the impact of contact selectivity on the cell behaviour is investigated by simulating its eciency. It appears that this parameter is not as crucial
as what was said in the literature, and that a high eciency is indeed possible
with semi-selective contacts allowing carrier extraction above an energy threshold.
Such contacts would not only be much easier to fabricate in practice, but are also
more compatible with the high current densities that are expected in such devices.
An experimental method is also proposed to determine the non equilibrium
carrier cooling rate. Carriers are photogenerated by a continuous wave laser and
their temperature in steady state conditions is probed by photoluminescence as
a function of the excitation power density. An empirical model is obtained that
relates the power dissipation due to carrier thermalization to the electron temperature. Such model can then be used in a hot carrier solar cell model to take heat
losses into account.
Finally, the eciency of a realistic cell having non ideal absorption, a cooling
rate measured on real materials and semi-selective contacts is simulated. It turns
out that a substantial eciency enhancement is possible compared to single junction cells with the same band gap, but that the cooling rate measured on samples
is nevertheless too high to exceed today's eciency records. Ideas are proposed to
improve the performance of the structure under investigation.
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Introduction
Motivation
Electricity from photovoltaics has a double advantage: an abundant, renewable and free energy source, and a low environmental impact. However, it is so
far underexploited because of high production costs compared to other electricity
production technologies (fossil and nuclear). Economic competitiveness is the key
issue to enable a massive deployment of photovoltaic energy. It is related to the
2
system production cost in B
C/m and to the module eciency.
In gure 1, dierent technologies of solar cells are represented in a production
cost - cell eciency map. A rst generation of bulk silicon solar cells had decent
eciency ranging from 18 to 23% (as modules [1]) but high production cost. This
is mainly due to the material consumption of such technology: silicon having an
indirect band gap, a thickness of 200

µm

is necessary to absorb light eciently.

The waste of material in the standard production process (sawing of Si wafers from
a Si ingot) is also a major limitation. A second generation composed of thin lm
solar cells using new materials (for instance CdTe and Cu(In,Ga)Se2 or amorphous
silicon) was developed with a slightly lower eciency (between 11 and 15% module
eciency depending on the material [1]) but a strongly reduced production cost.
Cost reduction was achieved using a reduced absorbing layer thickness down to
about 2

µm.

These technologies have successfully brought energy production cost

in the economic competitiveness range. CdTe based thin lm cells have already
reached the targeted 1 B
C/W, and CIGS cells are following the same trend.
However, further improvement on the module production cost is dicult. Half
of the module nal cost is not related to the cell fabrication but comes from all
components other than the photovoltaic cell, known as balance of system (switches,
wiring, inverters, batteries, support racks, land...), so further cost reduction in the
cell fabrication would have a minor impact on the overall eletricity cost .Thus, the
kWh cost reduction implies eciency enhancement rather than production cost
reduction. One can see on gure 1 that the conventional devices have an intrinsic
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Figure 1:

Eciency - production cost map of dierent solar cell technologies:

rst generation (bulk silicon, green), second generation (thin lms,pink) and third
generation (red). The third generation would allow eciency above the present
31% limit. The thermodynamical limit is 86%. Dashed lines represent dierent
values of the energy production cost. The competitiveness threshold of 1$/W is
nd
attained in the 2
generation area.

eciency limit of 31%, which does not leave much room for improving solar cell
eciencies. However, the thermodynamical limit of solar energy conversion into
electricity is 86% [2, 3]. New concepts of cells, with a dierent working principle,
can be proposed to overtake the present limit and approach the fundamental limit.

Overview of high eciency solar cell concepts
The low eciency limitation of conventional devices comes from the single band
gap absorbing material that is poorly adapted to the polychromatic solar spectrum.
With a single p-n junction solar cell, only the photons having the exact band gap
energy are optimally converted. Those with lower energy are not absorbed, and
those with higher energy only produce the energy of the band gap, the rest being
lost as heat (see gure 2): the most energetic carriers are cooled down to the band
edges in a process called carrier thermalization.
A quantitative determination of the dierent types of losses occuring in a single junction can be seen in gure 3.

One notices that at the optimal band gap
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(1.4 eV for a 31% eciency), carrier thermalization and non absorption are each
responsible for losses representing 30 and 20% of the incident power respectively.

Heat
CB
Not
absorbed

photons
VB

Figure 2: Loss mechanisms in a solar cell: low energy photons are not absorbed
(red), high energy photons are absorbed with a part of the energy lost as heat
(blue).

Only photons with an energy matching the band gap can be eciently

converted (green).

There are therefore two general ideas to increase the eciency: either increase
the absorption, or reduce the thermalization losses. Several ideas have been proposed to achieve one or both of these two goals and are known as third generation
photovoltaics [4].

The most promising ideas are listed in table 1.

Concerning

the absorption enhancement, one can cite (i) the up-conversion technique, that
consists in converting the sub-band gap infrared part of the spectrum into visible
light by photon addition [5], and (ii) intermediate band cells in which an intermediate band enables the absorption of sub-band gap photons without reduction
of the voltage [6].

Thermalization losses can be reduced (i) in hot carrier solar

cells [7], that is the subject of this work and will be treated extendedly below,
(ii) using down-conversion techniques, that consists in converting one high energy
photon into several lower energy photons that will promote several electron-hole
pairs [8], or (iii) by multiple exciton generation, where one high energy photon
promotes one high energy electron-hole pair that will then generate several lower
energy electron-hole pairs by impact ionization [9, 10].
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Fraction of the incident power (%)
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Not absorbed
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Lost as collected
Re−emitted
Converted
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Band gap (eV)
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3

Figure 3: Eciency and losses (non absorption, thermalization, extraction, and
recombination) as a function of the absorbing material band gap, under AM1.5
incident spectrum. An optimal conversion eciency of 31% is obtained for a 1.4
eV band gap.

multijunction combines both eects: by decomposing the solar spectrum into different spectral domains that are absorbed in dierent materials with well adapted
band gaps, one can cover the whole spectral range (increase absorption), and the
conversion is optimal in each material (reduce thermalization).
Among these concepts, only mutlijunction (or tandem) solar cells have been
fully and successfully fabricated so far, with promising eciency up to 41%.

It

consists in a stack of p-n junctions (sub-cells) with dierent band gaps, the higher
band gap being on top and the lower band gap at the bottom. The UV part of the
spectrum is absorbed in the front sub-cell while the visible and infrared part are
transmitted and can be absorbed by the sub-cells underneath. All the sub-cells are
interconnected in series so that they all produce the same current and the volage
of the complete device is the sum of the voltages of the dierent sub- cells.
It has been demonstrated that an ideal multijunction cell made of an innite
stack of sub-cell, so that an exact match between the absorbed photon energy and
the cell band gap is obtained at all photon energies, would give an eciency of 86%
under maximal concentration (around 46000 suns), which is the thermodynamical
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concept

principle
decompose the solar spectrum into dierent

multijunction

spectral domains that are absorbed by distinct
adapted material
convert the infrared part of the spectrum into

up conversion

visible light with photon addition
convert one UV photon into several visible pho-

down conversion

tons
prevent carrier cooling and extract electrons

hot carrier solar cell

with an energy higher than the bandgap

multiple exciton generation
intermediate band solar cell

Table 1: List of

3rd

generate several electron-hole pairs with one
UV photon
absorb sub bandgap photons with an intermediate band to increase current

generation photovoltaics ideas and cell concepts.

limit of photovoltaic conversion.

A detailed analysis of the potential eciency

depending on the number of sub-cells is available in [11], and show for instance
achievable eciencies above 60% with a triple junction.
The concept of intermediate band solar cell has been developed as an alternative
to tandem cells, providing a potential eciency similar to a triple junction, with
only one absorbing material. An intermediate energy band is created in the band
gap by the presence of a quantum dot array or a high concentration of dopants, for
instance, and allow absorption from the valence band to the conduction band, but
also from the valence band to the intermediate band and from the intermediate
band to the conduction band (see gure 4).

All electron-hole pairs generated

contribute to the current, while the voltage is (hopefully) not aected by the
presence of the intermediate band.

The challenge is to maintain a high voltage

and to prevent non radiative recombinations through the intermediate level.
Up conversion and down conversion are purely optical processes, and for that
reason can be rather easily implemented on an existing cell by adding an optically
active layer on the rear side for the up conversion or on the front side for down
conversion.

~ω < EG

Up conversion consists in the absorption of two photons of energy

that are normally not absorbed and subsequent emission of one photon

with energy

2~ω > EG

that can be absorbed by the solar cell,

EG

being the cell

band gap. It involves absorption by molecules or rare earth atoms with discrete
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CB
3

2

IB
1

VB

Figure 4: Schematic of an intermediate band solar cell. An intermediate energy
band (IB) is created inside the band gap by the presence of a high density of

O

impurities or coupled quantum dots. Low energy photons can be absorbed with

O

transition from the valence band (VB) to the intermediate band
intermediate band to the conduction band (CB)

O

1

or from the

2 , allowing absorption of sub-

band gap photon and contributing to the current coming from the valence to
conduction band transition 3 .

energy levels, so up-converster materials generally present a narrow absorption
energy range, which limits the eciency enhancement potential. Down conversion
is the reverse process with the absorption of one photon
of two (or more) photons

~ω1 > 2EG

and emission

~ω2 ≈ EG .

The hot carrier solar cell is an attractive concept that can provide very high
potential eciency, close to the thermodynamical limit, and comparable to an
ideal innite multijunction stack [7, 12], with a simplied architecture with only
one absorber. The thermalization of photogenerated carriers is blocked and their
kinetic energy in excess of the band gap is converted into potential energy to
increase the voltage of the cell. As the kinetic energy is not lost, the band gap of
the cell can be reduced compared to a standard p-n junction, and losses due to
non absorption are also limited.
It has been discussed in principle, in the ideal case where carrier thermalization
is suppressed and minimal losses occur upon carrier extraction, but the question
of its technological feasability has not been treated yet. Before an actual device
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can be fabricated, one have to wonder whether it can work in practice and under
which conditions.

Outline
The purpose of this thesis is to discuss the feasability of the hot carrier solar cell
concept in practical conditions. This work is organized in ve chapters following
this introduction.
The second chapter is a general introduction to the concept of hot carrier solar
cell. The focus is put on two particular aspects of such concept: the extraction
of carriers through energy selective contacts, and the thermalization of carriers.
For each of these features, the impact of non ideality on the cell eciency is
quantitatively analyzed.
The question of selective contacts is treated in chapter 2. Non ideal selective
contacts are introduced in a hot carrier solar cell model, and the inuence of the
contact selectivity is analysed and quantied.
Chapter 3 is an experimental study of carrier thermalization. Continuous wave
photoluminescence is used to investigate the thermalization properties of test samples, and an empirical model for the carrier thermalization rate is proposed. This
model is then introduced in a hot carrier solar cell model in chapter 4. The impact
of partial carrier thermalization on the cell eciency is quantitatively studied.
Finally, the potential eciency of a realistic cell is determined in chapter 5,
accounting for non ideal light absorption, carrier thermalization and extraction.
A possible cell design is also proposed.
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Chapter 1
The hot carrier solar cell concept
1.1 Principles of the hot carrier solar cell
The concept of hot carrier solar cell was rst introduced by Ross and Nozik [1].
In standard devices, the photon energy in excess of the threshold absorption energy
is given to the photogenerated carrier population, and then to the lattice as heat,
with only the band gap energy being converted as electrical work. If the carrier
thermalization (thermal equilibration of carriers with the lattice) is suppressed,
then the conversion of the total available energy into potential energy is possible
and leads to higher conversion eciency.
The energy distribution of the photogenerated carriers is, immediately after
absorption, a non equilibrium distribution that depends on the energy distribution
of the incident photons, and on the electron and hole eective masses and density
of states. After absorption, the fate of the carrier distribution can be:
 Hot non-equilibrium: the carriers are not even in equilibrium among themselves, the carrier temperature can not be dened.
 Hot equilibrium: the carriers are in equilibrium among themselves but not
with the lattice, resulting in a hot carrier population at

TH > TC ,

where

TC

is the temperature of the lattice
 Full thermalization:

the common situation where carriers are at thermal

equilibrium with the environment at ambient temperature.
The comparison between the thermalization rate (due to interactions with
phonons, see section 1.3), the carrier-carrier scattering rate, and the carrier extraction rate (the rate at which carriers are removed from the system through contacts
or by radiative recombination) will determine which one of the above cases applies.
Typical time constants for these dierent mechanisms in III-V materials are given
in table 1.1, from reference [2].
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Type of interaction

Characteristic time (s)

10−15 − 10−12
≥ 10−12
∼ 10−11
∼ 10−10
≥ 10−9

Carrier-Carrier scattering
Carrier - Optical phonon interaction
Optical phonon - Acoustic phonon interaction
Auger recombination
Radiative recombination
Table 1.1:

Typical time constants of various carrier interaction mechanisms in

semiconductors, from [2].

The carrier-carrier scattering time constant is usually below the picosecond,
and decreases with an increasing carrier density, while the time constant for the
carrier-phonon interaction is of the order of the picosecond.

Considering these

time constants and without carrier extraction, the dynamics of the carrier after a

O

pulsed monochromatic excitation is described in gure 1.1 from [3]. Immediately
after absorption at

t = 0,

carriers are generated in a narrow energy range

OO

2 .

Carrier-carrier scattering then occurs and carriers are redistributed in a hot thermal distribution

3 - 4 , within a picosecond.

O

This distribution is then cooled

O

towards the lattice temperature because of interaction with phonons 5 . Finally,
carriers recombine with a sub-microsecond time constant 7 .

If the excitation rate is higher than the thermalization rate, and lower than the
carrier-carrier scattering rate, a steady state hot distribution can be established,
and the carrier kinetic energy, which is usually lost as heat, can be used and
contributes to the conversion eciency.
Assuming such steady state hot carrier population is achieved, a specic care
is required regarding carrier extraction. If the photogenerated electrons and holes
are withdrawn towards metallic electrodes, where interactions with the lattice can
not be avoided before they produce work in the external circuit, thermalization
of excited carriers to the lattice temperature will occur, and with it, the carrier
kinetic energy will be lost.
A specic cooling of the carriers with minimum heat losses (adiabatic cooling)
is necessary to cool down the carriers to the lattice temperature with production
of chemical energy that appears as quasi-Fermi level splitting. In other words, the
carriers kinetic energy has to be converted into potential energy, or voltage. This
can be achieved with energy selective contacts that are described in 1.4 [4].
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Figure 1.1: Time evolution of electron and hole populations after a laser excitation,
from [3]

1.2 Detailed balance models and limit of eciency
In order to evaluate the potential of the hot carrier solar cell concept, models
have been developed to evaluate its maximal achievable eciency. These models
are based on a detailed balance approach that denes the electrical power output
of a device as the dierence between the power absorbed by the cell and the power
lost in dierent types of loss processes.
The rst non-empirical method to determine a solar cell eciency limit was
proposed by Trivich and Flinn [5]. In their analysis, they assumed that all photons
above the band gap are absorbed, and that all electron-hole pairs photogenerated
are collected with the energy of the band gap. In these conditions, the electrical
power produced is the number of photons with energy higher than the band gap
that are incident on the cell times the band gap energy and the eciency is dened
as:

R∞

n(~ω)d~ω
E
η = EG R ∞ G
~ωn(~ω)d~ω
0
where

(1.1)

n(~ω) is the photon current density and EG is the absorber band gap energy.

This model predicts an optimal eciency of 44% for an unconcentrated black
body spectrum at 6000 K and with a 1.1 eV band gap absorber.

However, it

does not account for any recombination process, and for that reason is not a true
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indicator of the eciency limit of a solar cell.
In 1961, a model was proposed by Shockley and Queisser [6] where the current
is not only determined by photon absorption, but is equal to the dierence between
absorption and radiative recombination.




J = q Ṅabs − Ṅem (V )

(1.2)

2
is the electric current density in A/m , Nabs is the absorbed photon
−2 −1
−2 −1
current density in m s , Nem (V ) is the emitted photon current density in m s
where

J

depending on the terminal voltage

V

of the device, and

q

is the charge of an

electron.
Assuming the sun emits a black body spectrum at the sun temperature

TS , the

photon ux incident on the cell per unit area, per unit solid angle and per photon
energy is:

dNph =
where

E

1
E2


cos θ sin θdθdϕdE
4π 3 ~3 c2 exp E
−1
kB T S

is the photon energy,

θ

is the inclination angle, and

ϕ

(1.3)

is the azimuthal

angle.
Integrating over directions and energy, the absorbed photon current density is
then given by Planck's law:

Ṅabs

where

f

f
= 2 3 2
4π ~ c

Z

∞

EG

exp

E 2 dE


E
kB TS

(1.4)

−1

is a geometrical factor that accounts for the solid angle for photoabsorp-

tion. If incident photons comes from a cone with half angle θmax , f is given by:
R
f = 2π cos θ sin θdθ = π sin2 θmax . It is 1 for maximally concentrated radiation
−4
(θmax = π/2) and 6.7 × 10
for non-concentrated light (the sun is viewed from
−5
a solid angle Ω = 6.8 × 10 ). The absorptivity is assumed to be one above the
band gap energy, and zero below.
The photon current density emitted by the cell with applied voltage
the cell temperature

TC

n

and

p



qV
kB TC


Ṅ0

are the electron and hole densities in the cell, and

librium carrier density.

and at

is dened as:

np
Ṅem (V ) = 2 Ṅ0 = exp
ni
where

V

Ṅ0

(1.5)

ni

is the equi-

is the equilibrium black body emission at temperature
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and is dened, for emission in a

Ṅ0 =

1
2
4π ~3 c2

TC = 0

For a cell temperature

2π
Z

solid angle, by:

∞

exp

EG

E 2 dE


E
kB TC

(1.6)

−1

K, radiative recombinations become negligible

and the open-circuit voltage is equal to the band gap.

This model gives the

same results as the Trivich-Finn model. However, for positive cell temperatures,
radiative recombinations lead to a reduced current and open-circuit voltage and
a lower eciency. At 300 K, the eciency limit given by the Shockley-Queisser
model under unconcentrated sun light is 31% for a band gap
eciency limit for fully concentrated sun light (Ω

= π)

EG = 1.4

eV. The

is 41% with a 1.1 eV band

gap.
If non-radiative recombinations occur, the current-voltage characteristic is given
by:

J=

Z

1
4π 2 ~3 c2

∞


fE


EG

exp



exp

2

E
kB TS



−



qV
kB T C



ρ(E)

−1

E
exp

ρ(E) is the fraction of the total recombination
(ρ(E) = 1 in Shockley-Queisser approach).
where





2

E
kB TC



−1

 dE

that is radiative,

(1.7)

ρ(E) ≤ 1

The next major development in the detailed balance theory was brought by
Würfel [7].

He provided a more detailed argument regarding the expression of

the radiation emitted by the cell. By analysing the balance between absorption,
spontaneous emission and stimulated emission, he was able to relate the emitted
photon current to the internal electron-hole gas chemical potential (or quasi-Fermi
level splitting), and therefore to the ouput voltage. The following expression was
obtained for the emitted photon current density:

1
Ṅem (V ) = 2 3 2
4π ~ c

Z

∞

EG

E2
exp



E−qV
kB TC



dE

(1.8)

−1

In all the above models, the carriers were supposed to be at thermal equilibrium
with the lattice. In 1982, Ross and Nozik [1] imagined a device where the carriers
thermally equilibrate among themselves, but are thermally insulated from the
lattice, and are therefore characterized by a temperature

TH > TC .

Equation 1.2

becomes:

J=

q
4π 2 ~3 c2

Z

∞


f

EG

E
exp



2

E
kB TS
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−
−1

exp





2

E−∆µH
kB T H



−1

 dE

(1.9)
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Here, electrons in the conduction band and holes in the valence band are ase
h
sumed to be thermally equilibrated at TH and have a chemical potential µ and µ
e
h
respectively. ∆µH = µ − µ is the chemical potential dierence between electron
and hole gases. A pathway is introduced for carrier extraction, where electrons and
e
h
holes are extracted at specic energy levels E and E , and the energy extracted
e
h
per electron-hole pair is Eext = E − E . Such an extraction pathway provides a
limited interaction between the outside world and the hot system, that continues
to be thermally insulated.
chemical potential

∆µH

In those conditions, a relation between the internal

and the output voltage

V

can be found.

Let us consider the variation of energy of the electron plasma in the hot abdUAe = TH dSAe + µe dNAe , where subscript A refers to the absorber and
superscript e refers to electrons, U is the internal energy, S is the entropy, and

sorber:

N

is the number of particles. The same equation is written for holes, with super-

script

h.

A similar equation is now written for the variation of energy in electrode
n where electrons are injected: dUEe = TC dSEe +µn dNEe , where subscript E refers to
n
the electrode, TC is the lattice temperature and µ is the Fermi level in electrode

n.
µp

Here again the same equation is written for holes with superscript

h

and with

as the Fermi level in electrode p.

The extraction of one electron-hole pair from the absorber towards the elece
h
trodes means that dNA = −dNA = 1 (injection of an electron on the p side,
withdrawal on the n side). The corresponding energy variation can be written:

∆UA = ∆UAe + ∆UAh = TH (∆SAe + ∆SAh ) − (µe − µh ) = TH ∆SA − ∆µH
This energy variation is

∆UA = −Eext ,

(1.10)

so the entropy variation in the absorber

associated to the extraction of one electron-hole pair is

∆SA = −

1
(Eext − ∆µH )
TH

(1.11)

From the point of view of the electrode distributions, the extraction of one
h
e
electron-hole pair corresponds to dNE = −dNE = 1 and to an energy variation
∆UE = Eext , so the entropy variation is:

∆SE =
with the voltage

V

1
(Eext − qV )
TC

(1.12)

V = (µn − µp )/q .
carriers means that ∆SE = −∆SA ,

being dened as

An isentropic extraction of

so the output

voltage can be expressed:


qV = Eext

TC
1−
TH
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+ ∆µH

TC
TH

(1.13)
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Equation 1.9 is not sucient to determine the current voltage characteristic

∆µH

because of the two unknowns

and

TH .

An additional equation describing

the energy balance in the system is required. The absorbed and emitted energy
currents are simply obtained from the photon current expressions by mutliplying
the integrand by the energy

E

of the photons.

The energy current extracted

through the utilization pathway is the charge current

J.Eext =

q
4π 2 ~3 c2

∞

 
E f

EG

multiplied by the extracted

Eext .

energy per electron-hole pair

Z

J

E
exp



2

E
kB TS



E

−
−1

exp





2

E−∆µH
kB TH



−1

 dE

(1.14)

Combining equations 1.9 and 1.14, the current is determined for a given value of

EG , Eext and f .

The voltage is then found from equation 1.13. The current-voltage

characteristics and the cell eciency are obtained, with a predicted optimal limit
of 66% under AM1.5 illumination and a band gap approaching zero.
In this model, particle conservation was assumed, which means that only radiative recombinations are considered, but also that Auger recombination and
impact ionization are neglected. In 1997, Würfel [4] proposed an other approach
where Auger recombination and impact ionization are assumed to be dominant
over all other recombination processes and faster than carrier extraction. In these
conditions, the electrons and holes are at chemical equilibrium (∆µH
are described by a Fermi-Dirac distribution with a temperature

TH

= 0)
> TC .

and
The

limit of eciency in that case is 53% under non concentrated 6000 K black body
illumination, and 85% under full concentration.

1.3 The mechanisms of carrier thermalization
In the above determination of achievable eciencies, it was stated that the
electron-hole plasma was thermally insulated from the environment, which is not
the case in practical conditions.

The carriers thermalize with the environment

mainly because of interactions with the lattice vibration modes.

This process

usually occurs in few picoseconds, which is much faster than the carrier extraction
time in conventional cells.

In order to allow a hot carrier population regime,

the carriers have to be extracted before they thermalize, which means that the
thermalization rate has to be controlled and reduced, but also that the extraction
time should be shorter than the thermalization time [8].

35

CHAPTER 1.

THE HOT CARRIER SOLAR CELL CONCEPT

ΩS
6.8 × 10−5
2π

ηmax

EGopt

TH

31%

1.4 eV

300 K

41%

1.1 eV

300 K

Particle conservation

6.8 × 10−5
2π

66%

0 eV

3600 K

86%

0 eV

4200 K

Impact ionization

6.8 × 10−5
2π

53%

0.9 eV

348 K

85%

0 eV

2470 K

Model
Conventional single
junction

Table 1.2: Comparison of limits of eciency (ηmax ), optimal band gap (EGopt ), and
carrier temperature in optimal operating conditions (TH ) for conventional single
−5
junction and dierent hot carrier models under unconcentrated (ΩS = 6.8 × 10 )
and fully concentrated (ΩS

= 2π )

6000 K black body spectrum.

1.3.1 Carrier-carrier scattering
Immediately after absorption, the photogenerated electron-hole plasma distribution is not an equilibrium Fermi-Dirac distribution. In the case of a laser exciting
the carriers, for instance, electrons and holes are generated in a very narrow region
in the energy-momentum space. This population, in chemical and thermal disequilibrium with the environment, is subject to dierent scattering processes that
brings it to equilibrium.

Intraband scattering
The intraband scattering comes from Coulomb elastic interaction between free
carriers [9, 10]. Electron-electron, electron-hole and hole-hole scattering occur with
exchange of energy and momentum to more uniformly distribute the excess kinetic
energy amongst carriers. Here the carriers stay in their respective energy band (no
recombination), and this interaction is called intraband scattering.
Considering this process, the free carrier population naturally evolves towards
a Fermi-Dirac distribution dened by a temperature that is common to electron
and holes (thermal equilibrium), that can be much higher than the environment
temperature, since no interaction with the lattice has occured.

In the case of

dierent time constants for electron-hole interaction and electron-electron or holehole interaction, dierent temperatures for electrons and holes can be reached [11].
It is a very fast two-particles process that depends quadratically on the carrier
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density. Its typical time scale is the femtosecond.

Interband scattering
The collisions between carriers can also result in electron-hole pair generation
or recombination in non-radiative processes. Two cases are possible (see gure 1.2):
 Auger recombination: an electron and a hole recombine, and give their energy
to a third free carrier (electron or holes).
 Impact ionization: a high energy free electron (or hole) gives a part of its
energy to produce one exciton.
Here again the free carrier plasma total energy is conserved, but the number of
particles is not. It is a three particles process, and therefore less probable than
intraband scattering. A typical time constant is 100 ps (table 1.1). It also depends
on the band gap, and can become very ecient in small band gap materials. The
exchange between electrons and holes results in an equilibration of electron and
hole chemical potentials. In the limit of very fast Auger recombination and impact
ionization, electrons and holes can be considered to be in chemical equilibrium with
quasi Fermi level splitting approaching zero [4, 12].

1.3.2 Electron/hole-phonon interaction
General case
The electron-hole plasma that is photogenerated is initially hot (electron/hole
with energy far above/below the conduction/valence band edge) immediately after
absorption.

This excess kinetic energy is lost mainly by phonon emission that

comes from interaction between the charge carriers with the ions of the lattice. This
process brings the excited carrier population to thermal equilibrium with the lattice
within a few picoseconds and can be probed by time resolved photoluminescence
spectroscopy experiments (see chapter 3).
The momentum conservation condition in a scattering event implies that carriers are coupled primarily with long wavelength (small wave vector) phonons.
There are four types of zone center phonons in diamond- and zinc-blende-type
semiconductors: transverse acoustic (TA), longitudinal acoustic (LA), transverse
optical (TO), and longitudinal optical (LO) phonons, involving dierent types of
interaction [9, 10].
 deformation potential interaction:

in the case of an acoustic phonon, the

atomic displacement corresponds to a deformation of the crystal that changes
the electronic energy levels. This change in electronic energies induced by
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1

2

2

1
1

2

1

(a) Auger recombination

2

(b) Impact ionization

Figure 1.2: Schematic of Auger recombination (a) and impact ionization (b). In
Auger recombination, the three carriers at initial time (1) end up in one carrier
at nal time (2) having all the energy. Impact ionization is the opposite process
with one initial energetic electron generating an additional electron-hole pair
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static distortion of the lattice is described by a parameter called the deformation potential. Such lattice deformation aects all energy bands, so electron
and holes are coupled in the same way.

It is independent of the phonon

wavevector and is therefore a short range interaction.
 piezoelectric interaction: an acoustic phonon is associated with an oscillating strain that, in noncentrosymmetric crystals, can induce a macroscopic
electric polarization eld. This, in turn, couple to a charge carrier. This phenomenon is known as the piezoelectric eect. The electron-acoustic-phonon
interaction that results from this eect is a long wavelength interaction, thus
a long range interaction.
 electron-optical-phonon deformation potential interaction: an optical phonon
involves relative displacement of atoms that can be seen as microscopic distortion within the primitive unit cell.

In non polar semiconductor, such

distortion aects the energy levels by changing bond length and bond angles.

It is the analog to the deformation potential interaction for acoustic

phonons.
 Fröhlich interaction: in a polar semiconductor, a longitudinal optical mode
involves an opposite displacement of anions and cations in the primitive cell,
that creates an electromagnetic elds interacting with the charge carriers. It
is analog to the piezoelectric eect with acoustic phonons. It is a long range
interaction, specic to polar semiconductors such as III-V compounds.
Interaction with small wavelength (zone edge) phonons are also possible through
intervalley electron-phonon interaction. A zone edge phonon can scatter an electron from a band minimum at the zone center to a band minimum at a zone edge.
For indirect semiconductors, such as silicon, this can play an important role in optical absorption. Also, the high energy electrons in a hot carrier distribution can
be scattered to band minima at zone edges even in direct semiconductors. It can
be avoided with a well chosen material with X and L band minima high enough
to prevent such intervalley scattering.

III-V compounds
In the following analysis, the focus will be put on the case of GaAs, which is
an emblematic case of a polar semiconductor, and has been widely studied.
The intensities of the dierent interactions depend on the phonon occupation number, and therefore on the lattice temperature. At low temperature (<40
K), electrons are not suciently energetic to excite LO phonons.

Only acous-

tic phonons can be generated and carrier-phonon interactions are dominated by
piezoelectric interaction and acoustic deformation potential [13]. For temperature
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K, the Fröhlich interaction becomes dominant and other types of

interaction becomes negligible.
This means that at ambient temperature, the electron-hole plasma loses its
energy mainly by emission of LO phonons. The coupled modes have a small wave
vector because of the wave vector dependant Frölich matrix element. Thus, the
carrier cooling process results in the generation of a large number of zone center
LO phonons, which can result in a unequilibrated LO phonon population [14, 11].
The caracteristic time of this Fröhlich interaction is typically the picosecond.
Experimental studies reported a time constant for electron-LO-phonon interaction
of a few ps in GaAs (4 ps in [15],

≥ 1ps

in [2]). A value close to 1 ps (depending

on the carrier temperature) was theoretically determined in [16] in GaAs at 300 K.
The calculated value is slightly higher in GaSb (∼

2ps).

1.3.3 Electron-hole plasma dynamic
An insight into the dynamic of an electron-hole plasma after photoexcitation
and subsequent relaxation in a semiconductor is obtained by considering the case
of a semiconductor illuminated by a short, high intensity pulse of light with a
narrow spectral range such as from a laser [3].
The photogenerated plasma is subject to a succession of scattering event that
brings the initial distribution in chemical and thermal disequilibrium to a FermiDirac fully equilibrated population (see gure 1.1). In the rst femtoseconds following light absorption, a thermal Fermi-Dirac distribution is established thanks
to carrier-carrier intraband scattering. This distribution is however still at thermal
and chemical disequilibrium with the lattice. Then, interaction with the lattice occurs in a picosecond time scale resulting in the cooling of the carriers to reach thermal equilibrium with the environment. Finally, interaction with photons through
radiative recombination occurs in a nanosecond time scale, with reduction of the
quasi Fermi level splitting, until the initial equilibrated distribution is reached.
The carrier cooling rate has been investigated using time resolved photoluminescence. It was observed, when the injection level was varied, that the electron
energy loss rate was reduced with an increase of the carrier density in the material.
Two explanations were proposed for such an eect:
 a screening of the photogenerated-electron-induced electric eld by free carriers that weakens the electron-LO-phonon interaction and reduces the phonon
emission rate
 the formation of a hot LO phonon population that is thermally equilibrated
with electrons and not with the lattice. The absorption of phonon becomes
as probable as the emission, and the energy loss process is blocked.
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Only the second explanation was proven to be in quantitative agreement with
experiments.

1.4 Energy selective contacts for carrier extraction
1.4.1 Role of selective contacts
In the paper by Ross and Nozik [1] that rst introduced the concept of hot
carrier solar cells, the extraction of carriers was not treated in details. An extraction pathway was considered that removes carriers at an energy
them at another energy

L

where

U − L = Eext

U

and returns

is the energy extracted from the

sytem per electron-hole pair. It was simply stipulated that the hot carrier system
had to interact with the outside world in a very limited way to ensure its thermal
insulation.

Specic features of such extraction mechanisms, or its technological

feasibility was not discussed.
The withdrawal of electron-hole pairs was rst treated by Würfel [4]. Considering that the carrier thermalization in the electrodes could not be avoided, a cooling
mechanism is necessary when extracting excited carriers towards the contacts, to
bring them to the lattice temperature without entropy generation and prevent
heat dissipation. He proposed a sytem of membranes allowing carrier transport
in a narrow energy range

δE  kT ,

that allow such isentropic cooling. In these

membranes, all carriers have the same energy, and no energy loss process can occur
at constant carrier concentration. They allow an isentropic cooling of electrons to
the lattice temperature with production of chemical potential. The carrier kinetic
energy (temperature) is converted into potential energy (chemical potential).
Extraction of electrons would then occur through a n-type membrane, and
extraction of holes through a p-type membrane, the energy dierence between
extracted electrons and holes being the extracted energy

Eext

mentionned in Ross

and Nozik paper (see gure 2.4). In the limit of discrete energy levels and innite
carrier mobility in the membrane, this system enables optimal energy extraction
with minimal heat losses. The output voltage
level splitting in the absorber

∆µH

V

is then related to the quasi-Fermi

by [12]:



T
T
Eext + ∆µH
qV = 1 −
TH
TH
where

T

is the lattice temperature and

TH
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1.4.2 Technological feasibility
The possibility to fabricate energy selective contacts have been adressed, either theoretically or experimentally. The contact selectivity is of course the key
parameter that governs the design of selective contacts.

As it was said above,

the transmission range needs to be kept as small as possible for minimal interaction with the outside world. However, other concerns, and at rst the ease of
manufacture, can play a critical role.
Several dierent approaches were considered [17] and are described here:
 resonant tunneling through a quantum well energy level
 renonant tunneling through a quantum dot array
 renonant tunneling through defect states or impurities in a barrier oxide
 degenerate tunnel junctions
The three rst solutions are very similar.

It consists in a large band gap

material layer insulating the hot distribution from the cold reservoir. Extraction
of carriers is done by tunneling across the barrier.

Carriers can tunnel either

directly across the whole oxide thickness, or via a conned state in the middle of
the oxide, created by a quantum well, quantum dots or defect states (see gure 1.3.
Only carriers having the energy of the conned state can follow that pathway.
The transmission probability decreases exponentially with the barrier thickness,
which makes the resonant two steps process through the conned state much more
probable, and energy selectivity is achieved.
In the case of a quantum well, the resonant level is only discrete in the direction
perpendicular to the plane of the quantum well.

In directions parallel to that

plane, there is a continuum of available states. This means that a carrier with the
right energy in the direction of quantization but with residual momentum in other
directions may also tunnel across the double barrier, even though its total energy
is outside the energy transmission range. Such structure is not a proper selective
contact.
Total energy connement with 3D quantization can be achieved with quantum
dots embedded in a dielectric matrix. In that case, proper selectivity with very
good selectivity can be obtained theoretically. However, in order to keep a small
transmission range, all quantum dots must have a discrete level at the same energy.
It means that the size distribution must be very uniform, which is dicult to
fabricate practically.
A second solution to achieve 3D connement is to have impurities in a large
band gap material, that would form discrete levels in the barrier. Here the resonnance would be greatest for defects in the middle plan of the barrier. This solution
makes the device easier to fabricate.
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Carriers
collected
at T
Hot carrier
distribution
at TH

Figure 1.3: Schematic of double barrier structure for selective contacts. The hot
electron population (on the right) at temperature

TH

tunnel through the potential

barrier, towards the cold population (on the left) at lattice temperature

T.

They

can either cross directly the double barrier, or via the conned state in the quantum well. The probability of crossing the barrier is exponentially decreasing with
increasing barrier thickness, enabling resonant transmission at the energy of the
conned state.

This idea was theoretically investigated [18] (see chapter 2), with the conclusion
that the barrier should be rather thick for good selectivity, and that impurities
should lie in the middle of the insulator. Also, the systems providing the required
selectivity were found to have rather low conductivity, which may be harmful in a
hot carrier solar cell application where large current densities are expected.
The fourth solution that was proposed is the degenerate tunnel junction and
is presented in gure 1.4.

The excited carriers are withdrawn through a tunnel

junction made of an abrupt type III degenerate pn-junction.
For such a device to work, some conditions need to be veried. The electrons
must ow from the absorber towards the

n

contact. It means that the occupation

factors, given by a Fermi-Dirac distribution in region

fB (E) < fC (E)

i fi (E), must verify fA (E) <

(see gure 1.4) so diusion can occur in the right direction. One

can then write the condition:

E − EfAn
kTA

exp
where

Efi n

≥ exp

E − EfBn
kTB

!
≥ exp

is the quasi-Fermi level for electrons and

i, i=A,B or C, and

Efp

!

replacing

E fn

E

an energy in the

δE

!
(1.16)

Ti their temperature in material

interval. The same goes for holes with

as the hole quasi-Fermi level and
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Hot Carrier
distribution
at TH
δE

Carrier
distribution
at T

Eg

A

B

Carrier
distribution
at T

C

Figure 1.4: Schematic of tunnel junctions for selective contacts.

In material C (the absorber), the carrier temperature is the hot temperature

TH .

If carriers in material B are thermally equilibrated with the hot distribution

in C, then it implies that the quasi-Fermi level is higher in the absorber than in
material B. Considering schematic 1.4, if material B is degenerated, it results in
a quasi-Fermi level in the absorber that goes inside the conduction band.

The

same argument leads to the hole quasi Fermi-level inside the valence band. This
is incompatible with light absorption (stimulated light emission would dominate
over absorption). A lower carrier temperature is then necessary in material B in
order to allow a quasi Fermi-level splitting in the absorber that is lower than the
band gap, and to verify condition 1.16. Such temperature gradient would then be
accompanied by an entropy ux that will degrade the cell conversion eciency.
Also, from condition 1.16, one can deduce that:

E − µn
E − µe
≤
kTH
kT
E − µh
E − µp
≥
kTH
kT
where

µe

and

µh

respectively, and

(1.17)

are the quasi-Fermi levels of electrons and holes in the absorber

µn

and

µp

are the Fermi levels in the negative and positive elec-

trodes respectively. Combining the above equations, one obtains:

∆µH ≥ qV
44
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T
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∆µH = µe − µh is the quasi-Fermi level splitting in the absorber, and
V = (µn − µp )/q is the external voltage.
The lattice temperature T being lower than the carrier temperature TH , it
follows directly that ∆µH ≥ qV . The output voltage is therefore limited by the
where

absorber band gap, similarly to a conventional solar cell.

Those thermodynam-

ical considerations indicate that the tunnel junction design does not provide a
satisfactory solution for hot carrier solar cell selective contacts.
All solutions proposed so far for fabricating selective contacts revealed themselves unsatisfactory, and enable to solve the contradiction between high selectivity and large conductance. Results presented in chapter 2 may solve this issue by
showing that selectivity may not be as critical as expected before.
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Chapter 2
Heat losses in the selective contacts
2.1 Models of non-ideal contacts
The selectivity of the contact is expected to be a key parameter in the cell
eciency.

However, no quantitative analysis of losses in non-ideal contacts has

been done so far.

In this section, a model of carrier transport through a one

dimensional channel is proposed and included in the particle conservation hot
carrier solar cell model. A new system of equations is obtained and solved. The
inuence of the contact transmission range, conductance and extraction energy on
carrier temperature, heat loss, and eciency is studied.

2.1.1 Landauer formalism
When non ideal contacts are considered, the method described in [1] for determining the charge and energy balance can not be applied anymore. The carriers
are not extracted at a discrete, single energy

Eext ,

so the power extracted from

the system can not be simply determined as the product of the current extracted
times the extraction energy. It will be an integration of the extracted current mutliplied by the energy of the extracted carriers over the extraction energy range.
Additional equations are necessary to describe the charge and energy ow through
the selective contacts.
The Landauer formalism can be applied to describe the particle ux through a
conductor between two particles reservoirs (see gure 2.1). It was developped in [2,
3, 4, 5] and reviewed in [6]. It relates the current between two leads connected by
a ballistic conductor to the voltage across the system, considering the probability
that a particle entering the conductor is transmitted through it. In this formalism,

I

is the result of a balance between currents owing in each direction, between left
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and right going

IL

electrons.

Let us consider a ballistic conductor (see gure 2.1), whose transverse dimension is small compared to the carrier free path, so carriers are not scattered, and
conductivity inside the conductor is innity (resistance is zero). The resistance of
the system comes only from the interfaces between the conductor and the reservoirs. Such interface resistance comes from the rearrangement of a large density
of transverse modes in the leads into a few transverse modes in the conductor (see
for instance [7] for details).
Consider a single transverse mode in the right direction whose
occupied according to a distribution function

n

with velocity

single

k -state

v

qnv .
length L

carries a current

in a conductor of

f (E).

k

states are

A uniform electron gas density

The electron density associated with a
is

1/L,

and the current from the left to

the right is:

IL =

q X 1 dE
q X
fL (E)v(k) =
fL (E)
L k
L k ~ dk

Assuming periodic boundaries and converting the sum over

(2.1)

k

into an integral

according to the usual prescription:

X
k

L
→2×
2π

Z
dk

(2.2)

where the factor 2 accounts for the spin degeneracy, one obtain:

2q
IL =
h
where

ε

∞

Z

fL (E)dE

(2.3)

ε

is the cuto energy of the waveguide mode.

This expression can be

extended to a multimode waveguide:

2q
IL =
h
where

M (E)

Z

∞

M (E)fL (E)dE

(2.4)

−∞

is the number of modes above the cuto at energy

E.

A similar

expression is obtained for the current from the right reservoir.
If now one considers a transmission probability

τ

that an electron entering the

conductor from the left lead is transmitted to the right lead (one assumes here that
this probability is the same for left going and right going electrons), the expression
above becomes:

2q
IL =
h

Z

∞

τ (E)M (E)fL (E)dE
−∞
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It will be considered now that the conductor can be described by an areal
density

τ (E).
by N .

N

of identical and independent monomode contacts with tranmissivity

The current is then given by equation 2.5 with

and multiplied

Finally, if the carrier distributions on both sides of the conductor are Fermi

distributions with respective Fermi energy

TL

M (E) = 1

and

TR ,

εL

and

εR , and respective temperatures

the net current is:

2qN
I=
h

Z

∞

τ (E) [f (E, εL , TL ) − f (E, εR , TR )] dE

(2.6)

−∞

The energy current is obtained similarly, by multiplying the integrand by the
energy

E

of the transmitted electrons.

In these expressions of particle and energy ux, the transmissivity

τ (E)

is

not specied and can take any form. In particular, it can be the transmissivity
of selective contact with non zero values only in a small energy range.

In sec-

tion 2.2.2, a constant transmission probability equal to one in a narrow energy
range

[Eext /2, Eext /2 + δE],

and equal to zero outside, will be considered. Such

transmission prole allows to study the impact of the energy width of the selective
contacts on the cell eciency, even if it is not realistic in practice. More realistic
transmissivity functions are described below.

2.1.2 Transport in low dimensional structures
Double barrier tunneling
The case of resonant tunneling in a double barrier semiconductor is a textbook
problem that is theoretically treated for instance in [7].

It was rst observed

experimentally by Chang et al [8]. It consists in a tunneling through two successive
barriers where the distance between the two barriers is small compared to the
electron De Broglie wavelength (that is to say a few nanometers). In that case,
the region between the barrier is a quantum well with conned states, and a
peculiar behaviour is observed.
Let consider a case where a small band gap material A is sandwiched between
two large band gap barriers in material B, the left and right reservoirs being material A (for instance, GaAs/AlGaAs/GaAs/AlGaAs/GaAs) which is respresented
in gure 2.2.
The current is calculated using the Laudauer formalism described above. Equation 2.6 applies to determine the

I −V

characteristic of the system. Carrier distri-

butions on both sides of the system are Fermi-Dirac distributions at temperature
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E
Left
distribution

IL

εf,L

Right
distribution

τ(E)

IR

fR(E,εf,R,TR)

fL(E,εf,L,TL)

εf,R

Figure 2.1: Schematic of a conductor between two carrier reservoirs, on the left at
temperature

TL

εf,L , and on the right at temperature TR and
TL < TR and f,L > εf,R . The carrier distributions

and Fermi energy

with Fermi enregy

εf,R .

Here,

are Fermi-dirac distributions. The net current is the dierence between left going
current

IR

and right going current

having energy

E

IL . τ (E)

is the probability that an electron

is transmitted through the contact. The conductor represented

here is a band-pass lter.
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E

Ew
z

(a) V = 0
E

Ew
qV
z

(b) V = Vr
E

Ew
qV
z

(c) V > Vr
Figure 2.2: Schematic of a double barrier structure.

Ew

A discrete energy level at

allows carrier transmission. With no voltage applied to the structure (a), no

current ows. When voltage is increased (b), the current increases exponentially
until the energy of the conned state becomes lower than the conduction band
minimum (c).

In that case, there is no available state in the quantum well for

carriers in the left distribution to tunnel.
resonance voltage

Vr

Maximum current is obtained at a

for which the quantum well conned state is aligned with the

bottom of the conduction band on the left.
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µ1 and µ2 and the voltage across the double barrier is
V = (µ1 − µ2 )/q . The function τ (E) is simply determined by solving

and Fermi energies

ned as

dethe

Schrödinger equation in such geometry, so the current can be calculated.
At low voltage, the current increases exponentially with applied voltage. However, the position of the conned state is shifted (see gure 2.2).

When this

conned state is lower than the bottom of the conduction band in the left lead,
resonant tunneling becomes impossible, and the current drops sharply. At higher
voltage, the carriers can be transmitted by jumping above the barrier.

A reso-

nant behaviour is observed with a local maximum of current at a voltage

Vr

that

correspond to a minimum of resistance. Immediately after the peak, the current
decreases which can be seen as a negative dierential resistance eect.
Such architecture could be used as a possible selective contact. However, the
transmission range is rather large (a few hundreds of meV, large compared to

kT ),

and carriers outside of the transmission range are not blocked eciently. Another
approch may provide better selectivity.
A rst experimental demonstration of the resonant tunneling eect was proposed in [8].

A negative dierential resistance was observed with a GaAs layer

embedded between two

Al0.7 Ga0.3 As

layers at 77 K. A more recent demonstration

is proposed in [9] on a comparable structure at 77 K. It showed that the energy
position of the resonance is shifted with an increase of the excitation energy, indicating a heating of carriers.

This demonstrates the extraction of high energy

carriers through a double barrier system.

Transport through a quantum dot or defect array
The second solution to fabricate selective contacts is resonant tunneling through
discrete states in an insulator matrix (see section 1.4). It can be achieved either
with quantum dots [10, 11] or defects [12] in an insulator matrix.
Let consider the case of defect states in an insulator, which has been theoretically studied [12]. In such architecture, two transmission modes are possible: (i)
a direct tunnel transmission through the whole insulator thickness, (ii) or a resonant double barrier transmission using a discrete state in the matrix. In the rst
process, transmission probability is found simply by solving Shrödinger equation
with a nite potential barrier.
In the second process, the insulator potential is modied by the presence of a
defect, which can be represented by a potential well embedded in the barrier. The
width of that well represents the physical range of the defect, and the position
of the conned state in the well can be tuned by adjusting the well depth to
match the position of the defect state.

This situation can then be treated as a
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double barrier problem. The transmission probability is determined as a function
of carrier energy and results are given in gure 2.3.

(a)
Figure 2.3:

(b)

Transmission coecient of an insulator with defects embedded for

resonant tunnel transmission vs carrier energy.

Zero energy is the conduction-

band minimum of the contact material to the insulator. (a): defects at the middle
of the insulator, for dierent barrier thicknesses.

(b):

neutral oxygen vacancy

defects distributed with a normal distribution centered at the middle of a 16 Å
thick

SiO2

insulator with standard deviation

s.

Transmissivity can be calculated for dierent material eective masses, barrier
thickness, and defect distribution in the barrier. Calculations show that very good
selectivity can be achieved theoretically, in the case of defects at the middle of the
insulator matrix. Higher conductivity is obtained with thin barriers, but with lower
selectivity 2.3(a). However, the peak transmissivity is lowered when the defects
position deviates from the middle of the insulator, or when the defects are spatially
distributed in the insulator thickness 2.3(b).

A few Ångström displacement or

standard deviation in the defect position can annihilate the resonance.
Selective contacts can theoretically be fabricated with the required selectivity
with defect states in an insulator matrix. Nevertheless, it may turn out to be very
dicult to meet the requirements concerning the control of the defects position
and distribution, and the technological demonstration of selective contacts is not
obvious so far.
The case of resonant tunneling through a quantum dot array can be treated
similarly. It was theoretically investigated in [10]. Experimental demonstration of
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the eect is proposed in [11] with silicon nanodots embedded in a

SiO2

matrix,

showing negative dierential resistance at ambient temperature. The resonance is
however not very strong, with only a 20% reduction of the current density between
the peak and the valley. The peak is broadened by the size distribution of the dots
and by phonon-assisted tunneling at ambient temperature. The current density
may also be too small for a hot carrier solar cell application. Another experimental
result is proposed in [9] using InAs quantum dots in an AlGaAs barrier, showing
that the energy position of the resonance in this structure could make it suitable
for hot carrier solar cell application.

2.2 Analytical model
2.2.1 State of the art of hot carrier solar cell models
Previous models of hot carrier solar cells were reminded in chapter 1. They are
based on a detailed balance model introduced by Shockley and Queisser [13], where
the current is dened as the dierence between the photogenerated carrier ux and
the radiatively recombined carrier ux. Hot carrier solar cells though dier from
this picture because the carrier temperature in the absorber

∆µH is not the output voltage
V ), so additional equations are necessary.

the quasi Fermi level splitting
are involved (TH ,

∆µH

and

TH is unknown and
qV . Three variables

An energy balance equation is considered, where the power delivered is the
dierence between the absorbed power and the power lost by radiative recombinations [14, 1]. It was generally assumed that no other losses occur. In particular,
thermalization losses due to the carrier cooling were neglected.
Finally, ideal selective contacts were considered, which enables to express the
output voltage

V

as a simple function of the other variables of the system.

TC
TC
)Eext + ∆µH
(2.7)
TH
TH
where q is the charge of the electron and Eext is the extraction energy as dened in
gure 2.4 (see this gure also for the denition of V and ∆µH ). In this model, since
electron-hole pairs are extracted at the energy discrete Eext , the power extracted
qV = (1 −

is then related to the current extracted through:

P = Eext J

(2.8)

so nally, the system can be written:

(

J = Jabs − Jem (∆µH , TH )
Eext J = Pabs − Pem (∆µH , TH )
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where the absorbed and emitted energy and particle uxes are given by a generalized Planck formula [15].

Jabs/em

∞

Ωabs/em
= 3 3 2
~ c}
|4π {z

Z

Ωabs/em
= 3 3 2
4π ~ c

Z

EG

C

Pabs/em

∞

EG

A(E)E 2


dE
−
1
exp E−µ
kB T

(2.10)

A(E)E 3


dE
E−µ
exp kB T − 1

(2.11)

Ωabs/em is the solid angle of incident or emitted photon respectively, EG is the
absorbing material band gap, A(E) is the material absorptivity (the probability
for a photon incident on the surface to be absorbed), µ is zero for absorption and
∆µH for emission, T is the temperature of the incident photon for absorption and
TH for emission.
For a given voltage V , the chemical potential can be expressed as a function of
the carrier temperature from equation 2.7, and the current J can be determined.
I − V curves are calculated this way.
where

Heat losses can be added in the energy balance equation by introducing the
power lost by thermalization

Pth

as a function of the carrier temperature and

chemical potential. The resolution method is unchanged. This will be discussed
in chapter 4.
The assumption of perfect energy selectivity is obviously not realistic.

The

purpose of this work is to extend such model to a case of non ideal contacts,
allowing carrier transmission in a narrow energy width. One can see in gure 2.4
that electrons and holes are withdrawn from the absorber towards the contacts
through a membrane with a transmission energy range δE . Electrons are extracted
e
h
h
e
between energies Eext and Eext +δE , and holes between energies Eext and Eext −δE .
The extraction energy is dened as the minimum of the extracted electron-hole
e
h
pair energy Eext = Eext − Eext .
In these conditions, the relation between the voltage and the quasi Fermi level
splitting in equation 2.7 does not apply. Also, the power extracted is not simply
the particle ux multiplied by the extraction energy. Instead, a relation will be
established between the charge or energy ux crossing a contact and the carrier
chemical potential and temperature on each side of the contact using the Landauer
formalism.

For electron contact for instance, the current can be expressed as a
e
function of the electron chemical potential in the absorber (µ ) and in the electrode
n
(µ ) (see gure 2.4), and of the electron temperature TH . A similar relation is
h
p
obtained for holes involving µ and µ . Finally, the particle current J on the one
side, the power extracted

P

on the other side, are expressed as functions of the
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Selective contacts
Electrode n

Absorber

Electrode p

TC

TH

TC
e

Eext

δE

μn
μe

Δμh

Eg

μ
μp
h

δE

Figure 2.4:

Schematic of a hot carrier solar cell.

absorber having a band gap

Eg ,

Eext

h

Eext

Photons are absorbed in the

where carriers are in thermal and chemical dis-

equilibrium with the lattice at temperature

TH > TC

qV

and a quasi Fermi level splitting

TC , characterized by a
∆µH = µe − µh 6= 0.

temperature
Carriers are

extracted through selective contacts with a transmission energy range δE , elece
h
trons at energy Eext , and holes at energy Eext , towards electrode with an applied
n
p
voltage V = (µ − µ )/q . The extraction energy Eext is dened as the dierence
e
h
Eext − Eext . Eext can be higher than the band gap.
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∆µH = µe − µh ,

the quasi Fermi level splitting

and the

carrier temperature.

2.2.2 Formulation of the problem
In the general case, the following system of equations applies to describe the
charge and energy conservation:

(

where

Jabs

J = Jabs − Jem − Jnonrad
P = Pabs − Pem − Pth
Jem

is the absorbed photon current,

(from radiative recombination),

Pabs

(2.12)

is the emitted photon current

is the solar power absorbed by carriers,

is the power lost by radiative recombination,
due to non radiative recombinations, and
(including non radiative recombinations).

Jnonrad

Pth
J

Pem

is the particle ux that is lost

is the power lost by thermalization
and

P

are the particle and energy

current densities extracted from the cell.
The absorbed power is either re-emitted by radiative recombination (Pem ),
lost by thermalization (Pth ) or extracted through the contacts (P ).

A fraction

of the extracted power is then available as free energy in the form of electric
power

Pel = I × V = qJ × V ,

or lost upon carrier extraction because of entropy

generation. This fraction of the transmitted power that is lost will be called
and is dened by:

Pcontact = P − Pel ,

Pcontact

so one can write:

Pabs = Pem + Pth + Pcontact + Pel

(2.13)

Absorption and emission processes are described, assuming the solar spectrum
is a black body spectrum, by a generalized Planck law, and the absorbed and
emitted particle and energy uxes are given by equations 2.10 and 2.11.
In the case of absorption, the chemical potential of the photon population is
zero, and the temperature is the temperature of the sun, approximatively 6000K.
In the case of emission, the chemical potential and temperature of the emitted
photons are those of the electron-hole population, that is to say the quasi-Fermi
level splitting and the carrier temperature [15].
In this section, the power lost by thermalization is neglected.

We will see

how it can be treated in chapter 4. Recombinations will be considered radiatively
dominated in all simulations, so the non radiative term
The current

J

and the power

P

Jnonrad

is always zero.

that ow through the selective contacts for

electrons can be expressed, after the one-dimensional Landauer equation (see sec-
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tion 2.1.1, equation 2.6):

2N
Je =
h
|{z}

Emax

Z

τ (E) (fH (E) − fC (E)) dE
Emin

(2.14)

G/q 2

= Je+ − Je−
Z
2N Emax
Pe =
Eτ (E) (fH (E) − fC (E)) dE
h Emin
= Pe+ − Pe−
where

Je+

Je−

Pe+

Pe−

Emax

G
= 2
q

Z

G
= 2
q

Z

G
= 2
q

Z

G
= 2
q

Z

Emin

exp



exp



Emax

Emin

exp

Emax

Emin

E−µe
kB Te

dE

(2.16)

dE

(2.17)

dE

(2.18)

dE

(2.19)

+1

τ (E)

Emax

Emin

τ (E)


exp

E−µn
kB T



Eτ (E)


E−µe
kB Te

Eτ (E)


E−µn
kB T

(2.15)

+1

+1

+1

fC (E) and fH (E) are the electronic distribution functions in the cold electrode
and in the hot absorber respectively. τ (E) is the contact transmissivity as dened
in section 2.1.1. µn and µe are the electronic chemical potential in the n electrode
and in the absorber respectively, and Te is the electron temperature. Emin and
Emax are the lower and upper bounds for integration. They depend on the transmissivity τ and will be discussed later. The prefactor in expressions 2.14 and 2.15
2N
comes from the Landauer formalism, with N being the areal density of transh
verse modes in the selective contact. It is related to the conductance G of the
contact (see section 2.3.4) by:

2N q 2
G=
= N G0
h
where

G0

is the quantum of conductance.
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µp
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and

Th

as the hole chemical

as the electron chemical poten-

J = Je = Jh

and

P = Pe + Ph .

The electron and hole chemical potentials are related as follows:

∆µH = µe − µh
qV = µn − µp

(2.21)

Finally, the system 2.12 can be written:

 +
Je (µe , Te ) − Je− (µn , T ) = Jh+ (µh , Th ) − Jh− (µp , T )




= J − J (∆µ , T )

P + (µ , T )

 e e e

−

Pe− (µn , T )



abs
em
+
Ph (µh , Th )

H
H
−
Ph (µp , T )

+
−
= Pabs − Pem (∆µH , TH )

(2.22)

The method to determine the current as a function of the voltage consists in

∆µH and TH to equilibrate both equations
of system 2.22 (other unknowns such as µe and Te can be related to those variables,
as shown in 2.2.4), and then to compute J . This problem has no analytical solution
nding, for a given voltage, the values of

in general. It can be solved using numerical methods, but some approximations
can be made that allow an analytical solution to be found.

2.2.3 The Boltzman distribution approximation
In the generalized Planck law of radiation, the photon distribution function is
a Bose-Einstein distribution:

1

fabs/em (E) =
exp



E−µ
kB T



(2.23)

−1

µ is the photon chemical potential and T is the photon or carrier temperature
absorption or emission respectively. If µ is small enough for the condition

where
for

E−µ
>2
kB T

(2.24)

to be veried over all the integration range, it is possible to consider that


exp

E−µ
kB T
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As the integration range is from the band gap energy to innity, the condition 2.24
is veried if

EG − µ
> 2.
kB T

(2.26)

In this case, the photon distribution is described by a Boltzmann distribution:



E−µ
fabs/em (E) = exp −
kB T

(2.27)

In the case of absorption, the photon chemical potential is zero, and the photon temperature is approximately 6000 K, so the condition is veried for band
gap larger than 1 eV (kB T

≈ 0.5

eV). For smaller band gap, it is not possible

to make the Boltzmann approximation, and a numerical resolution is necessary.
However, one can assume that absorption is independent of the carrier temperature and chemical potential and it can be treated as a constant in the problem, so
a numerical computation is not a major issue.
In the case of emission, the photon potential is the quasi-Fermi level splitting,
which is always smaller than the bandgap in solar cell operating conditions. It has
been demonstrated for ideal hot carrier solar cell [1] that the best eciency was
obtained with the smallest (and even negative) chemical potential.

This means

that the condition is very likely to be veried in the system that is considered
here.

It will be veried

a posteriori

after the carrier temperature and chemical

temperature have been determined.
The same analysis applies for the equations describing the transmission at the
contacts, with a Fermi-Dirac distribution instead of the Bose-Einstein law, and the
extraction energy

Eext replacing EG as lower bound for integration.

For the current

owing from the absorber to the electrodes, the condition 2.24 is automatically
veried if the condition for photoemission is satised, since

Eext ≥ EG .

For the current owing from the electrodes to the absorber, the chemical potential is related to the voltage (µ

= qV ),

and the condition 2.24 is veried for

chemical potential smaller than the extraction energy

Eext

by more than 0.05 eV,

which is the case in the diode generator regime.

2.2.4 Other approximations
In equations 2.10 and 2.11, the material aborptivity is in general unknown,
especially if the cell is not made of a single thick bulk layer. However, this absorptivity has to be close to one for a solar cell to be ecient. Here, one makes the
assumption of a constant absorptivity over all the spectrum above the band gap.
It will be taken in general equal to one which gives the upper limit of eciency.
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An exact knowledge of the absorption coecient is not necessary to have a
qualitative description of the behaviour of a hot carrier solar cell.

Assuming a

constant absorptivity allows a much simpler formulation with the absorptivity out
of the integral, and an analytical expression of photoabsorption and photoemission.
The inuence of thermalization properties and contacts on the cell performance
can be more easily investigated.
The transmissivity function

τ (E)

is also unknown. Solutions have been pro-

posed to synthesize energy selective contacts for which this transmissivity has been
determined, theoretically and experimentally. Here, in order to remain as general
as possible and to maximize the eciency, the transmissivity is taken constant and
equal to one in the transmission range of the selective contacts, and equal to zero
outside.
Finally, the problem is considered symmetrical for electrons and holes.

The

carrier temperature is the same for electrons and holes and the chemical potential is assumed to be symmetrically distributed between both populations.
For simpler expression, the origin of energy will be taken at the middle of the
The conduction band energy is then EG /2, the valence band energy
−EG /2, and the selective contacts are also symmetrical, with a transmission range
[Eext /2, Eext /2 + δE] for the electron contact, and [−Eext /2, −Eext /2 − δE] for the
hole contact. If the quasi-Fermi level splitting is ∆µH , the electron and hole chemical potentials are then µe = −µh = ∆µH /2.

band gap.

Such an assumption is valid if electrons and holes have the same eective mass.
It is not the general case, but it allows to capture the physics of the problem. In
practice, holes are likely to be quickly thermalized because of their large eective
masses while electrons can remain hot. A case where holes would be considered in
equilibrium with the lattice and only electrons are not thermalized appears to be
a good approximation but is not treated here.
It can be noted that such a situation is not incompatible with high eciency
as the majority of the photon energy is transferred to electrons rather than holes.

hν , conservation of energy and momentum
implies that Ee − Eh = hν and ke − kh ≈ 0 (see gure 2.5). The assumption of
~2 k2
~2 k2
in the conduction band, Eh = −EG /2 −
parabolic bands (Ee = EG /2 +
2m∗e
2m∗h
in the valence band) leads to the following equation on k :
When absorbing a photon with energy

k 2 = (hν − EG ) ×
61

2 m∗e m∗h
~ m∗e + m∗h

(2.28)
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And the values of

Ee

and

Eh

are obtained:

EG
m∗
+ (hν − EG ) ∗ h ∗
2
me + mh
m∗
EG
− (hν − EG ) ∗ e ∗
Eh = −
2
me + mh
Ee =

(2.29)

(2.30)

∗
∗
∗
This means that a fraction mh /(me + mh ) of the excess energy (hν − EG ) is
∗
∗
∗
given to the electrons, and me /(me + mh ) is given to the holes. If the eective
mass of holes is large compared to the electron eective mass, which is the case
in most semiconductors, the kinetic energy of the electron-hole gas will be stored
mainly among electrons.

In these conditions, thermalization of holes would not

cause major losses as long as electrons can be kept hot.

Figure 2.5: Electronic dispersion relation in a semiconducteur with parabolic bands
~2 k2
∗
, m being the eective mass of electrons or holes). An incident photon
(E =
2m∗
with energy hν > EG is absorbed and an electron-hole pair is generated with
conservation of energy

Ee − Eh = hν

and momentum

ke − kh ≈ 0.

A model where electrons and holes are treated separately, with dierent temperatures, is proposed in [16]. It shows that the full thermalization of holes has
little inuence on the cell eciency.
As a consequence of the approximation of symmetrical bands, the expression
of charge and power currents at the electron contact and hole contact are the
same in that case and only the electronic equation is considered (Pe

Je = Jh = J ).
62

= Ph = P/2,

2.2.

ANALYTICAL MODEL

2.2.5 Analytical formulation
These approximations lead to the following expressions:

∞



E − ∆µH
E exp −
Jem (∆µH , TH ) = C
dE
kB TH
EG


∆µH
= f1 (TH ) exp
kB TH


Z ∞
E − ∆µH
3
dE
E exp −
Pem (∆µH , TH ) = C
kB TH
EG


∆µH
= f2 (TH ) exp
kB TH


Z Emax
G
E − ∆µH
+
J (∆µH , TH ) = 2
exp −
dE
q Emin
2kB TH


∆µH
= f3 (TH ) exp
2kB TH


Z Emax
G
E − qV
−
J (qV, T ) = 2
exp −
dE
q Emin
2kB T


qV
= f3 (T ) exp
2kB T


Z Emax
G
E − ∆µH
+
P (∆µH , TH ) = 2
E exp −
dE
q Emin
2kB TH


∆µH
= f4 (TH ) exp
2kB TH


Z Emax
G
E − qV
−
P (qV, T ) = 2
E exp −
dE
q Emin
2kB T


qV
= f4 (T ) exp
2kB T
Z

2

with
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(2.32)

(2.33)

(2.34)

(2.35)

(2.36)
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EG
f1 (T ) = C 2(kB T ) + 2EG (kB T ) +
exp −
kB T

2
3
4
3
2
f2 (T ) = C 6(kB T ) + 6EG (kB T ) + 3EG (kB T ) + EG kB T ×


EG
exp −
kB T




δE
G
Eext + δE
sinh
f3 (T ) = 2 kB T exp −
q
2kB T
2kB T


G
Eext + δE
f4 (T ) = 2 kB T exp −
×
q
2kB T






Eext + δE
δE
δE
δE
+ kB T sinh
cosh
−
2
2kB T
2
2kB T
3

2

EG2 kB T





(2.37)

(2.38)

(2.39)

(2.40)

[Emin , Emax ] is the transmission range of the selective contacts,
= δE and Emin = Eext /2. Injecting the simplied expressions above

and where

Emax − Emin

in the system 2.12, polynomial relations are obtained between the new variables:


∆µH
X = exp
2k T
 B H
qV
Y = exp
2kB T


The charge balance equation becomes:

Y = A1 (TH )X 2 + B1 (TH )X + C1 (TH )

(2.41)

with

f1 (TH )
f3 (T )
f3 (TH )
B1 (TH ) =
f3 (T )
Jabs
C1 (TH ) = −
f3 (T )
A1 (TH ) =

Similarly for the energy balance equation:

Y = A2 (TH )X 2 + B2 (TH )X + C2 (TH )
64
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with

f2 (TH )
f4 (T )
f4 (TH )
B2 (TH ) =
f4 (T )
Pabs
C2 (TH ) = −
f4 (T )
A2 (TH ) =

Here

C2

is independent of

TH .

in the absorber is not neglected, a

(Pabs − Pth (TH )) /f4 (T ).

In a more generalized case where thermalization

TH

dependent expression is obtained:

C2 (TH ) =

The resolution method can be applied in the same way.

By taking the dierence of equations 2.41 and 2.42 a polynomial expression is
obtained on

X

only

α(TH )X 2 + β(TH )X + γ = 0

(2.43)

α = A2 (TH ) − A1 (TH )
β = B2 (TH ) − B1 (TH )
γ = C2 (TH ) − C1(TH )

For a given

TH

it is now possible to determine the positive root of that poly-

nomial. Three situations are possible:
 no positive root: there is no stable state at this temperature
 one positive root: there is one unique stable state at this temperature
 two positive roots: two distinct states are found with dierent chemical potentials and voltages. The carrier temperature is not a monotonous function
of the voltage (see gure 2.10), so this situation can occur and is not unphysical.

In that case, two distinct branches of the

TH (V )

are found that

correspond to the dierent roots, and merge into one unique curve.
Finally,

V

∆µH

is determined as a function of

TH ,

and the corresponding voltage

is calculated using equation 2.41 for instance.

2.2.6 Eciency and losses
The chemical potential

∆µH

and the cell voltage

V

are determined at a given

carrier temperature, which enables to determine the current density extracted from
the cell, either by determining the radiative recombination
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in the charge balance equation in system 2.12, or by computing the charge current
at the contact in equation 2.14.
The current-voltage (IV) curves are then obtained, the electric power delivered
by the cell is

Pel = J × V

and the eciency is deduced:

η=

Jh × V
Je × V
× 100 =
× 100
Pinc
Pinc

(2.44)

The power lost from non absorption is then simply obtained :Punabs

I × V,

= Pinc −

and the power lost due to radiative recombination is given directly by

equation 2.32.

A fraction of the energy of the extracted carriers is lost as they

cross the contact. The net energy ux that cross a contact (for instance the electron
contact) is given by the following equation:

Pe = Pe+ (µe , Te ) − Pe− (µn , T )

(2.45)

but only a part of it contributes to the electric power because of entropy ux that
accompanies the irreversible transport of carriers. The power lost in contact was
dened as the dierence between the power crossing the contact and the electric
power:


Pcontacts = Pe+ (µe , Te ) − Pe− (µn , T ) + Ph+ (µh , Th ) − Ph− (µp , T ) − I × V

(2.46)

The sum of the converted power, the radiatively recombined power, and the
power lost in contacts is equal to the absorbed power.

2.3 Results of simulations
The selective contacts are characterized by their transmission range
transmission energy

Eext ,

and the contact degeneracy

N.

δE ,

the

It is known that an

ideal hot carrier solar cell would have a discrete transmission range, an innite
conductivity, and an extraction energy equal to the average energy of absorbed
photons.

In practice however, the contact conductivity and selectivity are not

ideal, and one has to study the impact of these non idealities on the cell eciency.
The criticality of the contact parameters (selectivity, degeneracy and extraction
energy) are studied.

Optimal values of conductivity and extraction energy are

determined.
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2.3.1 Validation of the model
Before investigating the inuence of the contact selectivity and conductivity
on the cell eciency, it is necessary to check that the model developed here is in
agreement with the previous Ross-Nozik model for ideal hot carrier solar cells with
perfectly selective contacts. By setting the contact energy range to a value that is
small compared to the kinetic energy of carriers (δE

 kTH ),

for instance 1 meV,

and with a contact degeneracy that is large enough to ensure carrier extraction
without resistance losses, the two models should give the same results, at least for
large band gaps (Eg

> 0.5

eV). In the case of smaller band gaps, the Boltzman

approximation made above is not valid because the quasi Fermi level splitting is
below the band gap by less than

kB TH .

This model thus gives inaccurate results

which might diverge from the Ross-Nozik model.
The eciency and the dierent losses for the two models are presented in
gure 2.6 as a function of the band gap, in full concentration condition. A very
good agreement is observed over the whole band gap range, which shows the
validity of the model in the limit of an ideal hot carrier solar cell. A validation in
the limit of a fully thermalized solar cell will be proposed in section 4.3.1.

2.3.2 Criticality of the transmission range
If perfectly selective contacts were shown to give optimal conversion eciency,
provided that their conductance can be high enough, a quantitative analysis of the
losses in contacts due to their non ideality is missing so far. A rst attempt was
proposed in [17] but only in the case of a 0 eV band gap absorber. The case of a
more realistic 1 eV band gap is treated here. Two cases will be considered: rst, a
xed extraction energy equal to the average energy of absorbed photons, second,
with an optimization on the extraction energy in each conguration to have the
maximal achievable eciency. The rst situation is interesting to see the evolution
with only one varying parameter (the contact transmission range). However, in
order to determine the ultimate achievable eciency, it is more relevant to investigate the hot carrier solar cell behaviour in its optimal operating conditions. The
contact conductance is taken optimal to enable maximal eciency.
The cell eciency, heat losses in the contact and radiative losses are plotted
as functions of the contact transmission range in gure 2.7, either with a xed
extraction energy equal to the absorption energy (dashed line), or with an optimal
extraction energy depending on the transmission range (solid line).

The value

of the optimal extraction energy as a function of the transmission range can be
seen in gure 2.13.

For

δE < 10

meV , the eciency is that of an ideal hot
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Figure 2.6: Fraction of the incident power that is converted (red), not absorbed
(black), lost by radiative recombination (blue) and lost in the selective contacts
(green), obtained using the Ross-Nozik model (empty circles), or with the hot
carrier solar cell with non ideal selective contacts (δE

 kTH )

in the case of

highly selective contacts (solid lines), under full concentration of the incident sun
light. Very good agreement is obtained between the two models.

carrier solar cell. Both situations give the same eciency, because the absorption
energy is the optimal extraction energy with highly selective contacts.
case,

δE  kB T

In that

so the contacts can be considered as a discrete level compared to

the energy distribution of carriers.
With increasing transmission range, the cell eciency (red) drops in the region

δE ∼ kB T , and the heat losses increase, as expected. In this region, optimized and
xed Eext situations diverge. As the transmission range increases, the heat ow at
the contacts increases, and the carrier temperature is reduced. As a consequence,
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the density of high energy electrons is reduced. With an extraction energy that
is unchanged, the current extracted is reduced and the radiative losses increase
to balance the reduction of charge extraction, as can be seen in blue. When the
extraction energy is optimized, the current is conserved and the radiative losses
are unchanged. The heat losses at the contact (purple) are lower in the case of
xed extraction energy as a consequence of the lower current.
When

δE

becomes larger than 500 meV, the eciency reaches a plateau, in-

dicating that further increasing of the transmission range does not change the
behaviour of the cell.

In this conguration, the contacts are not selective, but

form a high pass lter, allowing transmission only above (for electrons) or below
(for holes) a threshold.

δE  kB T

so the upper bound of the contact is not seen

by the carrier distribution and the contacts act as semi-selective contacts.
It is noticeable that the eciency that is reached in the limit of such semiselective contacts is higher than the Shockley-Queisser limit, which is about 40%
in the present conditions. An eciency of about 55% is obtained with extraction
energy equal to the absorption energy, and as high as 60% with optimized extraction energy. It means that potential barriers, allowing carrier transmission at
energies higher than a threshold, can thermally insulate the hot carrier population
in a satisfactory way. A high pass lter is expected to be much easier to fabricate,
especially considering the required conductance, than a band pass lter. One of
the major technological lock in the making of a hot carrier solar cell, which is the
extraction of carriers through selective contacts, could be adressed using one large
band gap semiconductor forming an electron high pass lter and a blocking layer
for holes, and symmetrically another one forming a blocking layer for electrons
and a hole low pass lter (see gure 2.8). Such architecture provides a potential
eciency as high as 60% if thermalization losses in the absorber are neglected.

2.3.3 Optimal extraction energy
The impact of the extraction energy on a hot carrier cell eciency has not been
precisely determined so far. Würfel [1, 18] compared two models of hot carrier solar
cells: a particle conservation model and a Auger recombination / impact ionization
model, in which these processes are respectively considered negligible or dominant.
In the rst model, the eect of the extraction energy on the carrier temperature
and chemical potential is discussed. It is shown that an extraction energy lower
than the average energy of absorbed photons gives unphysical results. However,
the impact on the cell eciency is not considered. In the second model, the device
eciency is not aected by a change of the extraction energy if heat losses in the
absorber are neglected. The same power is extracted with high current and low

69

CHAPTER 2.

HEAT LOSSES IN THE SELECTIVE CONTACTS

Fraction of the incident power (%)

100
80
60
40
20
0 −3
10
Figure 2.7:

Converted
Re−emitted
Lost in contacts
Shockley−Queisser limit

−2

10

−1

10
δE (eV)

0

10

1

10

Eciency (red), Heat ux in contact (purple) and radiative losses

(blue) of a hot carrier solar cell as a function of the width of the contact transmission window, for a 1 eV band gap absorber under full concentration of incident
light. First case (solid line):
(dashed line):

Eext

Eext

is optimized for each value of

δE .

Second case

is xed and equal to the absorption energy. The conductance

is taken optimal in both cases. The Shockley-Queisser limit is 40% in that case
(black line). Three regions are visible, separated by dashed black lines: high selectivity (δE

< 10

meV), low selectivity (δE

> 500

meV), and an intermediate

selectivity between these two limit cases.

voltage (small extraction energy) or high voltage and low current (large extraction
energy).
The model that is used here is derived from the particle conservation model,
so the impact of the extraction energy has to be determined. In addition, thermal
losses will be added in the energy balance.

The relation between eciency and

extraction energy is aected by the thermalization rate as the available energy
in the hot electron reservoir is reduced. Also, additional thermalization through
contacts upon carrier extraction occurs with non ideal selective contacts that also
aects the optimal extraction energy.
The absorbed photons have an average energy
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Hot Carrier
distribution
at TH

qV

Eg

Figure 2.8:

Simplied schematic of a hot carrier solar cell.

A small band gap

absorber with unequilibrated carriers is sandwiched between large band gaps layers
working as a semi-selective contact for one type of carrier, and blocking layer for
the other.

The most energetic carriers are withdrawn towards their respective

electrodes by jumping above the barriers.

total absorbed power divided by the total absorbed photon ux integrated over
energies.
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Eabs
where

a(E)

(2.47)

is the material absorptivity. The absorption energy is plotted in g-

ure 2.9 as a function of the absorber band gap in the case of an absorptivity that
is one above the band gap and zero below.
Even with large band gaps, the average energy of the absorbed photons is 0.5 eV
larger than the band gaps. Using Boltzmann approximation, the absorption energy
can be written:

Eabs
When

1+
Pabs
= Eg + kB TS
=
Jabs
1+

4kB TS
Eg

+

6(kB TS )2
Eg2

2kB TS
Eg

+

2(kB TS )2
Eg2

(2.48)

Eg  kB TS , so for band gaps larger than 1.5 or 2 eV, the absorption energy
Eabs = Eg + kB TS , which gives this 0.5 eV dierence.

can be approximated by:

The absorption energy is also the average energy of the photogenerated carriers.
For minimum losses, and in the case of neglected thermalization and ideal contacts,
the extraction energy should be equal to this average energy, which would give the
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Figure 2.9: Average energy of absorbed photons (solid line) as a function of the
absorber band gap (dashed line).

optimal conversion eciency. For a symmetrical system, as described in 2.2.2, it

Ee = Eabs /2 and Eh = Eabs /2. Here, only electrons with energy Ee
and holes with energy Eh are extracted. However, carriers with energy higher and
means that

lower are not lost, as a high energy electron can promote a lower energy electron
up to the contact level through carrier-carrier scattering which ensures the rell
of the contact level as it is emptied because of extraction. This scattering is only
a redistribution of the available energy and is not a loss.

If the carrier-carrier

scattering is fast enough, and neglecting Auger eect, all the absorbed energy can
then be extracted.

In steady state conditions, carriers are photogenerated and

extracted at the same energy

Eabs

and at the same rate, with only a small amount

of energy lost by radiative recombination and because of minimal entropy losses
upon carrier extraction towards a cold reservoir.
For non ideal selective contacts, additional losses will occur in the contact,
which may result in a lower carrier temperature in the absorber, and the optimal
extraction energy is expected to be shifted towards lower energies.
Figure 2.10 presents the carrier chemical potential, carrier temperature, current
density and conversion eciency as a function of the external voltage that are
obtained in the case of a 1 eV band gap absorber with highly selective contacts
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= 1 meV) under full concentration of the incident light for dierent extraction

energies. Two regimes are distinguished: (i) the extraction energy is lower than the
average energy of absorbed photons (Eabs ), represented by the dashed-line curves,
(ii) the extraction energy is above it, represented by the solid-line curves.
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Carrier chemical potential (a), carrier temperature (b), current den-

sity (c) and delivered power (d) as a function of the external voltage for dierent
extraction energies in the case of a 1 eV band gap absorber and highly selective
contacts (δE

=1

meV) under full concentration.

In the second regime (Eext

> Eabs ,

the expected behaviour is observed, with

a carrier temperature reaching 6000 K in open circuit conditions, and decreasing
with the increasing amount of current that is extracted. The extraction of current
in that case acts as a cooling of the carrier plasma, the carrier being generated at
energy

Eabs

and extracted at energy

Eext > Eabs .

In open circuit conditions, the

carrier plasma is at thermal and chemical equilibrium with the incident photon
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distribution, with radiative recombination balancing absorption. One can see that
with the increase of the extraction energy, a raise of the open circuit voltage is
obtained, counterbalanced by a reduction of the current density due to the reduced
carrier density in the absorber at the energy at which they are collected.

The

resulting conversion eciency is decreased with increasing extraction energy.
In the rst regime (Eext

< Eabs ,

unrealistic results are obtained, with carrier

temperature exceeding the sun temperature, and increasing rapidly with increased
current. Such behaviour follows directly from the neglecting of thermal losses in
the absorber. Without any way to dissipate the artical heating coming from the
withdrawal of the low energy carriers, the electron-hole plasma is heated unlimitedly as the current density increases. This should disappear with the introduction
of thermalization in the model, which will be done in chapter 4.
are collected with an energy

Eext < Eabs ,

Here, carriers

and therefore below the carrier average

energy. The withdrawal of a carrier corresponds to a heating of the remaining carrier plasma, as the low energy carriers are removed from it. At the same time, the
chemical potential dierence between electrons and holes diverges also towards
very negative values, to maintain the conservation of carrier density.

In steady

Eext ,

and one is

state conditions, one electron hole pair is extracted with energy
promoted with energy

Eabs .

Eabs − Eext

The energy dierence

is then given to the

hot electron-hole plasma which is heated to very high temperature. The eciency
is reduced at the smallest extraction energy, because the open circuit voltage is
limited by it on the one side, and the current density is also limited by the photon
current incident on the cell.
It can be noted that the

J(V )

curves present some uctuation at low voltage.

This comes from a convergence issue: the carrier temperature and chemical potential diverging towards very large values, the ratio

∆µH /kB TH
Eext = 1.6

and so is the current. Also, a gap is visible in the

is not well dened,
eV curve. The two

parts of the curves are given by dierent roots of the polynomial that is solved
(see section 2.2.5) and the junction between the two parts is not perfect. This gap
could be lled simply by rening the mesh on

TH .

The same data are represented in gure 2.11 in the same condition but in the
case of non selective contacts (δE

=1

eV). In that case, the carrier temperature

is lower, due to increased heat leakage through contacts. The same two regimes
are observed with very high temperature and very negative chemical potential for
extraction energies below a threshold, and more realistic results at higher extraction energies. The dierence here is the value of that threshold, which is below
the absorption energy.
The dependance of the eciency on the extraction energy and the transmission
range can be analyzed with gure 2.12 showing iso-eciency curves in the
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Carrier chemical potential (a), carrier temperature (b), current den-

sity (c) and delivered power (d) as a funciton of the external voltage for dierent
extaction energies in the case of a 1eV band gap absorber and poorly selective
contacts (δE

Eext

=1

eV) under full concentration.

space, for a 1 eV band gap absorber under full concentration. The contact

conductance (see section 2.3.4) is taken optimal. Three distinct regions are visible.
In the limit of very high selectivity (δE

< 10 meV  kB TH

eV), contacts can

be considered ideal and the optimal extraction energy is constant and equal to the
absorption energy (provided the conductance can be as high as necessary). In a
transition range between 10 meV and 500 meV, the eciency depends both on the
extraction energy and the transmission range. When

δE

is reduced, the maximum

of eciency is higher and occurs at a higher extraction energy.
very low selectivity (δE
transmission range.

> 500

In the limit of

meV), the eciency becomes independant of the

This will be discussed in section 2.3.2.
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Iso-eciency curves as a function of the extraction energy and the

contact transmission range, for a 1 eV band gap absorber under full concentration.
For small values of

δE ,

the eciency becomes strongly dependant on extraction

energy, especially towards small values of

Eext .

For large

δE , the eciency becomes

independant on the transmission range and less dependant on the extraction energy. The dierent regions are separated by dashed black lines.

The dependance of the optimal extraction energy on the contact selectivity is
shown in gure 2.13.

It conrms that the optimal extraction energy equals the

absorption energy (dashed line) in the limit of perfectly selective contacts. The
three regimes are clearly visible, with a constant optimal extraction energy for

δE < 10 meV, a δE -dependant optimal extraction energy between 10 and 500 meV,
and a cell eciency that becomes independent of the contact selectivity above
500 meV. With non selective contacts (δE

 500

meV), the optimal extraction

energy is 1.68 eV, much larger than the absorber band gap (1 eV).
The eciency, as well as radiative and contact losses are presented in gures 2.14, 2.15 and 2.16 as functions of the extraction energy, and for dierent
values of the contact transmission range width, from 1 meV to 1 eV. It conrms
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Figure 2.13: Optimal extraction energy vs contact transmission range for a 1 eV
band gap absorber under full concentration. The three regions of high selectivity
(δE

< 10

meV), low selectivity (δE

> 500

meV), and intermediate selectivity are

separated by dotted lines.

that the optimal extraction energy for ideal hot carrier solar cell is the average energy of absorbed photons, and that it is shifted down when opening the transmission window. Here, the loss due to non absorption is constant and not presented,
and neither is the thermal loss in the absorber that is neglected. One can see in
gure 2.16 that for

Eext < Eabs ,

losses come from an increased heat ow in the

contacts, due to high entropy ux upon the transport of carrier from an absorber
at a very high temperature

Eext > Eabs ,

TH  T

towards contact at ambient temperature. For

losses are due to an increase of radiative recombinations (gure 2.15)

because of a reduced current density. Particle conservation being ensured, carriers
can either be extracted or recombined radiatively. If fewer carriers are collected
(reduced current), more have to recombine.
With

δE = 1

meV or

δE = 10

meV, the cell behaves more or less like an ideal

hot carrier solar cell, with an optimal conversion eciency for

Eext ' Eabs .

With,

wider contact transmission range, the optimal extraction energy is shifted down.
In that case, the heat ux through the contacts is larger, so the carrier temperature
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Figure 2.14: Conversion eciency as a function of the extraction energy for a 1 eV
band gap absorber with neglected thermalization under full concentration, and for
dierent contact transmission widths from 1 meV to 1 eV. The dashed line stands
for the absorption energy

Eabs .

in the absorber is reduced, as can be seen on gure 2.11 compared to 2.10 (graph
(b), carrier temperature vs voltage). The carrier average energy is then lower and
they should be extracted at a lower energy.
One can notice also that the peak is sharper in the case of highly selective
contacts. This means that a small variation of the extraction energy can strongly
aect the cell performance if highly selective contacts are required, but it becomes
less sensitive if poorly selective contacts are used. It also means that a hot carrier
solar cell will be more sensitive to small variations of the incident spectrum with
highly selective contacts than with non selective contacts.
Finally, the maximal eciency that is obtained with highly selective contacts
(δE

=1

meV

kTH )

is 72.5% at

hot carrier solar cell case (∼
contacts (δE

=1

junction limit (∼

Eext = 1.9

eV, which is very close to the ideal

72%), and is 60% at Eext = 1.68 eV with non selective

eV kTH ).
40%).

This value is much higher than the standard single
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Figure 2.15: Radiative losses as a function of the extraction energy for a 1 eV
band gap absorber with neglected thermalization under full concentration, and for
dierent contact transmission widths.

2.3.4 Impact of contact conductance
The prefactor
contact.

N

2N/h

in expression 2.14 is related to the conductance of the

is the areal density of identical channels for carrier conduction through

the selective contact, and

2/h is the quantum of conductance divided by the square

of the charge of the electron (see [7]). The conductance of the contact can then
be dened, in analogy to the conductance of a ballistic conductor dened in the
Landauer formalism, as:

G=
in

2N q 2
h

(2.49)

Ω−1 .cm−2 .
One could expect that a large conductance is benecial for carrier extraction

without voltage drop. However, if the conductance is very high, it will result in
an ecient heat exchange between hot and cold distributions.

The net charge

current extracted at a selective contact is the dierence between currents from
the absorber to the electrode and from the electrode to the absorber.
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Figure 2.16: Heat losses in the contacts as a function of the extraction energy for
a 1 eV band gap absorber with neglected thermalization under full concentration,
and for dierent contact transmission widths.

high energy electron is extracted from the absorber and a low energy electron is
injected in the absorber, the net current is zero but the amount of heat exchanged
is the energy dierence between these two electrons and is

> 0.

When the conduc-

tance is increased, the current extracted can be increased to some extent, beyond
which only the heat ow increases with the rapid exchange of hot and cold electorns between the two populations, and the charge current saturates.

One can

therefore expect an optimal value of conductance that enables extraction of the
photogenerated carriers without major heat losses in the contacts.
The eciency is plotted in a

G−δE space in gure 2.17.

Iso-eciency curves are

represented showing two dierent very distinct regions. For a contact transmission
range below

∼ 50

meV, the eciency depends on both contact conductance and

transmission range. The best eciencies are obtained with the highest selectivity.
For each

δE

value, an optimal conductance is found. The eciency raises sharply

G, then a at region is observed in a G range that depends on the
contact transmission range, and the eciency decreases at higher G. For δE above
∼ 50 meV, the cell eciency becomes independent of the transmission range. An
when increasing
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optimal value for conductance is found but the eciency variation is slower.
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Figure 2.17: Iso-eciency curves as a function of the contact conductance and
transmission range for a 1 eV band gap absorber under full concentration and
with optimized extraction energy.

The optimal conductance is plotted as a function of the contact selectivity in
gure 2.18. In the high selectivity range ((δE

< 50 meV), the optimal conductance

decreases regularly with the increasing transmission range. This part of the curves
2
can be accurately tted with 1/δE law. In the limit of very narrow selective
contacts, the current in equation 2.14 becomes, using a rst order Taylor series in
δE
:
kB T
 




J = C2

δE
e
2

∆µH −Eext
kB T H

−e

qV −Eext
kB T

(2.50)

In the case of an ideal hot carrier solar cell, the equation:

∆µH − Eext
qV − Eext
=
kB TH
kB T
is stated.

(2.51)

It is expected that the term inside brackets in equation 2.50 should

also tend towards 0 when

δE  kB T .

It is plotted as a function of
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selective contacts in gure 2.19. When
becomes proportional to

δE .

δE

tends towards 0, the plotted quantity

It means that in the limit of perfectly selective

contacts, the current can be written:

J ∝G
If the current is not zero,

δE 2
2

(2.52)

G is necessarily proportional to δE 2 , which explains why

Optimal contact conductance (Ω−1.cm−2)

the optimal conductance follows the trend in gure 2.18.
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Figure 2.18: Optimal contact conductance as a function of the transmission range
for a 1 eV band gap absorber under full concentration and with optimized extrac2
tion energy. The dashed line represents a conductance proportionnal to 1/δE .

In the low selectivity range (δE > 50 meV), the optimal conductance is con1011 Ω−1 .cm−2 . The optimal value would be reduced at lower

stant and close to

concentration ratio, since lower current density would then be involved.
The eciency as a function of the contact conductance is plotted in gure 2.20
for dierent values of contact transmission range:

1, 10, 100 meV and 1 eV.

Heat losses in the contacts and radiative losses are also represented in gure 2.21
and 2.22 respectively and with the same
(δE

=1

δE

values. For highly selective contacts

meV), a at maximum of eciency is observed for conductance ranging
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exp((∆µH −Eext)/kBTH)−exp((qV −Eext)/kBT)
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Figure 2.19:

−4

10

δE (eV)

10

−3

Term between the brackets in equation 2.50 as a function of the

contact transmission range (solid line).

In the limit of highly selective contacts

(towards the left), it becomes proportionnal to the contact transmission range
(dashed line).

from

109

to

1013 Ω−1 cm−2 .

At lower conductance values, the eciency drops dras-

tically and the radiative losses increase in the same proportions.

It means that

the extracted current is too low and carriers that can not be extracted have to
recombine. For higher values of conductance, no gain on charge current is made,
but the power lost as thermalization in the contacts increases (purple curves) and
the eciency decreases.
For larger transmission range (δE

= 0.01

to 1 eV), the same trend is observed

but the range of conductance that gives optimal eciency is reduced, and the
optimal condutance is shifted down. This down shift comes from the integration
over the energy range
value of

N,

[Eext /2, Eext /2+δE] in expression 2.14 and 2.15.

For a given

an increase of the energy range for integration leads to an increase of

the transmitted charge and energy current. It then requires a smaller value of

N,

and nally of the contact conductance, to reach the optimal current density.
For very high values of the conductance, the heat loss in the contacts saturates and the cell eciency reaches a limit, that is common for all values of the
transmission range. This limit corresponds very precisely to the Shockley-Queisser
limit in the present case (1 eV band gap and full concentration) and is 40.4%. This
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Eciency of a hot carrier solar cell as a function of the contact

G for dierent contact transmission ranges: δE = 1 meV (red), δE =
10 meV (green), δE = 100 meV (blue), δE = 1 eV (purple). The extraction energy
was optimized at each values of G ad δE . Simulations are performed in the case

conductance

of a 1 eV band gap absorber under full concentration of sun light.

illustrates the importance of carrier extraction in a hot carrier solar cells: even if
thermalization of carriers in the absorber is suppressed, no eciency gain can be
obtained if thermalization in contacts is not carefully tackled.
The order of magnitude obtained for the required conductance may raise the
issue of the technological feasability of such contacts. If one considers a metallic
4
−1
−1
layer, whose conductivity can reach 10 Ω .cm , the conductance is dened as
10
the conductivity divided by the layer thickness. Values higher than 10
Ω−1 .cm−2
for the conductance with a layer thickness below 10 nm are possible. If one considers a degenerate semiconductor, its conductivity would be about three orders
7
8
−1
−2
of magnitude lower, so only 10 to 10 Ω .cm
could be achieved. However, this
concerns bulk conductivity where the carrier transport is controlled by scattering
of charge carriers. In the case of a very thin conductor (below the mean free path
of carriers), the transport is ballistic and only the access resistance at the interfaces
is involved. In that case, the contact conductivity is the quantum of conductance
mutliplied by the density of transverse modes.
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Figure 2.21: Heat losses in the contacts of a hot carrier solar cell as a function
of the contact conductance
meV (red),

δE = 10

G

for dierent contact transmission ranges:

meV (green),

δE = 100

δE = 1

δE = 1 eV (purple).
G and δE . Simulations are

meV (blue),

The extraction energy was optimized at each values of

performed in the case of a 1 eV band gap absorber under full concentration of sun
light.

dened by:

2q 2
= 7.75 × 10−5 Ω−1 ∼ 10−4 Ω−1
(2.53)
h
10
For a targeted value of G = 10
Ω−1 .cm−2 for δE = 1 meV, the required density
14
of modes would then be 10
cm−2 . In a bulk material, the carrier density of state
is, as a function of the energy E :
 ∗ 3/2
1
2m
E 1/2
(2.54)
g3D (E) = 2
2π
~2
G0 =

where

m∗

is the eective mass. In the case of GaAs for instance, the electron
∗
eective mass for electrons in the Γ valley is m = 0.063m0 , and the density of
20
states is g3D (E) = 10
cm−3 .eV−1 at 1 eV above the band edge. If one considers
14
a 10 nm thick material, 10
modes are then available per eV and per square
centimeter. When the transmission range is only 1 meV, it means that the density
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Figure 2.22: Radiative losses of a hot carrier solar cell as a function of the contact

G for dierent contact transmission ranges: δE = 1 meV (red), δE =
10 meV (green), δE = 100 meV (blue), δE = 1 eV (purple). The extraction energy
was optimized at each values of G ad δE . Simulations are performed in the case

conductance

of a 1 eV band gap absorber under full concentration of sun light.

11
of modes for carrier transmission is only 10
per square centimeter, much below
14
−2
the targeted 10
cm . This would give a conductance G = 107 Ω−1 .cm−2 , which,
for very selective contacts, would only allow eciency up to 20%. With a broader
13
transmission range of 0.1 eV, 10
cm−2 modes are achievable and a conductance of
9 −1
−2
10 Ω .cm would be possible, which is two order of magnitudes higher and above
7
−1
−2
the optimal conductance (close to 10 Ω .cm
here). In the case of tunneling
through quantum dots or impurities, the situation would be even less favorable
because of a lower density of transverse modes, limited by the density of dots or
defects.
On gure 2.17, one can notice that the eciency benet when one goes from
contacts having a transmission range of 100 meV to very selective contacts with
10 meV width or below is not obvious (see also gure 2.7), with a cell eciency
increasing from 67% to 70%. On the other side, one has to pay a cost in term of
contact conductance that seems prohibitive, since the optimal conductance goes
7
9
−1
−2
from 10 to almost 10 Ω .cm . From the above analysis, such conductance may
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be unattainable. Having highly selective contacts appears to be not so useful in
term of eciency, and clearly a drawback regarding the required conductance.
Here, simulations are performed in full concentration condition.
concentration ratio, the required conductance would be reduced.

With lower

Considering a

proportional relation between the photocurrent and the incident ux, a concentration ratio of 1000 suns would imply an optimal conductance reduced by a factor
50, which should be more easily achievable.
The conductance of the contact is found to be a critical parameter in the
cell eciency.

A small conductance leads to a reduction of the current density

extracted from the absorber which strongly limits the eciency. However, if the
conductance is too large, heat leakage occurs at the contacts that reduces the
carrier temperature and in the end also restricts the eciency.

The diculty

to achieve very high conductance could make very selective contacts, and their
realization with low dimensional structures, incompatible with high eciency.

2.4 Conclusion
The role of contact selectivity on the cell eciency has been quantitatively
investigated. Contrary to what was commonly admitted, a very high selectivity
of the contacts is actually not crucial. Eciency of 60% was obtained with semiselective contacts allowing carrier transmission above an energy threshold, under
full concentration. It is lower than the 73% eciency obtained with ideal contacts
in the same conditions, but is still a 50% relative eciency improvement compared to the Shockley-Queisser limit. Such a high pass lter can be obtained with
a large band gap layer, and may be much easier to work out than selective contacts using discrete levels (defects, quantum dot arrays) or tunnel junction, that
proved themselves technologically challenging and incompatible with large current
densities.
The question of contact conductivity is the second major limitation regarding selective contacts. The dierent ideas proposed to achieve carrier selectivity
for contacts all involve tunneling, which would not favor large current densities
expected for a device working under high concentration.

It is pointed out that

the contact conductivity decreases with the transmission range. Highly selective
contacts would then strongly limit the possible extracted current, and would not
be compatible with high conversion eciencies. This is another argument in favor
of semi-selective contacts.
A new device architecture is proposed were large band gap materials replace
the selective membrane and act as semi-selective contact for one type of carrier
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and as a blocking layer for the other. The height of the potential barrier would
then determine the extraction energy, whose optimal value should be carefully
determined depending on the concentration ratio (and on the thermalization rate,
when it is considered).
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Chapter 3
Experimental study of carrier
thermalization
3.1 Hot carrier spectroscopy
Photoluminescence was early identied as an interesting tool to investigate
carrier distributions in a semiconductor. In particular, it was used to study non
equilibrium electron populations (hot electrons) already in 1969 [1]. In this section, dierent methods for probing carrier thermalization from photoluminescence
experiments are presented.

3.1.1 Continuous wave photoluminescence (CWPL)
The rst experimental demonstration of a hot electron eect by photoexcitation was performed on GaAs using a continuous wave argon ion laser [1].

It

was shown that the interband photoluminescence intensity decreases exponentially
with photon energy in the high energy tail of the signal, indicating a Maxwellian
distribution of carriers characterized by a temperature

Te−h .

The intensity of the

emitted signal from band to band carrier recombination and in the small photon
energy interval

d(~ω)

is given by the following expression [2]:


−1


~ω − ∆µe−h
−1
d(~ω)
dIP L (~ω) = A(~ω) (~ω) exp
kTe−h
2

where
and

A(~ω)

Te−h

holes.

is the material absorptivity,

∆µe−h

(3.1)

is the quasi Fermi level splitting,

is the carrier temperature, assumed to be common to electrons and

The shape of the signal on the low energy side of the peak is related
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to the absorption edge and depends on the absorptivity.

On the high energy

side, the absorptivity can be considered large and slowly varying compared to the
exponential decrease of the signal, so the shape of the luminescence signal depends
on the quasi-Fermi level splitting and on the carrier temperature. For energies high
enough (~ω

− ∆µ  kT ),

the Bose-Einstein distribution can be approximated by

a Maxwell-Boltzmann distribution and equation 3.1 can be written:




~ω
∆µe−h
exp −
d(~ω)
dIP L (~ω) = A(~ω) (~ω) exp
kTe−h
kTe−h


~ω
2
∝ (~ω) exp −
d(~ω)
kTe−h
2



(3.2)

The carrier temperature can therefore be determined from the high energy part
of the luminescence intensity. It can be noted here that, the measured signal being
an integration of the intensity in small wavelength intervals, the expression above
needs to be modied with the introduction of the wavelength interval:

dλ =

hc
d(~ω)
(~ω)2

(3.3)

and becomes for the integrated intensity over a discrete wavelength interval



~ω
IP L (~ω) ∝ (~ω) exp −
kT
4

∆λ:


(3.4)

When the carriers are at thermal equilibrium with the lattice, the temperature
that is obtained that way is the lattice temperature.

However, it was found in

that study that the shape of the spectra changes with the incident laser power,
indicating that the carrier temperature

Te−h

increases with an increase in the

excitation power.
Information on the carrier energy loss processes to the lattice is obtained by
analysing the dependance of the carrier temperature on the excitation power. In
steady state conditions, the power input equals the power transferred to the lattice

Pth

(index

th

stands for thermalization). The experimental data for

1/Te−h

was

shown to have a slope corresponding to the optical phonon energy [3, 4], indicating
that scattering by optical phonons is the dominant energy loss mechanism for
temperature exceeding 40 K in GaAs.
The existence of a steady-state Maxwell-Boltzmann distribution and the domination of LO phonon scattering process being established, these types of experiments were extended to other materials and higher excitation regimes [4]. Also,
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processes of energy loss to acoustic phonons were investigated by studying the
electron to acceptor luminescence [5].
Despite signicant achievements with CWPL, diculties emerged in the determination of absolute values of electron-phonon scattering rates. First, the power
input in the electron-hole system, that is necessary to determine the energy loss
rate, can be reasonably estimated but is always subject to some uncertainty. Second, both electrons and holes need to be considered, with holes coupled to the
lattice by polar as well as deformation potential interaction, which adds some
complexity to the problem. Finally, the density of carriers, that is expected to affect the carrier cooling rate, varies with the excitation power, introducing another
variable in the problem.
Another approach in hot carrier spectroscopy using continuous wave photoluminescence is the investigation of the LO-phonon-emission cascade [6, 7]. When
electrons are photogenerated high above the conduction band minimum, they relax
by successive emission of LO phonons, resulting in an electron distribution composed of a cascade of peaks separated by the LO phonon energy. The signature
of this distribution is a series of peaks in the high energy tail of the photolumi−5
nescence signal. These peaks are approximately 10
weaker than the band-gaprelated photoluminescence.

The analysis of the width and height of the series

of high energy peaks as a function of the excitation energy allows to determine
the electron-phonon scattering rate. This technique applies at rather low carrier
15
density (10
cm−3 ). The polarization of the emitted signal was also investigated
in [6]. When excited with a polarized light, the photogenerated carriers have an
anisotropic momentum ditribution, which then results in a polarized photoluminescence. The scattering of carriers acts as a randomization of the carrier momentum
that becomes more and more isotropic. The amount of polarized light in the PL
spectrum can then be related to the carrier scattering rate.

3.1.2 Ultrafast spectroscopy
The dierent interaction mechanisms that govern the energy and momentum
relaxation of carriers occur at very small time scales, and thus are dicult to
observe experimentally. Typical time constants for the main mechanisms are proposed in table 3.1 (see [8]). In order to observe these ultrafast phenomena in the
carrier dynamics, dierent techniques were developed, that were made possible
thanks to the development of ultrafast pulsed laser.
The main advantage of these time resolved techniques is to provide a direct
determination of the energy loss rate without the quantitative knowledge of the
absorbed power by the electron-hole plasma.
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Type of interaction

Characteristic time (s)

Carrier-Carrier scattering
Intervalley scattering
Intravalley scattering
Carrier - Optical phonon interaction
Optical phonon - Acoustic phonon interaction
Auger recombination
Radiative recombination

10−15 − 10−12
≥ 10−14
∼ 10−13
≥ 10−12
∼ 10−11
∼ 10−10
≥ 10−9

Table 3.1: Typical time constants of various mechanisms in semiconductors [8].

are described below and reviewed in [8].

Pump-and-probe
In the pump-and-probe technique, an ultrashort laser pulse is separated into
two pulses, a pump and a probe. The pump pulse excites the sample under investigation, causing a change in its properties. A weaker probe pulse then monitors
these changes at a time delay

∆t.

By varying

∆t,

the time evolution of the inves-

tigated property is measured.
This technique may be used to study the reection or transmission. In that
case, the measured transmission or reection can be related to the dynamic of the
occupation at the energy level of the laser, which gives insights into the carrier
relaxation dynamics. It can also be used to monitor time-resolved Raman scattering: the phonon population is investigated at dierent time delays after excitation
by the probe pulse. Finally, time resolved photoluminescence can be performed
using pump-and-probe technique. In that case, an up-conversion gate (see below)
is used to scan the luminescence signal at a variable time delay.

Streak camera
A streak camera is a device that converts time information into spatial information. The light emitted from a sample that is photoexcited by an ultra short
laser pulse is focused on a photocathode that releases an electron ux that is
proportional to the incident light intensity. The electron ux is then accelerated
and deected by an applied voltage that sweeps the electrons across a phosphore
screen. Electrons released at a dierent time will strike the screen at a dierent
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The spatial intensity prole is then related to the temporal intensity

prole of the photoluminescence. Streak cameras have a time resolution of a few
picoseconds. Their use is limited to visible and near infrared luminescence.

Up-conversion gate
After an ultrashort excitation pulse, the photoluminescence signal is collected,
collimated and combined with a probe pulse, called the gating pulse, in a nonlinear crystal. The angle of the crystal is set to phase match the frequency of the
gating pulse with a selected frequency of luminescence. A signal whose frequency
is the sum of the laser and luminescence frequencies is then measured by a photomultiplier. By varying the time delay of the gating pulse, the temporal prole
of luminescence can be obtained. This technique provides a better time resolution
than streak camera, and oers the possibiliby to scan further in the infrared.

Thermalization rate at high carrier density
The methods described above were used to study the carrier dynamics in semiconductors in the rst picoseconds after photoexcitation. We will here focus on
luminescence studies. The results obtained in the eld of hot carrier spectroscopy
are reviewed in [3].
A rst attempt to make time-resolved photoluminescence spectroscopy with
sub-nanosecond time resolution on GaAs [9] showed the domination of carriercarrier scattering that ensures the establishment of a Maxwellian distribution,
even at low carrier densities.

However, carrier-phonon interactions occurs at a

picosecond time scale and could not be directly observed.

It rst became pos-

sible with pump-and-probe techniques [10, 11, 12] for time-resolved absorption
measurements.
However, there is a diculty in interpreting absorption measurements, where
transitions from heavy-holes, light-holes and splitt-o valence band contribute to
the observed transmission changes. In contrast, the luminescence spectrum is dominated by recombinations with heavy holes and its interpretation is more straightforward. A rst example of time-resolved photoluminescence is proposed in [13],
still with GaAs at 4 K. It was shown that carrier-carrier scattering occurs with a
very small time constant (below the 20 ps time resolution), followed by a carrier
cooling from 90 K to 50 K within the rst 150 ps. At 50 K, the carrier energy
becomes lower than the threshold for LO phonon emission, and the thermalization
rate is strongly reduced.

The method was then applied to other materials such

as InGaAs [14]. A time resolution below 500 fs was achieved [15], and intervalley
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scattering rates could be measured in GaAs and InP at ambient temperature [16].
Time resolution of approximatively 100 fs was then achieved in [17].
In these experiments, the carrier temperature after photoexcitation is determined from the photoluminescence with a sub-picosecond time resolution.

The

time constant for carrier energy loss process is then determined directly from the

Te−h (t)

data.

The rst femtosecond of the carrier dynamics could be explored

in [16], in the range of 0.5-1.5 ps after excitation, showing that the establishment
of a Boltzmann-like distribution was almost instantaneous, with a carrier temperature higher than 600 K, even at low excitation intensity.

It is shown that in

the rst picosecond, the PL signal rises, with a maximum of PL intensity 10 ps
after excitation, because of intervalley scattering that brings back carriers from
the L valley to the

Γ valley (electrons in the L valley do not contribute to lumines-

cence). This eect is much less pronounced in InP, because of a reduced intervalley
scattering.
It was found from absorption experiments that, at low carrier density, the experimental energy loss rate was close to the theoretical value, but that it was
unexpectedly slow at high excitation intensity [18]. Time-resolved photoluminescence experiments using up-conversion technique [19] conrmed this result. It was
shown that the carrier energy loss rate in bulk GaAs was reduced above a critical
18
carrier density of about 2 × 10
cm−3 .
The rst explanations proposed for the reduced cooling rate invoked a screening
of the Fröhlich interaction [18, 20, 21]: the electromagnetic interaction between
electrons and polar phonons is screened by the large density of carriers, which
weakens the electron-LO-phonon coupling and results in a slowed phonon emission
rate. It was theoretically investigated in [22], showing that the energy loss rate
could be reduced by one order of magnitude when the screening of long range
electron-phonon interactions at high carrier density was taken into account.
A second explanation invoked a hot phonon eect and was pointed out in [23]:
the strong coupling between electrons and phonons leads to an out of equilibrium
LO phonon population; the carrier cooling process is then limited by the LO
phonon decay rate. The accumulation of nonequilibrium LO phonon faster than
their decay is called the phonon bottleneck eect.

In this process, the ability

of a system to give rise to a hot phonon population is determined by the ratio
between the net phonon emission rate (emission rate minus absorption rate), and
the LO phonon decay rate.

When the carrier density increases, the probability

of a phonon to be reabsorbed by carriers increases, and the net phonon emission
rate is reduced. In GaAs, the LO phonon decay time constant was measured to
be approximatively 7 ps at 80 K [24]. If the carrier density is high enough so the
reabsorption time is one tenth of that lifetime for instance, the cooling time is
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increased by a factor of 10.
At high carrier density, coupled plasmon-phonon modes are involved, and a
distinction between screening eects and hot phonon eects becomes almost impossible. The total electron-phonon population has to be considered as one unique
system, with its own cooling rate [25]. However, theoretical studies incorporating
both eects [26, 27] showed that the screening of the electron-phonon interaction
plays a minor role in the slowing of carrier cooling. Experimental results of carrier
temperature as a function of time was successfully tted with a model in which the
LO phonon population was determined accounting for electron-LO phonon scattering and LO-acoustic phonon anharmonic decay. They showed that the slowing of
carrier cooling was due to an amplied LO phonon population that leads to the reabsorption of phonons by electrons. The eect of screening was even considered to
accelerate the cooling of carriers in the way that the reduction of electron-phonon
interaction would weaken the amplication of LO phonon and therefore limit the
reabsorption by electrons.

Thermalization rate in low dimensional structures
A lot of interest was put into the study of carrier cooling rates in GaAs quantum
well structures. The most commonly studied structures were GaAs/AlGaAs multi
quantum wells and superlattices. A rst experimental result by Shank

et al

[28]

using pump-probe absorption measurement did not show a noticeable reduction in
17
the carrier cooling rate compared to bulk at a carrier density n = 2.5 × 10
cm−3 .
However, another study by Xu and Tang [29] using picosecond photoluminescence
showed that the carrier energy loss rate is much more carrier-density dependant in
quantum wells than in bulk material. As a consequence, the carrier cooling rate
is strongly reduced in quantum wells and becomes signicantly lower than in bulk
18
when the carrier density is higher than 10
cm−3 . They also found that higher
carrier temperatures were reached in QW than in bulk under high excitation.
Another study [30] stated that the cooling rate measured in a modulation doped
GaAs/AlGaAs multi quantum well was reduced by a factor 60 compared to the
predicted rate using a three-dimensional nondegenerate-electron model.
Dierent hypotheses were proposed to explain this reduced thermalization in
2D systems:

a modication of the energy loss rate could arise from a change

either in the phonon emission rate or in the phonon decay rate.

The eect of

the reduced dimensionality on the optical phonon lifetime or a screening of the
electron-phonon coupling by a high plasma density were rejected by Shah

et al [31],

in favor of a nonequilibrium LO phonon population in excess of what is expected
in the 2D system. Leo

et al

[32, 33] then studied the inuence of the well width
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on the energy loss rate reduction. They showed that at high carrier density (up
18
to 10
cm−3 ), the cooling rate was slower in thick wells (20 nm) than in the
thin ones (3 nm). This dierence however disappear when one considers the sheet
carrier density rather than the volume carrier density as parameter. This indicates
that the main eect in the energy loss rate reduction with 2D systems is the
selection of wave vectors parallel to the plane of the well in the electron-phonon
interaction. The phonon emission rate becomes therefore only dependent on the

sheet

carrier density, and independent of the well thickness. This is conrmed by

theoretical studies highlighting the inuence of interface modes in the electronphonon scattering rate [34, 35]. The impact of a modication of the LO phonon
lifetime by the material structuration would then play only a minor role.

This

was in agreement with a theoretical study of hot phonon eects in GaAs/AlGaAs
systems [36].
The above conclusion however was only valid in the range of carrier density
15
that was considered (10
< n < 1018 cm−3 ). The problem was reexamined in the
18
19
−3
2 × 10 − 1.5 × 10 cm range by Pelouch
[37], showing that the carrier

et al

energy loss rate was indeed reduced in 2D systems compared to bulk for carrier
18
density higher than 2 × 10
cm−3 . They found that the eect was stronger in
thinner wells, and that the reduction becomes more pronounced with an increased
photogenerated carrier density. Such energy loss rate reduction was related to an
enhanced hot phonon eect because of a longer LO phonon lifetime due to the
two dimensional connement, in contradiction with previous conclusions. Those
results were then conrmed in [19].
The energy loss rate reduction in 2D systems was similarly observed in other
materials: InGaAs/InP [38], InGaN/GaN [39] for instance.
The long phonon lifetime in quantum structures is usually attributed to the
opening of phonon band gaps in the dispersion relation. The major LO phonon
decay process (one LO phonon decaying into tow acoustic phonons [40]) can be
forbidden if there is no available state with half of the energy of the zone center
LO phonon [41, 42] (see chapter 4).

3.1.3 Steady state and transient state
Time resolved techniques have been widely used to investigate the carrier thermalization rates in semiconductors, to the detriment of the continuous wave technique. The latter suers from the lack of precision in estimating the power density
injected in the system, that is necessary to have quantitative information about
the carrier energy loss rate.

By following directly the time evolution of carrier

distribution, time resolved techniques enabled to bypass this diculty.
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However, in the case of solar cell application, the dynamics of the carrier in
transient state is not a decisive information, since the cell operates in steady state
condition. It is more useful to understand how the cell operate under a continuous
excitation, and more specically what is the achievable carrier temperature under
a certain excitation intensity, and what part of the incident power density is lost to
phonons. For that purpose, continuous wave photoluminescence is a more relevant
tool.
Also, the dynamical thermalization rate

ϕdyn that is observed with time-resolved
ϕst .

technique is not necessary the same as the steady state thermalization rate

A relation between steady state and dynamical thermalization rates was proposed
in [43]:

ϕdyn =
where

Ceh

and

CLO

Ceh
ϕst
CLO + Ceh

(3.5)

are the heat capacities of the carrier plasma and of the excited

LO-phonon modes respectively.
The energy loss rate obtained by probing the transient carrier distribution
in time resolved techniques is reduced by a factor that depends on the plasma
contribution in the heat capacity of the coupled electron-hole plasma-LO phonon
system compared to the steady state energy loss rate. This plasma heat capacity is
not known in general, depends on the carrier and lattice temperatures, and can be
dicult to determine. The energy loss rate that is determined using time resolved
technique is therefore an underestimation of the actual steady state energy loss
rate, and can not be used to determine the carrier distribution in steady state
conditions.

It is said in [43] that the heat capacity of the plasma is less than

15% of that of the LO phonon modes in the concentration and temperature ranges
under consideration. The dynamical thermalization rate that is measured in timeresolved experiments is then reduced approximatively by a factor 10 compared to
the steady state thermalization rate.
For those reasons, continuous wave photoluminescence will be used to investigate the thermalization properties of candidate materials for hot carrier solar cell
application.

3.2 Description of samples
Materials and structures suitable for a hot carrier solar cell application have
been identied. Several samples were synthesized and their thermalization properties were investigated.
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3.2.1 Material selection
The hot carrier absorber application implies specic features that restricted
the range of available materials.

First of all, one can see in gure 2.6 that the

hot carrier eciency is highest with small band gap materials. When compared to
gure 4.1, it is noticeable that the eciency improvement with a hot carrier solar
cell compared to a fully thermalized cell becomes important when one goes for
band gaps below 1 eV. The absorber of a hot carrier solar cell is meant to have a
rather small band gap. A band gap between 0.5 eV and 1 eV should be preferred.
Below 0.5 eV, parasitic eects such as Auger recombinations and non radiative
recombinations may compete with radiative transition and the thermalization will
be less manageable.
Secondly, a large carrier density will be benecial for thermalization reduction.
For that, it is interesting to absorb light in the smallest possible volume of material.
A direct band gap is therefore required.
Also, nanostructuration of the material may play a determinant role in the
control of thermalization. III-V semiconductors give the possibility to grow lms
with a high cristallographic quality and a very good control of thickness.

They

also provide good absorption. For these reasons, they are the best candidates for
our application.
In gure 3.1 that represents the position of the common binary III-V semiconductors in the band gap - lattice constant space, only one binary compounds
meets the above requirements: GaSb. Dierent ternary or quaternary compounds
can also be formed with a lattice constant very close to that of GaSb and with
band gaps ranging from 0.4 eV (InAs) to 2.4 eV (AlSb), which enables to synthesize a large variety of heterostructures of type I, II or III. Finally, the small
eective mass and phonon energy in GaSb can be benecial to obtain a small
carrier thermalization rate.
The focus was put on two dierent materials with a band gap of 1.9

µm

(0.66 eV):
 a ternary

Ga0.8 In0.2 Sb in compressive strain on a GaSb substrate
Ga0.86 In0.14 As0.12 Sb0.88 lattice-matched with GaSb

 a quaternary

Dierent structures have been tested for each of these compounds, which are listed
in table 3.2.
The samples were grown by Molecular Beam Epitaxy (MBE) on n-type doped
5-8×1017 cm−3 range) epi-ready GaSb [100] substrates. The MBE machine

(in the

used is a Varian Gen II molecular epitaxy reactor equipped with tellurium (Te)
and beryllium (Be) dopant cells, and valved cracker cells for both arsenic and
antimony.

Growth rates were set at 0.5 monolayer per second (ML/s) for both
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Figure 3.1: Lattice constant and band gaps of III-V semiconductors at 0 K



indium (In) and gallium (Ga) and 1 ML/s for both arsenic (As) and antimony (Sb).
Prior to the growth, the substrate was outgassed for several hours at 150



inside

the introduction chamber, then loaded in the growth chamber and heated for
20 minutes at 550



under Sb ux for oxide removal.



(Te-doped) buer layer was then deposited at 510
the MQW structure at 400

The n-type doped GaSb

, followed by the growth of

and of the p-type doped GaSb (Be-doped) bottom

contact layer. In situ RHEED (Reection High Energy Electron Diraction) has
been used for monitoring the sample surface evolution during the growth. More
specic details on optimum growth conditions, i.e.

growth rates, temperature,

V/III ratio, strain adjustment and MBE shutter sequence to realize high-quality
GaSb-based samples will be reported elsewhere on comparable GaSb systems [44].

3.2.2 Strained samples
A rst series of samples were multi quantum wells made of a ternary compound
in compressive strain on a GaSb substrate.
V641, V642, V809 and V812.
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V641 an V642
Sample V641 consists in a strained MQW structure on a n-doped GaSb sub18
strate covered by an n-doped (2 × 10
cm−3 ) GaSb buer layer. The active region
is composed of 5 periods of a 8 nm-thick InGaSb well and 27 nm-thick GaSb
barrier. The targeted fraction of indium in the well is 20% for an expected luminescence at 1.93

µm

at ambient temperature. This results in a lattice mismatch

∆a/a = 1.25% on the GaSb substrate.
18
(2 × 10
cm−3 ) GaSb contact layer.

The structure is then capped by a p-doped

Sample V642 is similar to V641, with a

Al0.35 Ga0.65 As0.03 Sb0.97 barrier replacing

the GaSb barrier. It is a quaternary compound lattice-matched on GaSb and with
a higher band gap.

It leads to deeper wells and therefore to an increase of the

electron and hole ground state energies. The luminescence is expected at 1.87

µm.

The structures of samples V641 and V642 are proposed in gures 3.2 and 3.3.

Cap GaSb
p+=2.1018cm-3 200nm
30 nm
27 nm
27 nm
27 nm

Intrinsic region

27 nm
30 nm
Buffer GaSb
n+=2.1018cm-3 200nm

GaSb
GaInSb 8nm

Substrate GaSb (n)

(a) Band osets in V641 sample

(b) Schematic of the V641 sample stack

Figure 3.2: Band oset (a) and structure (b) of sample V641

High resolution X-ray diraction (HRXRD) experiments were performed on
these samples to check the composition and thickness of the deposited layers. The
measured and simulated spectra are presented in gure 3.4. The comparison beween measurement and simulation indicates a 35.5 nm period, close to the expected
35 nm period, and a 17% indium content, slightly shifted from the targeted 20%
content.
These samples were test structures, showing that a very good control of the well
thickness and material crystallinity could be achieved. Luminescence was obtained
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Cap GaSb
p+=2.1018cm-3 200nm
50 nm
27 nm
27 nm

Intrinsic region

27 nm
27 nm
50 nm
Buffer GaSb
n+=2.1018cm-3 200nm

AlGaAsSb
GaInSb 8nm

Substrate GaSb (n)

(a) Band osets in the V642 sample

(b) Schematic of the V642 sample stack

Figure 3.3: Band oset (a) and structure (b) of sample V642

on sample V641 at ambient temperature. The feasibility of the photoluminescence
measurement on such material being established, the focus will be put on other
more promising samples.

V809 and V812
V809 and V812 samples were inspired from V641, with thicker wells. Cladding
layers were added for sample V812 to ensure the carrier connement in the well
region. The band oset is presented in gure 3.5.
As can be seen in gure 3.5, the multi-quantum wells (MQW) structures con= 1 × 1016 cm−3 ) GaSb buer layer, an

sisted of a 200 nm thick Te-doped (n

undoped region made of 5 MQW containing ve 10 nm-thick

GaIn0.2 Sb0.8

com-

pressively strained wells and six 20 nm-thick GaSb barriers, and 100 nm thick of
GaSb cap layer (V809). The V812-structure is the same as the previous one but
with 20 nm thick AlSb barriers surrounding the MQW region.
and valence band-oset

∆Ec

and

∆Ev

The conduction

were calculated by interpolating binary het-

erointerface values followed by calculation of shifts due to strain. The numerical
values used to calculate the band diagram and the electrons and holes energy levels
and wavefunctions were extracted from reference [45].
XRD experiments were performed on samples V809 and V812 and are presented
in gure 3.6.

The two XRD curves are very similar, conrming the excellent

reproducibility of the growth method.

In the V812 curve, an additional peak
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corresponding to AlSb is visible, indicating the presence of the cladding layers in
the structure.
Cladding layers in sample V812 play the role of blocking layers for electrons and
holes. It prevents them from being scattered outside of the active region, which
has a double interest: it limits the heat ow outside of the excited electron-hole
plasma, and maintains a high carrier density, which can facilitate the establishment
of a hot carrier population.

3.2.3 Lattice-matched samples
The second series of samples consists in multiquantum wells made of lattice
matched quaternary compounds.

It is composed of samples V725, V1078 and

V1231.

V725 and V1078
Samples V725 and V1078 are multi-quantum well structures on a GaSb substrate, with lattice matched well and barrier materials.
to exhibit luminescence at 1.9
samples).

µm

It is designed in order

at ambient temperature (similarly to previous

Cladding layers, also lattice matched with GaSb, are inserted in the

structure on both side of the well region.
The V725 well region is composed of 5 times 10 nm thick wells and 30 nm
thick barriers. Sample V1078 diers in the barrier thickness which is only 20 nm.
The well material is

Ga0.86 In0.14 As0.12 Sb0.88

with a 0.58 eV band gap at ambient

temperature (see section 3.4.1 for band gap determination of alloys). The barrier

Al0.25 Ga0.75 As0.03 Sb0.97 with a 1.03 eV band gap. Large band gap
layers made of Al0.9 Ga0.1 As0.07 Sb0.93 ensure carrier connement in the

compound is
cladding

active region. A schematic of the band oset and material stack is proposed in
gure 3.7.
The active regions of samples V725 and V1078 are almost identical, and only
results on sample V725 will be presented here.

A 20 nm thick

InAs0.98 Sb0.2

is

inserted in sample V1078 between the substrate and the active region. This layer
can later be used as a blocking layer for a chemical etch of the substrate.

The

sample can be reported on a glass substrate with a metallic coating, so the GaSb
substrate can be removed.

The active region alone, composed of the quantum

wells and the cladding layers, can then be obtained.
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V1231
Sample V1231 has an absorbing layer with the same composition as V725 or
V1078, but consists in only one 50 nm thick layer instead of a

5 × 10 nm quantum

well structure. It is sandwiched by two layers of the AlGaAsSb barrier compound
of 60 nm each. Without connement, the band gap is reduced compared to QW
samples, with emission at 2.1

µm

at 300 K instead of 1.9

µm

for other samples.

The absorbing thickness (well + barrier) for photoluminescence experiments is
the same as sample V1078, and the total volume of the well material is similar
to samples V725 and V1078. The idea here is to investigate the eect of carrier
connement and material structuration on the thermalization properties of the
material, by comparing quantum structures and bulk-like material in the same
conditions of illumination.
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Name

V641

V642

V809

V812

V725

V1078

V1231

Composition

Thickness

Well

Ga0.83 In0.17 Sb

5×8

Barrier

GaSb

6 × 27

Well

Ga0.83 In0.17 Sb

5×8

Barrier

Al0.35 Ga0.65 As0.03 Sb0.97

6 × 27

nm

Well

Ga0.8 In0.2 Sb

5 × 10

nm

Barrier

GaSb

6 × 20

nm

Well

Ga0.8 In0.2 Sb

5 × 10

nm

Barrier

GaSb

6 × 20

nm

Well

In0.14 Ga0.86 As0.12 Sb0.88

5 × 10

nm

Barrier

Al0.25 Ga0.75 As0.03 Sb0.97

6 × 30

nm

Well

In0.14 Ga0.86 As0.12 Sb0.88

5 × 10

nm

Barrier

Al0.25 Ga0.75 As0.03 Sb0.97

6 × 20

nm

Well

In0.14 Ga0.86 As0.12 Sb0.88

Barrier

Al0.25 Ga0.75 As0.03 Sb0.97

nm

1.90

µm

1.87

µm

1.90

µm

1.90

µm

1.90

µm

1.90

µm

2.10

µm

nm
nm

50 nm

2 × 60

λem

nm

Table 3.2: List of the investigated samples with their respective composition and
structure and the wavelength of luminescence
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Figure 3.4:

Simulated XRD

Measured XRD

Compressive
strain

GaSb
substrate

3.2.

Simulated (blue) and measured (red) XRD signal of sample V641.

The main peak comes from GaSb. The envelope of the signal can be related to
the compressive strain. The t of the secondary peaks with simulation indicates a
17% indium content in the well, slightly shifted from the targeted 20%. A 35.5 nm
period (well plus barrier) is observed in good agreement with the expected 35 nm
(27+8) period.
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AlSb

AlSb

GaSb
cap layer

Ga0.80In0.20Sb
GaSb

GaSb

10 nm
20 nm

10 nm

10 nm

GaSb
buffer layer
e1hh1 = 659 meV
(1.9 µm)

20 nm

Figure 3.5: Schematic of the band osets of sample V812

Figure 3.6: High resolution X-ray diraction (HRXRD) measurements on strained
samples V809 and V812
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Cladding : 1.1 µm
Al0,90Ga0,10As0,07Sb0,93

E

0.2 eV
515 meV

GaSb
substrate

0.725 eV

1.6 eV

580 meV

Cap

E1hh1 = 650 meV (1.91µm) GaSb
70 meV
0.26 eV

5 times 10 nm quantum wells
Ga0,86In0,14As0,12Sb0,88

Barriers : 30 nm
Al0,25Ga0,75As0,03Sb0,97

Growth direction

E1conf = 55meV
Hh1conf =10
meV

Figure 3.7:

Schematic of the band osets in sample V725.
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3.3 Experimental setup
The samples were characterized by continuous wave photoluminescence. Carriers are photogenerated in the sample by a laser excitation, and the spectrum
emitted from the radiative recombinations is collected and measured.
This measurement is performed at dierent excitation power. When increasing
the laser power, the photogenerated electron-hole plasma can no longer equilibrate
with the lattice. The temperature of the carriers raises with the excitation power
and the relation between the temperature rise and the incident power provides
information on the thermalization properties.
This study is carried out at dierent lattice temperature. The phonon involved
in carrier thermalization being thermally activated, it is expected that the thermalization rate will depend on the lattice temperature. For that reason, the PL
measurements were carried out in a cryostat for temperature controlled experiments.
Two dierent setups were used:

one setup at Chimie ParisTech (setup A),

another at IRDEP (setup B). They dier from each other in the excitation and
collection conguration and in the equipment.

3.3.1 Setup A
(See gure 3.8)

Excitation
The excitation source was a tunable Ti-sapphire laser pumped by an argon-ion
laser. It was used in the 750-900 nm range. Beyond 900 nm, the power delivered
by the laser decreases, which is unfavourable for high injection power-dependant
PL experiments.

Under 750 nm, however, the claddings in some of the sample

would absorb a part of the incident light, and the absorption in the absorbing
layer would have been lower (and harder to estimate). The power delivered by the

°

laser was about 600 mW, depending on the chosen wavelength.
The laser beam was sent on the sample with a 45 angle with the sample surface.
Neutral density lters were used to tune the incident power from 100% to below
0.01%, depending on the intensity of the collected signal.

Collection and measure
The signal was collected with two lenses with a focal length of 10 cm (NA≈
imaging the excited spot on the slit of a monochromator.
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°

signal was then sent on a PbS photodetector cooled at 80 K with liquid nitrogen.
The optical axe of the collection system made a 45
the sample.

angle with the surface of

Temperature control
The sample was placed in the chamber of a liquid helium cryostat, reaching
temperature down to 10 K. Thermal contact between the sample and the cold
nger of the cryostat was ensured using a silver paste.

Some experiments were

performed at 10, 20 or 30 K, but most were performed at temperature between 50
and 100 K, which is a more relevant temperature range for thermalization study.
The cryostat was not very stable at higher temperature.

monochromator

lens
mirrors

filter
sample
cryostat
laser

°

Figure 3.8: Schematic of the experimental setup A. The sample is placed in the
cryostat chamber, its surface making a 45 angle with the laser beam, and with the
optical axis of the collecting optics. The collecting optics consist in two lenses with
a focal length of 10 cm imaging the excited spot at the entrance of a monochromator. The monochromated signal is then sent onto a PbS photodetector that is
cooled with liquid nitrogen.
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3.3.2 Setup B
(See gure 3.9)

Excitation
The excitation source was a near infrared laser diode emitting at 781 nm. It
delivered a power of about 90 mW
The laser beam was coupled in a multimode optical ber, then collimated to
enter a microscope objective.

Two congurations were possible:

a high power

conguration where the beam was transmitted by a beam splitter with 92% transmission, or a low power conguration where the beam was reected by the beam
splitter (8% reexion).

Accounting for losses in the ber, objective and other

optics, the power incident on the sample was nally 17 mW in the high power
conguration, 0.7 mW in the low power conguration.
The same neutral density lters were used to tune the incident power.

Collection
The signal was collected by the objective having a 11 mm working distance
and a 0.6 numerical aperture (NA). It is then reected/transmitted by the beam
splitter (depending on the conguration, see gure 3.9(a) and 3.9(b)).
The signal was then coupled in an optical ber and sent in a spectrometer. It is
an Ocean Optics NIR256 spectrometer, composed of a 256 pixels InGaAs detector

°

with a detection ranging from 900 to 2500 nm and cooled with a double Peltier
plate at -10 C.

Temperature control
The samples were put in a cryostat chamber, here again glued with silver paste
for thermal contact. The cryostat used was a nitrogen cryostat, with a minimum
reachable temperature of 80 K.

3.3.3 Comparison
The features of the two setups are summed up and compared in table 3.3.
Setup A has very good features in terms of detector sensitivity compared to setup
B, due to the liquid nitrogen cooled detector. Also, the excitation power is much
higher. However, the focusing of the excitation laser in setup B allows reaching
higher power density than in setup A in spite of a lower laser power.
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Above all, the very good control of the spot size with the microscope objective in setup B enables a precise determination of this power density, which is
not possible in the other setup, where only a rough estimation is possible. This
power density is a key parameter for a quantitative determination of thermalization properties. For that reason, and despite a poor sensitivity, setup B is expected
to provide more accurate results.
Features

Setup A

Incident power

600 mW

Laser wavelength
Excitation

Temperature

17 mW

750-900 nm
−3
2

781 nm
−6
2

∼ 10 cm
6.102 W/cm2

5.10 cm
3.103 W/cm2

Detector sensitivity

very good

poor

Detector resolution

>6 nm

Acquisition time

∼ 1 nm
∼ 1 minute

Accessible range

10-100 K (unstable)

80-300 K

Spot size
Power density

Collection

setup B

20 ms

Table 3.3: Comparison of the two photoluminescence setups.

The results obtained with the two dierent setups with a test sample are shown
in gure 3.10 for comparison. The sample was a 75 times 8.5 nm thick InGaAs
wells and 10 nm thick InP barriers on an InP buer and with a 81 nm thick InP
capping layer. Its band gap is 1.6

µm

(0.77 eV) at ambient temperature.

A good agreement is found between the results obtained with the dierent
setups and detectors in the high energy region of the spectrum.

The shape of

the signal, in particular the slope of the high energy tail of the signal, are very
similar at comparable laser intensities.

This means that the estimation of the

excitation intensity is fairly good, so the carrier temperature obtained with the
dierent setups can be compared. In the low energy region, setup B gives a lower
signal, because of a lower detector sensitivity when approaching the limit of the
detection range.

3.3.4 Excitation power density
It was pointed out that the precise determination of the excitation power density was a weak spot of the continuous wave photoluminescence technique. The
thermalization rate is determined from the relation between the power absorbed
by the material and the steady state carrier temperature.

113

For that reason, the

CHAPTER 3.

EXPERIMENTAL STUDY OF CARRIER THERMALIZATION

absorbed power density is a key parameter to have a quantitative determination
of the thermalization properties of a sample.
The laser power incident on the sample surface was measured for each photoluminescence measurement, with a powermeter in the focal plane of the setup. The
laser spot size was determined using a camera imaging the sample (gure 3.11(a)).
The area of the spot was measured by taking the surface of the sample that receives an excitation higher than half of the maximal intensity.

This image was

scaled using an image of a reference grating (gure 3.11(b)). The spot sizes and
power densities in both congurations (A and B) are given in table 3.3.
Knowing the incident power, the absorbed power is then calculated from the
absorption coecient of the material, using a multilayer model described in appendix B. The propagation of a monochromatic plane wave in a stack of at parallel
layers is computed, knowing the absorption coecient and refractive index in each
layer (see for instance reference [46]). The data for absorption coecient and refractive index were found in [47] and in [48]. It allows to determine the fraction
of the incident power that is reected, transmitted and absorbed as a function
of the incident angle and wavelength.

An example of the result obtained with

a 750 nm laser incident on sample V725 is presented in gure B.1, showing the
transmitted (a), reected (b) and absorbed (c) fraction of an incident plane wave
as a function of the incident angle, for dierent polarization: s, p, and unpolarized.
The angle dependant absorbed power is then integrated over the incident angle
to determine the absorbed power when a laser is focused on the sample with a
given numerical aperture (or solid angle). A 40% absorption is obtained in that
case, roughly independent of the numerical aperture. The same method was used
with the other samples.
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(b) Low power density
Figure 3.9: Schematic of the experimental setup B, in high power density conditions (a) and low power density conditions (b). The excitation laser is coupled in
a multimode optical ber, and collimated towards a microscope objective, after
being transmitted (a) or reected (b) by a beam splitter.
the sample that lays in the cryostat chamber.

It is then focused on

The photoluminescence signal is

then collected by the same objective and reected (a) or transmitted (b) by the
beam splitter. The signal is nally coupled to another optical ber and sent to a
spectrometer. A camera can be placed in the optical path to image the sample.
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Figure 3.10: PL spectra obtained with a reference InGaAs QW sample on setup A
(empty circles) and B (solid lines) at dierent excitation intensities. The spectra
are normalized at the peak intensity. A good agreement is found in the high energy
region between the two setups at comparable intensity. A lower signal is observed
at low energies with setup B, because of a lower detector sensitivity in this region.
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Figure 3.11: Image of the laser spot (a) compared to a reference grating (b) with
a set of vertical lines having a period of 100
a diameter of 10

µm.
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3.4 Experimental results: temperature determination and thermalization rate measurement
The results of photoluminescence experiments and the information that are
extracted from them are presented in this section. The methodology for extracting
temperature and thermalization rates is presented. The impact of sample structure
and composition are investigated and discussed.

3.4.1 Photoluminescence spectra analysis
Figure 3.12 is the photoluminescence spectra obtained on sample V725 at 80 K
2
with setup A, for excitation intensity ranging from 0.7 to 700 W/cm . Two peaks
are visible that, according to their energy position, correspond to the fundamental
recombination in the wells for the lower energy peak, and from the GaSb bulk
substrate for the higher energy peaks. The dierent possible radiative transitions
are described in gure 3.13. Intersubband transitions ((5) and (6)) are in general
non radiative and are not detected here.

Relative intensity of transitions (1),

(2), (3) and (4) are given by the Fermi-Dirac occupation factor that decreases
exponentially with energy.
Temperature

0 K

80 K

300 K

well

0.66

0.65

0.58

Band gaps (eV)

barrier

1.12

1.10

1.03

cladding

2.18

2.17

2.10

e1hh1 (eV)

0.72

0.70

0.64

Table 3.4: Band gaps of the well, barrier and cladding in the V725 sample at 0 K,
80 K, and 300 K. The fundamental transition e1hh1 in the well is also reported
here.

The expected band gaps of the dierent materials (well, barrier, cladding) are
determined at low temperature using the method and data proposed in appendix A.
The fundamental transition in the well e1hh1 and the valence and conduction band
osets are proposed in table 3.4 at 0 K, 80 K and ambient temperature. The expected emission energy can be compared to the position of the photoluminescence
signal. Radiative recombination in the well are expected at 0.7 eV. Recombination
from higher energy level in the well occur at 0.86 eV. The signal from the barrier
should be measured at 1.1 eV and signal from the GaSb substrate or capping layer
can also be detected at 0.8 eV.
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Figure 3.12: Photoluminescence spectra of sample V725 at 80 K at various ex2
citaion intensities from 0.7 to 700 W/cm . Two peaks are visible, attributed to
radiative transitions in the wells and in the GaSb substrate or capping layer.

In gure 3.12, the main peak is measured at 0.7 eV which is in good agreement
with the predicted value for e1hh1 transition.

A second smaller peak is visible

at around 0.8 eV that would come from GaSb. It can come from the thin GaSb
capping layer at the surface, that is necessary to passivate the Al-rich cladding
layer. It can also come from the GaSb substrate. However, the laser is absorbed
in the well region so only a small part of the incident laser reaches the substrate,
and the luminescence from the substrate is partially reabsorbed in the well region,
so the emission from the substrate should be small. No signal from the barrier or
higher levels in the well has been detected.
It is noticeable here that the photoluminescence peak is broadening with an
increase of the incident power. This is commonly related to an increasing carrier
temperature. A local heating of the material due to the laser excitation could also
explain such broadening. However, the peak of luminescence is not shifted with
varying excitation power. A heating of the material would lead to a reduction of
the band gap, and the peak would be expected to shift towards lower energies.
Considering equation A.1, the variation of the band gap with the temperature
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Figure 3.13: Possible radiative transitions in a quantum well structure: (1) fundamental transition from the ground electronic state e1 to the ground heavy hole
state hh1 in the well; (2), (3) and (4):

higher energy transitions involving ex-

cited electronic and/or hole states; (5) and (6) inter subband transitions without
recombination; (7) band to band recombination in the barrier.

is:

T + 2β
dEg
= −αT
dT
(T + β)2

(3.6)

−4
being of the order of 10
eV/K and β of the order of 100 K, a typical value is
dEg
−4
obtained at 80 K:
≈ 10 eV/K. The temperature increase that is observed here
dT
associated with the peak broadening reaches a few hundreds of Kelvin (see below

α

for temperature determination), which would imply a shift of the band gap of the
order of 10 meV, which is not observed on gure 3.12. The material heating can
then be eliminated as the cause of the peak broadening, and an out of equilibrium
carrier population can be considered.
It was said (3.1.1) that the high energy part of the PL signal could be used
to determine the temperature. It is simply given by the slope of the curve in log
scale: slope

= 1/kTH .

This method for carrier temperature extraction is valid

under some conditions:
 the absorptivity in the energy range where the slope is determined varies
slowly compared to the exponential decay of the carrier occupation factor
 the condition

(E − ∆µ) /kTh  1 is veried in that energy range,

where

∆µ

is the quasi-Fermi level splitting.
The rst condition is veried in quantum well material, because of a at density
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Figure 3.14: Structure of the V725 sample in the quantum well region and position
of the electron and hole conned states at 80 K. Two electron and three hole
subbands (in red dashed line) are visible. The fundamental transition e1hh1 has
an energy of 0.709 eV. The rst excited electronic state is 0.16 eV higher than the
ground state.

of states, as long as only one energy level is involved, which is the case here with
a rst excited electronic state that is high enough and should not be populated
at reasonable electronic temperature (0.16 eV corresponds to a temperature of
1800 K). One can consider that only the ground electronic state is populated.
The second condition may not be veried in high injection conditions. However,
the change in the absorptivity due to quasi Fermi levels coming close to the band
edges should only be noticeable in the vicinity of the band gap, and becomes
negligible at energies greater than the band gap by about 100 meV.
The method is then to consider an energy range that is high enough to eliminate
those eects, and to determine the slope in that region. The error made in the
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slope determination is estimated from the uncertainty on the luminescence signal.
The amplitude of noise is measured, which results in an uncertainty on the position
of the points that are used to determine the slope. An uncertainty

∆S

is obtained

on the slope, which is translated into an uncertainty on the temperature:
kTH2 ∆S .

∆TH =

Carrier temperature (K)
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Figure 3.15: Exponential t (a) and the deduced carrier temperature vs incident
power density (b) from incident power dependent CWPL experiments on sample
V725 at 80K.

The results obtained from gure 3.12 are presented in gure 3.15. The carrier
temperature is plotted as a function of the excitation power density. At low power
2
density (P < 10 W/cm , equivalent to 100 suns), the carrier temperature is that
of the lattice, indicating a thermalized electron-hole population. When the power
2
density exceeds 10 W/cm , the temperature increases progressively to reach close
2
to 160 K at 1000 W/cm , or 10000 suns.

3.4.2 Qualitative study of carrier thermalization
Dierent parameters and their inuence on the thermalization properties are
investigated next:
 the role of the cladding layers
 the importance of lattice matching
 the eect of quantum connement of carriers.
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Thermalization rates are obtained and compared. Also, experiments are conducted at dierent lattice temperature, and the eect of lattice temperature on
the thermalization of carriers is studied.

Role of claddings for carrier connement
Samples V809 and V812 have the same structure (see 3.2), the V812 having
in addition two AlSb cladding layers sandwiching the absorbing layers.

These

high band gap cladding layers act as electron and hole barriers, preventing them
from being scattered outside of the quantum wells region towards the surface. Two
eects can be expected: a reduction of the heat ow outside of the wells, as carriers
are insulated from the cold distribution in the substrate, and higher carrier density
which should favours the establishment of a hot carrier regime.
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Figure 3.16: Photoluminescence spectra of sample V809 at variable incident power.
No change in the spectra shape is visible.

The PL spectra of these two samples measured in the same conditions of lattice
temperature (80 K) and excitation intensity are presented in gures 3.16 and 3.17.
Several dierences are noticeable.
First, the photoluminescence intensity of sample V809 is much weaker than
for sample V812 at the same excitation power.
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Figure 3.17: Photoluminescence spectra of sample V812 at variable incident power.
The high energy tails of the spectra are tted by an exponential law (black dashed
line). A decrease of the slope is observed with increased incident power, indicating
a heating of carriers.

non radiative recombination rate without the AlSb layer.

In V812 sample, the

photogenerated carriers are conned in the quantum well region, where they recombine, mainly radiatively. On the contrary, the carriers generated in V809 are
scattered towards the surface where they can recombine through surface state,
providing additional recombination pathways.

If this process is faster than the

radiative recombination in the well region, it can explain the strong reduction of
the photoluminescence intensity.
Secondly, the optical band gap is shifted with a photoluminescence peak at
0.7 eV compared to the case of sample V812.

The well (Ga0.8 In0.2 Sb) band

gap at low temperature can be determined as mentioned above, and should be

Eg,Ga0.8 In0.2 Sb (T = 50K) = 0.625 eV.

This is the bandgap of the bulk material,

which is increased in the case of quantum wells because of connement. Knowing
the material electron and hole eective masses and the well and barrier thicknesses, the position of the lowest electronic state in the conduction band and of
the highest hole state in the valence band can be determined, and the expected
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optical band gap is

Ee1 hh1 (T = 50K) = 0.67 eV.

This value is much smaller than

the band gap observed on PL spectra of sample V812.
However, this does not account for strain eect on the band gap. The InGaSb
layers on a GaSb substrate have a compressive strain that increases the band gap.
The band gap shift can be estimated, using a deformation potential constant
that can be found in [49]. The band gap shift is then:

a

is the lattice parameter and

∆a

∆Eg = D × ∆a/a,

D

where

is the lattice mismatch. The lattice parameter

and deformation potential constant of the ternary alloy InGaSb is determined by
a linear interpolation of the values for GaSb and InSb. The band gap shift is then
obtained

∆Eg = 0.098

eV at 50 K. The position of the energy levels in the well

can then be recalculated, and we nd

Ee1 hh1 (T = 50K) = 0.74 eV.

This value is

higher than the observed band gap, but much closer than the previous value of
0.67 eV. The discrepancy can come from an overestimation of the deformation in
the layer, because of a lower indium content than expected in the layer, or partial
relaxation of the strain by dislocations for instance. One can still conclude that
the PL signal from sample V812 at 0.72 eV does correspond to recombination in
the well region. Sample V809 having the same structure (as can be seen on XRD
measurement, both samples have very similar well composition and strain, see
gure 3.6), it should exhibit luminescence at the same energy. The shift of the PL
peak thus indicates that the luminescence comes from another mechanism.
A weak peak is visible on the V812 spectra below the bandgap that is at the
same energy as the signal from sample V809.

This seems to indicate that the

band gap luminescence is in fact absent in the V809 spectra, and that the signal
comes from other recombination process (through defect levels for instance).

It

is impossible to conclude with certainty about the nature of this peak. It would
require further investigation about the position of defects in the absorber and at
interfaces. Anyway, the absence of the main photoluminescence peak in the V809
spectra makes the determination of a carrier temperature and the investigation of
the thermalization properties impossible.
Cladding layers thus seem necessary, for practical and methodological reasons
(weak and unusable signal), and for physical reasons to favour a hot carrier regime:
the connement of carriers enables higher carrier concentration, and cladding layers
prevent the heat from owing outside of the well region.

The samples without

cladding layers will be abandonned in the following analysis.

Lattice matched vs strained
The comparison of a lattice-matched sample (V725) and a strained sample
(V812) can provide information on the impact of strain on the thermalization
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properties.
It is expected that strain should accelerate the thermalization of carriers, since
it creates defects levels in the band gap that provide additional non radiative
recombination pathways. It is also a technological constraint as it does not allow
to grow thicker layers with good crystalline quality, whereas it was possible to grow
a 50 nm thick absorbing layer with the lattice-matched material (see section 3.4.2).
However, using only lattice-matched materials adds another constraint in the
composition of the absorbing alloy. For that reason, using strained samples may
be benecial if the thermalization properties are not degraded.
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Figure 3.18: PL spectra of sample V812 at dierent incident power densities at
80 K (a) and carrier temperature (b) as a function of the absorbed power density
deduced from the PL data. At low power density, the carrier temperature is that
of the lattice. It increases with increased absorbed power to reach almost 200 K
above the lattice temperature.

Figures 3.18(a) and 3.19(a) show the PL spectra obtained with sample V812
and V725 respectively at 80 K. In both cases, a broadening of the PL peak is
observed with the increase of incident power, while the position of the peak is
unchanged. The peak broadening is strongly asymmetrical and is mainly visible
on the high energy side of the spectrum.
The carrier temperatures that are extracted from the PL signal for samples
V725 and V812 are reported in gure 3.19(b) and 3.18(b) as a function of the
incident power, and for two dierent lattice temperatures: 80 K and 100 K. It is
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Figure 3.19: PL spectra of sample V725 at dierent incident power densities at
80 K (a) and carrier temperature (b) as a function of the absorbed power density
deduced from the PL data. At low power density, the carrier temperature is that
of the lattice. It increases with increased absorbed power to reach almost 200 K
above the lattice temperature.

rst noticeable that, at low excitation intensity, the carrier temperature that is
found is close to the lattice temperature in all cases. This validates the method
for the temperature determination.

With the raise of the excitation power, the

carrier temperature is increased up to around 300 K for both samples, at excitation
2
intensities close to 1 kW/cm , which corresponds to approximatively 10000 suns.
Both samples give comparable results, and a quantitative determination of the
thermalization time is necessary to conclude (see section 3.4.3). It seems that no
spectacular dierence is visible in the thermalization properties, so technological
criteria are likely to be predominant in the choice between strained and strain-free
samples. In that case, the possiblity to grow thicker layers with lattice matched
materials should be crucial.

Inuence of quantum connement
It is expected (as shown in chapter 4, it is also stated in various papers [19, 33,
37]) that the carrier energy loss rate can be reduced in quantum well structures
compared to bulk. The rst samples we studied were therefore quantum structures
to favour the establishment of a hot carrier regime.
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comparison with the bulk-like material is necessary.
A 50 nm InGaAsSb layer was grown, embedded in two 60 nm AlGaAsSb, with
the same composition as in sample V725, and sandwiched with the same cladding
layers.

A structure with the same well thickness, but without quantization, is

then obtained (sample V1231). Its band gap is reduced compared to that of V725,
and equal to 2.1

µm

at ambient temperature.

The comparison between V725

and V1231 can help to understand the role of quantization in the thermalization
properties.
The composition of sample V812 or V809 did not allow to grow a thick layer
as it is not lattice-matched with the bulk GaSb.
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Figure 3.20: PL spectra of sample V1231 at dierent incident power densities at
80 K (a) and carrier temperature (b) as a function of the absorbed power density
deduced from the PL data.

The photoluminescence spectra obtained with V1231 on setup B are presented
in gure 3.20(a), and the spectra obtained with sample V725 at 80 K in the
same conditions are presented in gure 3.19(a). The carrier temperatures that are
extracted from those data are presented in gures 3.19(b) and 3.20(b). In both
cases, a carrier heating occurs, which is slightly more pronounced in the case of
V725. The carrier temperature reaches about 280 K for V725, and less than 200 K
for V1231. It seems that the thermalization is faster in the bulk material, but still
comparable. No drastic dierence is observable between V725 and V1231.
However, the determination of the carrier temperature may be aected by the
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absorptivity in the bulk material. In the PL curve tting, it is assumed that the
absorptivity is constant in the energy range that is considered. It is very likely to
be veried in quantum well samples where the electronic density of state is at.
In bulk sample, this density of state can be modeled by a

√

E − EG

law. With an

increasing absorptivity with increasing energy, the slope can be underestimated,
and the carrier temperature overestimated. An experimental determination of the
material absorptivity would then be necessary to avoid this problem.

A slowly

varying absorptivity will still be assumed. Such assumption is supported by the
absorption coecient of the GaSb in the energy range considered here, represented
in gure 3.21 at 300, 77, and 4 K [48]. The well composition is not far from GaSb,
and a rather similar shape is expected.

Figure 3.21: Absorption coecient of a p-type bulk gallium antimonide at 300
(blue), 77 (red) and 4 K (black). A slowly varying absorption coecient is observed
above the absorption edge. From [48]

3.4.3 Carrier thermalization time and thermalization rate
The thermalization properties of a sample can be determined from the carrier temperature - incident power relationship. Since there is no electrical power
extracted, the absorbed power can only be lost as heat towards the lattice or by radiative recombinations (non radiative recombinations involving phonon emission,
they contribute to the heat transfer to the lattice). In other words, carriers loose
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their energy by interaction with phonons or photons. The power lost by thermalization can then be expressed as the dierence between the absorbed power and
the radiatively emitted power.
The determination of absorbed power was detailed in 3.3.4. An absolute measurement of the emitted power was not possible, but assuming a dominant radiative
recombination, the power lost by recombination can be estimated from the photoluminescence data. Photons are absorbed with energy
with an average energy

Eem

that can be determined from the PL spectra:

Eem
where

E.

Eabs = Elaser , and reemitted

R∞
E × IP L (E)dE
= 0R∞
IP L (E)dE
0

(3.7)

IP L (E) is the photoluminescence intensity as a function of the photon energy

If recombinations are radiatively dominated, the number of absorbed photons

equals the number of emitted photon, and the radiatively emitted power is given
by:

Pem =

Eem
Pabs
Eabs

(3.8)

In the case of non radiatively dominated recombination, the radiatively emitted
power can be expressed similarly:

Pem = η
with

η

Eem
Pabs
Eabs

(3.9)

being the radiative yield, that is to say the fraction of total recombination

that are radiative.
Finally, the power transferred from carriers to the lattice per unit volume is:

PT h
where

t

Pabs − Pem
1
=
=
t
t



Eem
1−η
Pabs
Eabs

(3.10)

is the absorbing material thickness.

This power transfer comes from interaction with phonons. In polar semicondutors, at temperature above a threshold around 40 K, this interaction is dominated
by a strong coupling with the zone center LO phonon modes, so it will be considered that only these modes contribute to the carrier energy loss. The carrier energy
loss rate to LO phonons can be written, in the case of small non equilibrium [3]:

PT h



n~ωLO
~ωLO
=
exp −
τ
kTH
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PT h can be obtained from equation 3.10, TH is determined from photoluminescence
data, n is the carrier density, τ is an average phonon emission time, which is in
general a function of the carrier temperature, the lattice temperature and the
carrier density.
This model for the carrier energy loss rate is conrmed by plotting

1/TH

as a

function of the incident power in log scale. A linear relation is observed with a
slope that is related to the LO phonon energy and is

−kB /~ωLO

(see gure 3.22).

The phonon energy that is considered here is that of bulk GaSb, which gives
a good agreement with the experimental data.

At low power density, the data

deviate from the linear relation. This can be due to a dierent regime where LO
phonon emission is not the only energy loss mechanism. It can also come from a
less accurate determination of the carrier temperature at low power density.
−3

14

x 10

80K
100K

12

1/TH (K−1)

10
8
6
4
2

1

10

2

10
Absorbed power (W/cm2)

3

10

Figure 3.22: Inverse of the carrier temperature as a function of the absorbed power
density in log scale in the case of sample V812.
with a slope

−kB /~ωLO ,

with

~ωLO

A linear relation is observed,

being the LO phonon energy of bulk GaSb

(represented by dashed straight line) at two dierent lattice temperature: 80 K
(blue) and 100 K (blue). The vertical shift between data at dierent temperatures
comes from a change in the phonon lifetime.

Such a model, however, only applies as long as the limiting process is phonon
emission. When a phonon bottleneck occurs, the electron-LO phonon interaction
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can be considered instantaneous, and the limiting process is now the decay of the
out of equilibrium LO phonons into acoustic phonons. Thus, in our case, another
model needs to be used that is given in [43]. In that case, one considers an out
of equilibrium zone center LO phonon population that equilibrates with electrons,
and decays by interaction with the other phonon modes at the lattice temperature.
The rate at which electrons loose their energy is then limited by the rate at which
the excited phonon modes decay into other phonon modes.
carriers is then given by the LO phonon decay rate

1/τ ,

The power lost by

mutliplied by the LO

phonon energy and by the number of phonons involved, which is the number of
phonon modes coupled to electrons, times their occupation number in excess of
the equilibrium occupation number.

~ωLO nq
(Nq (TH ) − Nq (T ))
τ 2

PT h =

(3.12)

nq is the number of phonon modes that are in thermal disequilibrium,
Nq (TH ) and Nq (T ) are the LO phonon occupation numbers at the hot temper-

where

ature and at the lattice temperature respectively. The rate depends here on the
density of out of equilibrium phonons, and not on the carrier density, because the
cooling is limited by the decay of LO phonons.
The above expression applies in the most general case for one phonon mode
with energy

~ωLO (~q).

~q

The LO phonon distribution function will be approximated

here by a at distribution with a constant energy

~ωLO .

Only a small region of

the Brillouin zone is involved in the out of equilibrium phonon population [36]:
the norm of the wave vector of coupled phonon modes is inferior to a tenth of
the Brillouin zone radius.
thus reasonable.

Eq = ~ωLO

and

The approximation of constant LO phonon energy is

Nq (T ) is given by a Bose-Einstein distribution function at energy
at temperature T :

Nq (T ) =

At low temperature (up to


exp

∼ 200

~ωLO
kT



−1
−1

(3.13)

K), the phonon distribution can be approx-

imated by a Boltzman distribution, and the expression above can be simplied:

Nq (T ) = exp(−~ωLO /kB T ).

The heating of carriers being associated with an out

of equilibrium LO phonon distribution, its occupation number becomes large compared to the equilibrium value:

Nq (TH )  Nq (T ).

Equation 3.12 can then be

simplied:

PT h



nq
~ωLO
= ~ωLO exp −
2τ
kB TH
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An expression similar to 3.11 is obtained, wich explains that

1/TH

follows a

linear relation with the logarithm of the absorbed power density (gure 3.22).
The number of coupled phonon modes
phonon energy

~ωLO ,

nq

can be estimated [50]. For a given

the density of electronic states that satisfy both energy and

momentum conservation conditions (see gure 3.23) is determined as a function of
the phonon wave vector. Let us consider an initial state for an electron given by
its momentum

k1

and its energy

E1 ,

that emits a phonon with wave vector

q

and

~ωLO , and ends up in the nal state given by momentum k2 and energy
E2 . The conservation of momentum and energy implies that k1 − k2 = q and
E1 − E2 = ~ωLO . Considering a parabolic Γ valley only, the energy of the electron
∗
2 2
is Ei = ~ ki /2m , with index i refering to initial or nal state. The values of E1
and E2 are obtained:

energy

2
  ∗
1 2m ~ωLO
+q
2
~2 q
2
  ∗
~2
1 2m ~ωLO
E2 =
−q
2m∗ 2
~2 q
~2
E1 =
2m∗

(3.15)

The joint density of electronic states ge (E1 , E2 ) is, considering a at DOS in
m∗ /π~2 . The density of phonon states is gp (q) = 4πq 2 . Finally, the

quantum wells,

occupation factors for electrons is given by a Fermi-Dirac distribution at energy

Ei fe (Ei ) = 1/(exp(Ei /kB TH ) + 1),

TH is the carrier temperature, and for
fq = 1/(exp(~ωLO /kB T ) − 1), where T is

where

phonons by a Bose-Einstein distribution

the temperature of the lattice. The Fröhlich hamiltonian varies as the inverse of
the square of the phonon wave vector, so nally, the net phonon emission rate as
a function of the phonon wave vector is:

W (q) ∝

1
ge (E1 , E2 )gp (q) ((1 + fq )fe (E1 )fe (E2 ) − fq fe (E2 )fe (E1 ))
q2

(3.16)

This phonon generation function obtained with GaSb at 80 K (lattice temperature) and for dierent carrier temperatures is plotted in gure 3.24 in arbitrary
units. It shows that the phonon modes that are the most strongly coupled with
electrons are zone center phonons, in a tenth of the Brillouin zone.

The num-

ber of phonon modes involved would be given by the number of phonon modes
in the Brillouin zone, modulated by the phonon generation function presented in
gure 3.24. Here it will be approximated by the total number of modes inside a
sphere with radius

q0 , q 0

being the norm of the wave vector for which 90% of the

integrated phonon generation function is below this value.
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E

E=

E1

h2 k 2
2me

E1-E2=h ωLO

E2
Δk=q

k

Figure 3.23: Schematic of the electron energy loss process. An electron with energy

E1

relaxes to energy

E2

~ωLO = E1 − E2 .
momentum variation ∆k

with emission of a phonon with energy

Conservation of momentum implies that the electron

equals the emitted phonon wave vector q . The conduction band is approximated
~2 k 2
by a parabolic dispersion relation E =
, me being the electron eective mass.
2me

nq

being determined, the thermalization time can then be expressed as a func-

tion of the carrier temperature, in the most general form:

τ=

2
t



nq ~ωLO

(Nq (TH ) − Nq (T ))
Eem
1 − η Eabs Pabs

(3.17)

Values close to 5 ps are obtained.
The

nq /τ

ratio can be plotted as a function of the carrier temperature, showing

a linear relation between

nq /τ

and

TH − T

(see gure 3.25). With such a linear

relation, the quantity

Q=

~ωLO nq
2τ (TH − T )

is a material constant. It will be called the thermalization coecient, in
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Figure 3.24:
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Intensity of the phonon generation by carriers in arbitrary units as

a function of the norm of the emitted phonon wave vector in GaSb at 80 K, and
for dierent carrier temperatures from 100 K to 1000 K.

so that the power lost by carriers to phonons can be expressed:

PT h
The values of



~ωLO
= Q(TH − T )exp −
kB TH

(3.19)

Q obtained with the dierent samples at dierent lattice temper-

atures are listed in table 3.5. It was calculated assuming the non radiative limit
(radiatively emitted power is negligible). All these data were obtained using the
setup B in high power density conguration.

Results from setup A could have

been used to investigate the sample behaviour at lower temperatures, but the uncertainty on the incident power density does not allow to determine reliable values
of the thermalization coecient.
From the data in table 3.5, one can say that all samples give comparable thermalization properties. No specic trend is observed with the lattice temperature.
It has to be noted that no value could be obtained with sample V812 at 150 K,
because at this temperature, the signal from the well and the barrier overlap and
no carrier temperature could be found. With the other samples, the two peaks are
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ratio obtained with sample V725 (a) and sample V812 (b)

at 80 (blue) and 100 K (red) as a function of the carrier temperature dierence
with the lattice.

Linear relations are visible when the carrier temperature does

not exceed 300 K.

sample
V812
V725
V1231

80 K

100 K

150 K

72 ± 21 62 ± 23
48 ± 14 70 ± 34
51 ± 16 56 ± 28

Table 3.5: Thermalization coecient

Q

in

-

47 ± 27
43 ± 24

W.K−1 .cm−2

obtained from continuous

photoluminescence experiments on sample V725, V812 and V1231, at dierent
lattice temperatures, and its standard deviation

σQ .

still distinct, even if at high power density, a small overlapping could be responsible
for an overestimation of the carrier temperature, and thus to an underestimation
of the thermalization coecient. This could explain why

Q

is smaller at 150 K

than at 100 or 80 K with sample V725 and V1231.
It also appears that the uncertainty on the estimated thermalization coecient,
represented by its standard deviation, is very large and comparable to the value
of

Q

itself. Several factors can explain this very high uncertainty:

 Detector sensibility: as was said in section 3.3, the detector used did not
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allow to go to low power density, and the spectra obtained with it are noisy,
which results in large uncertainty in the carrier temperature determination.
Similar experiments with a nitrogen cooled spectrometer for instance could
reduce the uncertainty.
 Stability of the laser source: the power density on the sample was determined
once without lters, and then calculated using neutral density lters with a
known transmission, assuming a stable power delivered by the laser.

An

unstable laser source would lead to an error on the incident power density
which adds uncertainty in the thermalization coecient determination.

A

stabilized laser and/or a signal acquisition with a simultaneous measurement
of the laser power would be desirable.
 Number of experimental data: photoluminescence was acquired at few different incident power (between 5 and 8 usable spectra at each lattice temperature), and at few dierent lattice temperatures (80, 100 and 150 K).
Additional measurements could be performed at lower, intermediate, and
higher power density (provided a higher detector sensitivity and laser power
are possible).
In these conditions, it is dicult to have quantitative information on these samples. However, this study provides an order of magnitude for the thermalization
coecient and validates the model used in chapter 4, with a power lost by thermalization of the form of equation 3.19.
Considering results at 80 K, which are the most reliable, sample V812 seems to
exhibit a faster thermalization than the lattice matched samples. No clear dierence is visible between quantum wells (V725) and a thick (50 nm) layer (V1231).
Quantization does not seem to reduce the thermalization rate.

Further work is

needed to better understand the phonon dynamics and lifetime in quantum structure, in order to propose an optimized structure, with compositions and thicknesses
that are designed to favor the formation of a LO phonon bottleneck.

3.4.4 Inuence of the lattice temperature
The thermalization properties were investigated at dierent lattice temperatures. Below a threshold around 40 K, the carrier energy loss mechanism is different, with no LO phonons involved. Other mechanisms, involving less energetic
acoustic phonons, are dominant at very low temperature.

If this process is less

ecient than the coupling to LO phonon, resulting in a slower thermalization at
low power densities, the generation of a hot phonon population leading to phonon
reabsorption compensating phonon emission is not possible.
Above 40 K, the energy loss rate reduction with increased power density can be
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explained by a phonon bottleneck eect. The LO phonon lifetime depends on the
lattice temperature: at higher temperature, the phonon occupation is higher, and
the probability for a LO phonon to be scattered though anharmonic interaction is
increased. It is thus expected that the carrier energy loss rate will be increased at
higher temperature.
One notice in gure 3.22 a down shift of the experimental data of

1/TH

between

experiments at 80 K and 100 K. From equation 3.11, this can be related to a
reduction of the thermalization time

τ.

In the case of a thermalization limited

by LO phonon decay, because of a phonon bottleneck, the thermalization time is
expected to be the LO phonon lifetime. The evolution of the phonon lifetime with
the lattice temperature was given in [26]:

−1 #−1

~ωLO
−1
τLO (T ) = τLO (0) 1 + 2 exp
2kB T
"

(3.20)

The ratio of phonon lifetimes at dierent temperatures can then be calculated:


−1
~ωLO
1
+
2
exp
−
1
2kB T2
τLO (T1 )
=

−1
τLO (T2 )
~ωLO
1 + 2 exp 2kB T1 − 1
which only depends on the two temperatures

T1

and

(3.21)

T2 .

Finally, the ratio of the thermalization coecients is simply the inverse of the
ratio of the phonon lifetimes:

τLO (T2 )
Q(T1 )
=
Q(T2 )
τLO (T1 )

(3.22)

From the thermalization coecient calculated at 80 K, it is possible to determine a theoretical value at 100 K, 150 K, and even to extrapolate at 300 K. Results
are displayed in table 3.6.
Theoretical values are within the experimental uncertainty.
experimental value is always below the theoretical value.

At 150 K, the

This may come from

an overestimation of the experimental thermalization coecient when the lattice
temperature is increased because of an increased overlapping between the well and
substrate signal. A resolution of the two peaks would be necessary to have a better
estimation of the carrier temperature, which would require a precise measurement
of the material absorptivity at the dierent lattice temperatures.
It can be noted that the model considered at 80 K, in which the power lost by
interaction with the lattice is given by equation 3.19, does not apply at ambient
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sample

100 K

150 K

exp

theory

V812

62

V725

70

V1231

56

300 K

exp

theory

75

-

85

116

50

47

57

77

53

43

60

82

Table 3.6: Experimental and theoretical values of the thermalization coecient in
W.K−1 .cm−2 at dierent temperatures deduced from the 80 K value, for samples
V812, V725 ad V1231, and extrapolation at ambient temperature.

temperature, since the phonon occupation number can not be approximated by a
Maxwell-Boltzmann distribution. The extrapolated value of the thermalization coecient at 300 K will be considered nevertheless, with a Bose-Einstein distribution
instead of the Maxwell-Boltzmann distribution in equation 3.19.
When this model is applied to time-resolved photoluminescence results on
GaAs multi quantum wells proposed in [19], a thermalization coecient of about
10 W.K−1 .cm−2 is found. Considering that the steady state value is about ten times
−1
−2
the transient state value, a typical value of 100 W.K .cm
is obtained for GaAs
at ambient temperature in continuous excitation conditions. The GaSb-based samples investigated here have therefore a thermalization rate that is comparable, and
even lower for V725 and V1231, to that of GaAs samples.

3.5 Conclusion
The thermalization properties of test samples were investigated using continuous wave photoluminescence rather than time-resolved photoluminescence, in order
to obtain relevant information for a steady-state operating device.
The rst noticeable result is the importance of claddings for the establishment
of a hot carrier distribution.

They are necessary for photoluminescence experi-

ments, but also in the operating device architecture to prevent the scattering of
non equilibrium carriers outside of the absorber.
A second important nding is that lattice-matched samples may provide slower
carrier thermalization that strained samples. The design and synthesis of latticematched structure is also simplied, giving the possibility to grow thick layers. For
these reasons, lattice-matched materials should be preferred.
Finally, no clear eect of the material quantization on the thermalization properties is visible. Quantized and non quantized structures with the same material
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thickness give very similar thermalization rates. This contradicts previous work
on GaAs quantum well structures. Here, it seems that without specic optimization of the structure regarding the phonon dynamics, quantum structures do not
provide slower thermalization.
The thermalization rate that are observed on GaSb-based samples are comparable, and even slightly lower, than what is found in previous work on GaAs.
2
A thermalization coecient of Q = 80 W/K/cm will be considered at ambient
temperature in the next chapter.
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Chapter 4
Simulation of thermal losses in the
absorber
4.1 Basic mechanisms and models
The energy balance equation in chapter 2 introduced a term of heat losses in the
absorber

PT h .

This term was rst neglected. In real materials, the thermalization

of carriers can not be suppressed, and this term has to be determined to solve the
balance equations.

4.1.1 Electron-phonon and phonon-phonon energy transfer
The general frame of electron-phonon interaction has been introduced in section 1.3.

In particular, it is said that, in polar semiconductors such as III-V

compounds, the Fröhlich interaction coupling electrons to zone center longitudinal optical phonons was dominant over other interactions [1, 2] for temperature
above

40

K (depending on the optical phonon energy). In the time scale of the

picosecond, it can be considered that
 carrier-carrier scattering is instantaneous (in the femtosecond range at high
carrier density) so a thermal distribution is always established
 recombination processes (radiative or not) are very slow, in the order of the
nanosecond
 only LO phonon modes are coupled to the electron-hole plasma
In these conditions, the only process involved in the electron-hole plasma energy
loss is LO phonon emission. The energy loss rate of carriers is equal to the net
variation of the phonon occupation number
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mutliplied by the phonon energy



where

~q

dE
dt

~ωq~

[3]:

=−

X


e


~ωq~

q~

dNq~(t)
dt


(4.1)

c

is the wave vector of one LO phonon mode, and

Nq~

is the occupation

number of that phonon mode, given by a Bose-Eintein distribution function at
equilibrium.

Index

c

stands for interaction with carriers.

LO phonons are also

coupled to other phonon modes through anharmonic interactions.
This occupation number varies rst because of emission and absorption by
electrons, second because of LO phonon decay into other modes.

The variation

of the occupation number is the sum of the variation due to these two dierent
interactions:

where index


ph

 



dNq~(t)
dNq~(t)
dNq~(t)
=
+
dt
dt
dt
c
ph

(4.2)

stands for interactions with other phonons.

The occupation number evolution due to interactions with electrons can be
written:



where

(s)

Eq~

dNq~(t)
dt


=

e,h h
X

c

(s)

(s)

(Nq~(t) + 1) Eq~ − Nq~(t)Aq~

i

(4.3)

s

is the emission rate of mode

~q

due to carrier

s

(superscript

s

indicates

(s)
either an electron or a hole), and Aq~
is the absorption rate of mode ~
q due to
carrier s. The absorption and emission rates depend on the carrier temperature
and chemical potential. They were calculated for a Fermi-Dirac distribution in [4].
From this expression, one can dene a carrier-phonon scattering time, which is the
inverse of the net emission rate.

1
τq~−c (t)

e,h h
i
X
(s)
(s)
=
Aq~ (t) − Eq~ (t)

(4.4)

s

This scattering time can be considered independent of the phonon wave vector,
considering that only a small region of the Brillouin zone is involved, and it will
be called

τc−LO .

The anharmonic term in the phonon occupation evolution is well described by
a relaxation-time model from an occupation Nq~ towards the equilibrium Planck
(0)
distribution Nq~
at lattice temperature TL [3]:



dNq~(t)
dt

(0)


ph

Nq~(t) − Nq~
=−
τq~(TL )
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is the optical phonon lifetime. It can be considered independent of

and is given by a semi-empirical interpolation formula in [5]:

−1 #−1
~ωLO
−1
τLO (TL ) = τLO (0) 1 + 2 exp
2kB TL
"



(4.6)

Finally, the total scattering rate is the sum of the electron-phonon scattering
rate and the phonon decay rate:

1
1
1
=
+
τ
τc−LO (t) τLO

(4.7)

A part of the power absorbed by the carriers is transferred to LO phonon modes,
and then dissipated as heat as these modes decay into acoustic modes. The rate
of these two processes is given by the two scattering time that are dened above.
In GaAs, a typical experimental value of the LO phonon lifetime is 10 ps [6, 7]
(depending on the lattice temperature, 10 ps at cryogenic temperature, 4 ps or less
at room temperature). The characteristic time of the electron-phonon interaction
is the result of the balance between phonon emission and absorption, so it depends
on the phonon occupation number.

The typical value is below the picosecond

(0.1 ps in [8]).
Knowing the rate at which carriers loose their energy, it is possible to estimate
the energy loss before carriers are extracted from the absorber. If the extraction
time is comparable or smaller than this scattering time, the carriers are extracted
before they are fully thermalized, and an additional energy can be collected per
electron-hole pair.

4.1.2 The phonon bottleneck eect
In equation 4.2, the time evolution of the LO phonon occupation number is the
result of the net emission rate by carriers and the phonon decay by anharmonic
interaction. If the carrier density is large enough so the phonon emission rate is
higher than the decay rate, LO phonons will accumulate and deviate from the
equilibrium distribution.

This eect is called the phonon bottleneck eect.

As

they accumulate, the absorption coecient increases, so the net phonon emission
rate is reduced. A steady state equilibrium is reached for an occupation number
that equilibrates the phonon emission rate by carriers and the phonon decay rate.
Several experimental studies have shown the feasibility of generating and monitoring non equilibrium phonon population by optical pumping [6, 9, 10].

The

formation and time evolution of this phonon distribution was studied theoretically
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and experimentally in [8], showing that information about the band structure
(band parabolicity, indirect band gaps...)

could be determined from the depen-

dence of the occupation number on the incident photon energy.
The existence of a phonon bottleneck was specically investigated in quantum
structures. The reduction of the carrier energy loss rate observed in quantum wells
compared to bulk [11, 12, 13] was attributed to a bottleneck eect that is more
ecient than in bulk, because of a longer phonon lifetime [14, 15]. Long life LO
phonon can be obtained in quantum structures because of phonon band gaps that
may inhibit specic phonon decay paths [16, 17].

The role of phonon interface

modes in the scattering of carriers was also pointed out in the case of thin wells
(<150Å) [18, 19], showing that phonon selection rules can be responsible for a
reduction of relaxation rates.
In quantum dots, the discrete nature of the electronic energy levels is expected
to have an impact on the electron-phonon coupling, by changing the energy and
momentum conservation condition.

If the spacing between two energy levels is

larger than the LO phonon energy, the fastest scattering process by one LO phonon
will be forbidden (processes involving at least two phonons are necessary) and
the electron scattering rate is expected to be reduced [20, 21]. The existence of
a phonon bottleneck was conrmed experimentally in InGaAs/GaAs QD structures [22, 23] with a measured relaxation time of 7.7 ns at low temperature.

4.1.3 Carrier energy loss rate reduction
It was shown in [3] that the phonon bottleneck eect was indeed responsible
for the carrier energy loss rate reduction at high carrier density. Thus, in order
to restrain heat losses in the absorber, one has to reinforce this eect. It is actually stronger in quantum structures such as quantum wells and quantum dots, so
nanostructured materials should be preferred. Quantum dots however may not be
suitable, since carrier extraction from conned states would raise additional issues.
In quantum wells, two dierent arguments have been proposed to explain the
reduced carrier cooling rate: the inuence of the selection rules in electron-phonon
interaction, and the increase of the LO phonon lifetime.

With the former, the

eect depends on the well thickness and would play a decisive role with thin
wells [18, 19]. The increase of the phonon lifetime would arise from the opening
of a band gap in the phonon dispersion relation. The Klemens mechanism that is
considered dominant in the LO phonon decay process involves two acoustic modes
with energy being half of the LO phonon energy and with opposite

~q

vectors. If

there is no existing mode that match these conditions, this process is inhibited
and the LO phonon decay can be slowed.
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By selecting materials with an important atomic mass contrast, for instance
indium phosphide, it is possible to have a dispersion relation such that the density
of states at half the LO phonon energy is zero.

In such material, the carrier

energy loss rate is expected to be reduced compared to GaAs, which is veried
theoretically and experimentally [24]. The use of nanostructured materials could
enable to design a structure having the desired phononic band gap with a large
variety of material. Such phononic engineering is proposed in [16, 17]. However,
obtaining a 3D phononic band gap may not be achievable with quantum wells,
and would require a three dimensional quantization of the material.

4.2 Introduction of heat losses in the energy balance
4.2.1 Constant characteristic time for thermalization
A rst approach to introduce heat losses in hot carrier solar cell models was to
consider an exponential decrease of the carrier energy with a characteristic time

τth

[25, 26]. The energy that is available for extraction is considered here to be

the energy of the photogenerated electron-hole pair
thermalization, where

ε̃

ε,

decreased to be

εg

is the band gap energy,

extraction), and

τth

due to

is given by

ε̃ = εF + (1 − F )(εg + 3kB TC )
 
τre
F = exp
τth
where

ε̃

τre

(4.8)

is the carrier retention time (time before

is the thermalization time constant.

TC

is the temperature

F is here the probability for a carrier to be not thermalized after
retention time τre , so the energy distribution of carriers is an average between a
non equilibrium population (with probability F ) and a equilibrium population at
temperature TC (with probability 1 − F ).
of the lattice.

Another approach was then proposed [27] in which the power transfer from
carriers to phonons is proportional to the energy dierence between the excited
state and the equilibrium state. The energy loss rate of one carrier is then obtained
by taking the dierence between the average energy of a non equilibrium carrier
population at temperature

TH

and the average energy of a fully equilibrated pop-

ulation with the cold temperature of the lattice
time constant.

Tc ,

divided by a thermalization

The power lost by thermalization is then the sum of the energy
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loss rate of individual electrons and holes multiplied by their respective densities:

Pth = ne d
where

ε(µ, T )

ε(µe , TH ) − ε(µe , TC )
ε(µh , TH ) − ε(µh , TC )
+ nh d
τ
τ

(4.9)

µ
d is the thickness of the

is the average energy of a Fermi-Dirac distribution at potential

and temperature

T, τ

absorbing layer, and

is the thermalization time constant,

ne

and

nh

are the electron and hole densities.

This model

enables to consider dierent temperatures and chemical potentials for electrons and
holes, and also dierent thermalization times. The power lost by thermalization
is a function of

Te , Th , µe

and

µh .

A major issue is raised by these approaches, where the characteristic time for
carrier thermalization is considered independent of carrier density and temperature.

It has been demonstrated, in particular, that the thermalization rate was

reduced at high carrier density [3, 13]. An other model, that takes into account
the saturation of the thermalization rate at high carrier density, could be more
relevant in this situation.

4.2.2 Thermalization coecient
A model of the carrier energy loss rate is proposed in [28]:



~ωLO
~ωLO
dE
=
exp −
dt
τ
kB TH
with a thermalization time
of the carrier density

n.

τ

(4.10)

that is a function of the carrier temperature

TH

and

The part of the incident areal power density that is lost by

thermalization is then obtained by multiplying this quantity by the carrier density,
and by the thickness

d

of the absorbing layer. It is shown in chapter 3 that this

power density loss, related to the LO phonon decay rate, could be written when a
phonon bottleneck occurs, with a thermalization coecient



~ωLO
Pth = Q(TH − T )exp −
kB TH
where

Q:
(4.11)

Q is a material constant, independent of the carrier temperature or density.

This expression is tted to experimental data, and an experimental determination
of

Q

is possible.

In high injection regime (Pabs

 Q∆T ),

the carrier temperature tends to in-

crease, which then leads to an increase of the heat dissipation. This increase then
acts as a negative feedback on the carrier temperature. In low injection regime, a
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carrier temperature close to the lattice temperature is found because
sarily lower than

Pabs . Pth

Pth

is neces-

is the power lost by carriers by thermalization in steady

state that can be introduced in the energy balance of the sytem.

4.2.3 Charge and energy balance
The same formalism as in chapter 2 can be used for the energy and charge
balance equation, with an additional term due to the power lost by thermalization
(equation 4.12).
since

Pth

These equations can be solved with exactly the same method,

in equation 4.11 is only a function of the carrier temperature for a given

incident power.

 +
Je (µe , Te ) − Je− (µn , T ) = Jh+ (µh , Th ) − Jh− (µp , T )




= J − J (∆µ , T )

P + (µ , T )

 e e e

−

Pe− (µn , T )



abs
em
+
Ph (µh , Th )

H
H
−
Ph (µp , T )

+
−
= Pabs − Pem (∆µH , TH ) − Pth (TH )

(4.12)

The same polynomial formulation as in chapter 2 is obtained, with the carrier
temperature and quasi Fermi level splitting determined after nding the roots of
the polynomial:

α(TH )X 2 + β(TH )X + γ(TH ) = 0
α(TH ) and β(TH ) being dened similarly. The dierence is that γ
of TH , dened by
Jabs
Pth (TH ) − Pabs
+
γ(TH ) =
f4 (T )
f3 (T )

(4.13)
is now a function

(4.14)

The system can then be solved and the cell eciency is determined as a function
of the thermalization coecient

Q.

4.3 Results and discussion
4.3.1 Validation of the model
It is possible to compare the results given by this model with previous models.
It was shown in section 2.3.1 that it is in agreement with the Ross-Nozik model for
ideal hot carrier solar cells. With the introduction of heat losses in the absorber, it
is now possible to compare with a model of fully thermalized conventionnal solar
cells.
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Results are presented in gure 4.1.

Here, the eciency and losses given by

the model of hot carrier solar cells that includes both non ideal selective contacts
and thermalization in the absorber as a function of the absorber band gap are
presented in solid lines, compared with the Shockley-Queisser model for solar cell
eciency, represented by empty circles. Conditions for the rst model are a fast
2
thermalization (Q > 100 W/K/cm ), so the carriers are close to thermal equilibrium, and non selective contacts (δE

 kTH

and

Eext = Eg )

to match the

conditions of conventionnal solar cells.
A very good agreement is found between the two models over the whole band
gap range, on eciency as well as on the dierent types of losses.

4.3.2 Inuence of thermalization in the absorber
The carrier chemical potential

∆µH

and temperature

TH , as well as the current

density and power density delivered by the cell are plotted as a function of the
output voltage in gure 4.2, for extraction energies ranging from 1.2 eV to 3 eV,
and in the same conditions as in gure 2.10 (Eg
with a thermalization coecient

Q=1

=1

eV, full concentration) but

2
W/K/cm .

The high temperature and negative chemical potential are still observed when
the current density is maximal, for

Eext

below 1.8 eV. The carrier temperature is

however strongly reduced compared to the situation in which carrier thermalization
was neglected. Here, when the carrier temperature increases, the heat loss increases
and acts as a negative feedback on the carrier temperature. Much more realistic
values are found, even with a rather low thermalization coecient. At

Eext

TH

values

above 1.8 eV, the cell behaves comparably to the case of neglected thermalization,
with a lower carrier temperature and lower eciency.
In order to evaluate the eect of thermalization alone, and the thermalization
rate that has to be targeted to enable an eciency enhancement, the eciency
and losses are calculated as a function of the thermalization coecient

Q

in the

conditions of very selective contacts and under fully concentrated sun light. The
band gap is taken 1 eV. Results are shown in gure 4.3.
As expected, the eciency is close to the optimal eciency of an ideal unthermalized hot carrier solar cell when the thermalization coecient tends to very
small values, and is close to the Shockley-Queisser eciency for large thermalization coecient.

The transition between fully thermalized and unthermalized
Q range between 10−1 and 102 W/K/cm2 . The short circuit

behaviour occurs in a

current is unchanged by the change of thermalization rate, and the variation of
eciency is related to the open circuit voltage. At low thermalization rates, large
open circuit voltages are achievable, thanks to a higher temperature which enables
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Efficiency and losses of a fully thermalized solar cell
100
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Figure 4.1: Fraction of the incident power that is converted (red), not absorbed
(black), lost by radiative recombination (blue), lost in the selective contacts
(green), and lost by thermalization (purple), obtained using the Shockley-Queisser
model (empty circles), or with the hot carrier solar cell (solid lines) in the case
of non selective contacts (δE

 kTH ), extraction energy being the absorber band
> 100 W/K/cm2 ), under full concentration of the

gap, and fast thermalization (Q

incident sun light. Very good agreement is obtained between the two models.

to use a larger extraction energy. The raise of the carrier thermalization rate leads
to an increase of the heat loss in the absorber, which is visible in gure 4.3.
The thermalization coecient range for which the transition occurs from negli−1
gible themalization (below 10
W/K/cm2 ) to a fully thermalized situation (above
102 W/K/cm2 ) has to be compared with the experimental values of this thermalization coecient obtained in chapter 3. The lowest values measured at low
2
temperature (80 K) were close to 50 W/K/cm , and extrapolations at ambient
2
temperature indicate a predictible thermalization coecient of 80 W/K/cm . The
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Figure 4.2: Carrier chemical potential, carrier temperature, current and power versus voltage with a 1 eV band gap absorber, highly selective contacts (δE
under full concentration and with a thermalization coecient

Q=1

= 1 meV),
2
W/K/cm ,

with dierent extraction energy from 1.2 eV to 3 eV.

samples tested here would then be almost fully thermalized under full concentration, providing only a 46% upper eciency limit, compared to the 41% ShockleyQueisser limit. In fact, the actual potential eciency improvement would be better
because of band gap is 0.65 eV and not 1 eV in this example. With a 0.65 eV band
2
gap absorber, the potential eciency with Q = 80 W/K/cm is 44% compared to
35% in the case of a fully thermalized absorber, which represents a 26% improvement. With a 1 eV band gap absorber, only a 12% improvement is obtained (46%
compared to 41%).
According to simulations, the samples that have been studied in chapter 3, do
not enable a strong eciency improvement, even in full concentration conditions,
and only a limited eect is expected. Optimized structures are necessary to reach
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Eciency (red), radiative losses (blue), heat losses in the absorber

(green) and heat losses in contacts (purple) as a function of the thermalization coecient, with a 1 eV band gap absorber under full concentration and with perfectly
−1
−2
selective contacts. Below 0.1 W.K .cm , the thermalization becomes negligible.
−1
−2
Above 100 W.K .cm , the cell can be considered fully thermalized.

lower thermalization rates, and thus to achieve ultra high eciency.

4.3.3 Thermalization and concentration
A reduced thermalization rate is observed when the power injected in the carrier
plasma by photon absorption exceeds the capacity of the material to dissipate this
power by phonon emission. It was shown above that for a given incident power
corresponding to maximal concentration of sun light, the heating of the plasma
2
2
requires a thermalization coecient below 10 W/K/cm . At lower, and more
realistic, incident power, a similar behaviour would still be possible, but would
require a lower thermalization rate. In other words, the lower the thermalization
rate can be, the less one has to concentrate the incident power to trigger the carrier
heating and eciency enhancement.
The eciency of a hot carrier solar cell as a function of its thermalization
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coecient is presented in gure 4.4 for dierent concentration ratios, from 100
suns to full concentration (46 000 suns). The cell that is considered has a 1 eV
band gap absorber and perfectly selective contacts.

Conversion efficiency (%)
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0 −3
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2

10

3

10

Figure 4.4: Conversion eciency as a function of the thermalization coecient,
with a 1 eV band gap absorber and perfectly selective contacts, with concentration
ranging from 100 to 46000 suns.

First, the potential eciency of the cell, in the whole

Q

range, is larger with

a higher concentration ratio. This is a common result for all types of cells, from
conventional single junction to ideal hot carrier solar cells, as long as resistive losses
due to the large current densities involved are neglected. One can notice that, for
a given value of

Q, the dierence in eciency between two dierent concentrations
∈ [10−1 , 102 ] W/K/cm2 for instance in the

is larger in the transition range (Q

full concentration case) than in the limiting cases where thermalization can be
considered either negligible or complete.

In the two limit cases, a 2% eciency

improvement per decade of concentration is observed, compared to approximately
10% increase in the transition range. This means that the eciency enhancement
due to concentration can be stronger with hot carrier solar cells in this range, than
for conventional cells.
A second noticeable eect is the shift of the transition range towards lower
values of

Q

when the concentration is reduced. For a concentration ratio of 10000
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suns, which is the order of magnitude of the highest achievable concentration today,
−1
−2
a thermalization coecient below 10 W.K .cm
is necessary to observe an eciency enhancement. For a 1000 suns concentration (the best concentration achiev−1
−2
able in large scale application), one has to go to Q values below 1 W.K .cm ,
much below the thermalization rates measured so far.
Very large concentration can be achieved using lasers, so the hot carrier eect
can be tested with existing samples. However, before industrial application can be
considered, a lot of eort has to be put into nding new materials, and designing
new structures, that would strongly reduce the carrier thermalization rate.
−1
−2
thermalization coecient between 0.1 and 1 W.K .cm
has to be targeted.

A

4.3.4 Thermalization and selective contacts
In the previous sections, the selective contacts were considered ideal. In practical conditions, however, heat losses will occur in the absorber as well as in the
contacts. The eciency of a cell as a function of the contact transmission width
is presented in gure 4.5 for dierent values of the thermalization.
For low

Q,

the eciency evolves with the transmission range similarly to what

was observed in chapter 2 in the case of neglected thermalization, from a perfectly
selective limit below 10 meV to a semi-selective limit above 500 meV. The eciency
drop between these two limits is approximately 12% absolute eciency. When the
thermalization rate is increased, the cell eciency is reduced in the whole range of
transmission width. However the eciency drop is more pronounced in the high
selectivity range.

The eciency is still higher with narrower contacts, but the
Q = 1 W.K−1 .cm−2 , and only 1%

eciency dierence is reduced. It is 6% with
−1
−2
with Q = 100 W.K .cm .

It was pointed out in chapter 2 that the benet that can be expected with
highly selective contacts was in fact not great compared to semi-selective contacts, and that it would not compensate the technological challenge that they
would represent. It is even more striking with realistic hot carrier solar cell whose
thermalization rate is not negligible, for which the eciency drop between highly
selective and semi-selective contacts is strongly reduced.
This can be explained when one looks at heat losses through contacts (gure 4.6) and heat losses in the absorber (gure 4.7) as a function of the contact
transmission width. When the transmission width is increased, the heat losses in
the contacts increases as expected, and for all values of the thermalization coecient. The raise is less pronounced with fast thermalization, but still visible.

ie

At the same time, the heat losses in the absorber (

due to carrier thermaliza-

tion) decrease with the transmission range increase, and the drop is more and more
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Figure 4.5: Eciency of a 1 eV band gap hot carrier solar cell under full concentra−1
−2
tion and with thermalization coecient ranging from 0.01 to 100 W.K .cm , as a
function of the contact transmission width. The eciency decrases with increased
thermalization rate. The reduction is stronger with highly selective contacts than
with semi-selective contacts (δE

visible when

Q

> 0.5

eV).

increases. This heat loss reduction compensates the heat ow at

the contacts, so the overall losses become almost constant at large thermalization
coecient.
On these two gures, the curves are noisy.

This come from a convergence

issue: these quantities are strongly dependent on the extraction energy. When

δE

is changed, a new optimal extraction energy is found that gives the best eciency.
With a small variation of the extraction energy, the total heat loss is unchanged
(the sum of losses in contacts and in the absorber give smooth curves), but its
distribution between contacts and the absorber may be modied. A small variation
on the optimal extraction energy can then result in a noticeable and opposite
variation of the two dierent types of heat losses. It has no consequence on the
cell eciency represented by smooth curves in gure 4.5.
The reduction of the heat losses in the absorber with non selective contacts
comes from the reduction of the carrier temperature. With a large contact trans-
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Figure 4.6: Heat losses in contacts of a 1 eV band gap hot carrier soalr cell under full concentration and with thermalization coecient ranging from 0.01 to
−1
−2
100 W.K .cm , as a function of the contact transmission width. The heat
ow increases with increased thermalization rate with highly selective contacts
(δE

< 100

meV). It is fairly independent of the thermalization coecient with

non selective contacts (δE

> 500

meV).

mission range, an important part of the incident power ows outside of the absorber as carriers are extracted, which reduces the residual energy in the electronhole plasma. The carrier temperature is therefore lower. The heat losses in the
absorber, given by expression 4.11, depends on the carrier temperature, and is
maximal at high temperature. The lower temperatures that are attained with non
selective contacts result in a reduced thermalization loss. The heat ow through
contacts do not add to the heat losses in the absorber, but a part of the thermalization losses are replaced by an increased heat ux.

4.4 Conclusion
Based on the electron energy loss mechanisms, a simple model for thermalization losses is integrated in the hot carrier solar cell model. The inuence of the
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Figure 4.7: Heat losses in the absorber of a 1 eV band gap hot carrier solar cell
under full concentration and with thermalization coecent ranging from 0.01 to
−1
−2
100 W.K .cm , as a function of the contact transmission width. The heat loss
decreases with increased transmission width counterbalancing the increase of the
heat ow at the contacts, for all values of

Q.

The heat loss reduction is more

pronounced with fast thermalization.

thermalization rate on the cell eciency can be investigated. This study allows
to estimate the required thermalization rate that would enable a hot carrier eect
and an eciency enhancement.
It turns out that cooling rates lower than the experimental values obtained
on GaSb-based samples should be targeted. At 46000 suns (full concentration),
a 26% relative eciency improvement is expected on the upper limit of eciency
between a cell having a thermalization rate as measured in chapter 3 and a fully
thermalized cell (44% vs 35%).
The situation is even more unfavourable with a more realistic concentration
−1
−2
ratio. At 1000 suns, a thermalization coecient Q below 1 W.K .cm
would be
necessary to enable an eciency improvement.
When thermalization is considered, the eciency dierence between perfectly
selective and semi-selective contacts is reduced, and the faster the thermalization
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is, the smaller the dierence will be. This is another argument in favor of semiselective contacts.
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Chapter 5
Eciency of realistic cells
The heat losses in the absorber and in the contacts being accounted for in the
hot carrier solar cell model, it is now possible to evaluate the potential eciency
of a realistic solar cell.

After evaluating the absorption in a test structure, the

achievable eciency under practical conditions is determined. Finally a roadmap
to a 50% eciency solar cell is proposed.

5.1 Absorption
It was shown that a high carrier density in the absorber is benecial for the
reduction of the carrier thermalization rate. A drop in thermalization rates is
19
observed around 10
cm−3 . This can be achieved, rst by concentrating the incident photon ux, then by absorbing this photon ux in a small material thickness.
18 −1
Without concentration, the incident photon ux is of the order of 10
s cm−2 .

1 µm absorber, and assuming a time scale
13
of 1 ns for carrier extraction, the carrier density would be of the order of 10
cm−3 .
Assuming it is completely absorbed in a

The carrier retention time can not be lengthened if one needs to restrain thermalization losses. Some eort needs to be put into light concentration and thickness
reduction.
Full concentration of the incident light corresponds to a factor 46000 on the
incident power density and photon ux, so 5 orders of magnitude may be gained
on the carrier density by going to very high concentration ratio. Beside the technological challenge to reach 10000 suns concentration, this may not be sucient to
meet the requirements in carrier density. A reduction of the absorbing thickness
is necessary. A 50 nm absorbing layer is targeted here.
The absorption by a 50 nm GaSb layer on a silver back reector was calculated

163

CHAPTER 5.

EFFICIENCY OF REALISTIC CELLS

Absorption (in %)

Conguration

photons

energy

GaSb + Ag mirror

37.5

SiC AR coating + GaSb + Ag mirror

45.5

ideal AR coating + GaSb + Ag mirror

52.5

resonant structure + GaSb + Ag mirror

54

66

Table 5.1: Compared absorption of a 50 nm GaSb layer on a silver mirror, without
antireection coating, with a SiC antireection coating, with an ideal antireection
coating and with a resonant structure 5.1, with a

√
1/ 2

numerical aperture.

as a function of the concentration ratio. With a numerical aperture
(

ie

√
N A = 1/ 2

under concentration corresponding to about 13000 suns), only 37.5% of the

incident energy ux is absorbed [1]. The addition of an antireection (AR) SiC
layer on top allows to reach 45.5% absorption. Even an ideal antireection coating
(no losses in the AR layer, no reection at the air/AR layer and AR layer/absorbing
layer interfaces) would only give 52.5% absorption (results listed in table 5.1). It
means that, without specic care attached to light absorption, already half of the
incident power is lost because the layer is to thin to absorb it.
The power absorbed locally in a material depends on the product
where

E

is the local electric eld,

a function of the energy
refractive index by

ε,

α(ε) =

α(ε)

α(ε) × E 2

is the material absorption coecient as

that is related to the imaginary part of the complex

4π=(n(ε))
.
λ

This is true for the attenuation of a plane

wave. For nanostructures with complicated eld patterns, the relevant quantity is
4π=(n(ε))
ε0 cE 2
no longer that one but
<(n(ε))
, where <(n(ε)) is the real part of

λ

2

the refractive index [2].
The refractive index is a material constant and is not a tunable parameter.
The enhancement of the absorption implies therefore an increase of the local electromagnetic eld intensity. In other words, the incident light has to be focused
and trapped in the absorbing layer.
A rst idea to manage light trapping is the use of a Fabry-Perot resonator.
It can lead to a very high light intensity in the cavity of the resonator, but the
enhancement is strongly wavelength and incident angle dependant. The incident
spectrum being polychromatic and coming from dierent directions when concentrated, this solution is not ideal.
Another solution is proposed [1] that consists in an asymmetric SiC grating
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(see gure 5.1).

ABSORPTION

The eect of such grating is double: the triangle shape of the

grating acts as an equivalent graded index layer resulting in a good impedance
matching between air and the GaSb layer, and it also generates a large number of
modes in the structure that cover the

(ω, k)

plane. A broadband and wide-angle

resonance is obtained that way. The resulting absorption enhancement is stronger
than with an ideal AR coating. Absorption reaches 66% of the incident photon
ux at

√
N A = 1/ 2, which represents a 26% improvement compared to the perfect

AR case, and 76% improvement compared to the reference case of a GaSb layer
on a silver mirror.

Figure 5.1: Dielectric structure designed for absorption enhancement in a 50 nm
thick GaSb layer on a silver back reector.

The absorptivity of this structure is computed, using the GaSb absorption
coecient [3], as a function of the incident direction (θ ,
the photon wavelength (λ). For each

[θ, ϕ, λ]

ϕ,

see gure 5.1) and of

triplet, the fraction of the incident

power density that is absorbed in the GaSb layer is computed. An example of the
result obtained in the case of

ϕ=0

is proposed in gure 5.2.

The integrated absorptivity over directions for a solid angle corresponding to
a numerical aperture

√
N A = 1/ 2

as a function of the wavelength is presented in

gure 5.3. It represents the part of the light incident on the surface inside a cone
π
of half-angle θ =
that is absorbed. The photon and energy distributions that
4
correspond to a black body spectrum at 6000 K are also plotted. The absorptivity
of the structure matches quite well the shape of the incident spectrum for optimal

165

CHAPTER 5.

EFFICIENCY OF REALISTIC CELLS

Figure 5.2: Computed absorptivity as a function of incident angle and wavelength.

absorption.

High energy photons are more eciently absorbed which results in

an absorbed fraction of incident energy of 66%, higher than the 54% absorbed
fraction of incident photons.
The absorbed fraction of incident photon ux
E
incident energy ux β
are given by:

β p,

and the absorbed fraction of

R R θ0 R 2π

a(λ, θ, ϕ)f (λ)dλdθdφ
β (N A) = λR 0R θ0 0R 2π
f (λ)dλ sin(θ)dθdφ
λ 0
0
p

and

R R θ0 R 2π
E

λ

0

0

dλdθdφ
a(λ, θ, ϕ)f (λ) hc
λ

β (N A) = R R θ0 R 2π
λ
where

θ0

f (λ)

0

0

dλ sin(θ)dθdφ
f (λ) hc
λ

(5.1)

(5.2)

is the isotropic black body photon density per solid angle wavelength.

is the half angle of the cone with numerical aperture

N A = sin(θ0 ).

These

quantities are plotted in gure 5.4.
The absorptivity is found to be weakly dependant on the numerical aperture,
even at very large angles. For instance, a concentration of 10000 suns corresponds
to a numerical aperture of 0.62, which gives 68% of the energy ux absorbed.
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1

ABSORPTION

Absorptivity
Incident photon flux
Incident energy flux

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

Figure 5.3:

500

1000
1500
Wavelength (nm)

2000

Computed absorptivity integrated over a solid angle

√
cos(θ)), θ = π/4 (N A = 1/ 2)

Ω = 2π(1 −

as a function of the wavelength (in grey), and the

normalized incident photon (blue) and energy (red) ux corresponding to a black
body spectrum at 6000 K.
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Fraction of the incident
photon/energy flux
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Absorbed photon flux
Absorbed energy flux
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0.6
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1

NA
Figure 5.4: Fraction of the incident photon (blue) and energy (red) ux that is
absorbed, integrated over wavelength and directions, as a function of the numerical
aperture and for a 6000 K black body incident spectrum.

The technological feasibility of such triangle grating may be a problem.

An

option would be to replace the triangle with a stack of several SiC layers with decreasing ll factor (see gure 5.5). Such stacked layers would be an approximation
of the triangle shape. The number and thicknesses of these layers can be tuned:
the more and the thinner they are, the closer it gets to the optimal triangle shape,
and the more complex and expensive the technological process will be.

5.2 The hot carrier solar cell in practical conditions: achievable eciency
5.2.1 Numerical resolution
In this section, the method for the determination of a cell eciency in practical
condition is presented. The method proposed in section 2.2.2 is not applicable since
it requires an analytical expression for the dierent terms in the energy and charge
balance. In particular, the absorptivity was taken constant and equal to one above
the band gap to obtain a solvable expression. Here, the absorptivity is computed
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SiC

50 nm

GaSb
T=1100 nm

Al

Figure 5.5: Dielectric structure designed for absorption enhancement in a 50 nm
thick GaSb layer on a silver back reector.

in very specic conditions (section 5.1). No analytical expression can be obtained
for the absorbed and emitted power and another approach is necessary.
Equations 2.22 are still valid for the charge and energy balance, adding in it
the power lost by thermalization in the absorber, that is a function of the carrier
temperature

Pth (TH ):

 +
Je (µe , Te ) − Je− (µn , T ) = Jh+ (µh , Th ) − Jh− (µp , T )




= Jabs − Jem (∆µH , TH )
+
−

Pe (µe , Te ) − Pe (µn , T ) + Ph+ (µh , Th ) − Ph− (µp , T )



= Pabs − Pem (∆µH , TH ) − Pth (TH )

(5.3)

The hypotheses of symmetrical valence and conduction bands are conserved,
so the problem can be expressed with only three variables:
µe
= − µ2h
 ∆µH =
2
µn
 V =
= − µ2qp
2q
 TH = Te = Th
For a given ouput voltage

V

and the ambient temperature being 300 K, the

problem is simply the search of the zero of two functions

F

and

G

of

∆µH

and

TH :


+
−
F
(∆µ
,
T
)
=
J
−
J
(∆µ
,
T
)
−
J
(∆µ
/2,
T
)
−
J
(qV
/2,
T
)

H
H
abs
em
H
H
H
H
e
e

G(∆µH , TH ) = Pabs − Pem (∆µH , TH ) − Pth (TH )



− 2 Pe+ (∆µH /2, TH ) − Pe− (qV /2, T )
(5.4)

169

CHAPTER 5.

EFFICIENCY OF REALISTIC CELLS

Physically, the unicity of the
at a given value of

V

(∆µH , TH ) couple that cancels out both fonctions

is ensured: the external voltage being xed, only one stable

state can exist for the system. Once the solution is found, the determination of
the current is straightforward using the charge balance equation in system 5.4.
The losses in the absorber are given by

Pth (TH ),

and the losses in the contacts

are given by the dierence between the power that crosses the contacts and the
electrical power delivered:


Pcontact (∆µH , TH ) = 2 Pe+ (∆µH /2, TH ) − Pe− (qV /2, T ) − J × V

(5.5)

5.2.2 Validation
This method can be compared with the analytical problem described in 2.2.2.
Considering a constant absorptivity (equal to 1), the results can be compared in
the same conditions of thermalization and carrier extraction. The results obtained
in the limit case of an ideal hot carrier solar cell (negligible thermalization and
perfectly selective contacts) given by the two dierent models can be compared
(see gure 5.6), showing very good agreement except for very small band gaps
(below 0.5 eV).
Both models give the same eciency and losses for band gaps higher than
0.5 eV, which is also the eciency and losses given by the Ross-Nozik model for
ideal hot carrier solar cells.

This guarantees the accuracy of the method.

For

band gaps below 0.5 eV, the approximation of a Maxwell-Boltzmann distribution
for carriers that is made in the analytical model is not valid, and a numerical
solution should give more accurate results.
In the case of a fully thermalized cell, the eciency is dicult to obtain by the
numerical method.

In particular, variables

∆µH

and

TH

that are considered to

determine the I-V characteristics are not relevant in that case. The problem being
ill-dened, the results are unphysical.

5.2.3 Achievable eciency
The eciency of a solar cell with 0.65 eV band gap (GaSb), with the absorptivity determined from simulation on the structure described in gure 5.1 and with
the thermalization rate measured in section 3.4 can then be computed with dierent conguration of the contacts: extraction energy, selectivity; and with varying
concentration.

PL experiments indicate a minimal thermalization coecient at
W.K−1 .cm−2 . This value will be taken as a reference.

ambient temperature of 80
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Fraction of the incident power (%)

100

80
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Converted
Not absorbed
Re−emitted
Lost in contacts

20

0

0.5
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1.5
Eg (eV)

2

2.5

Figure 5.6: Eciency and losses of an ideal hot carrier solar cell as a function of
its band gap, given by the analytical model in chapter 2 (empty circles) compared
with the results obtained by numerical resolution. Very good agreement is found,
except for band gaps below 0.5 eV. The discrepancy at small band gaps is due to
the Boltzman distribution approximation in the analytical model that is no longer
valid.

The two limit cases of perfectly selective and semi-selective contacts are rst
considered.

The optimal extraction energy and contact conductance are deter-

mined, and the eciency is calculated. Results for these two cases are represented
in gure 5.7.
In this gure, the eciency of a hot carrier solar cell is plotted as a function of
its band gap, with dierent values of the thermalization rate, from an ideal cell to
a fully thermalized cell (solid lines). The position of the GaSb-based samples in
the eciency-band gap plane is represented by the circles and squares. The lled
symbols correspond to a perfectly selective contact case, and the empty symbols
to a semi-selective contact case.
thermalization coecient

The circles correspond to an absorber with a

Q = 80 W/K/cm2 , and the simulated eciency is 26.3%

with perfectly slective contacts, and 24.5% with semi-selective contacts.
The thermalization coecient

Q = 80 W/K/cm2
171

was determined from PL ex-
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100

Q=0
Q=0.1 W/K/cm2
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GaSb MQW (δE=1meV, Q=80 W/K/cm2)
GaSb MQW (δE=1eV, Q=80 W/K/cm2)
GaSb MQW (δE=1meV, Q=45 W/K/cm2)
GaSb MQW (δE=1eV, Q=45 W/K/cm2)
GaSb MQW (δE=1meV, Q=0.5 W/K/cm2)
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Figure 5.7: Eciency of hot carrier solar cells with dierent thermalization rates
for the absorber.

Solid lines correspond to ideal absorptivity and selective con-

tacts, with dierent thermalization coecient, from negligible thermalization (red)
to a fully thermalized cell (light green).

Filled symbols represent a GaSb ab-

sorber with absorptivity determined in section 5.1 and perfectly selective contacts.
Empty symbols represent similar absorbers with semi-selective contacts.

Three

dierent thermalization coecients are considered: 80 (circles), 45 (squares) and
2
0.5 W/K/cm (triangles).

periments on MQW samples without a resonant structure for absorption enhancement. With a dielectric grating grown on top of the surface, a better absorption can
be achieved, which would result in a higher carrier density, thus in a reduced energy
loss rate. If 76% absorption enhancement can be achieved , then a 43% energy loss
rate reduction can be expected (1/1.76

= 0.57 = 1 − 0.43).

One can then estimate

that, in similar conditions of excitation, the GaSb absorber capped by a dielectric
2
grating would have a thermalization coecient Q = 80(1 − 0.43) = 45 W/K/cm .
This situation is represented by the squares, with a simulated eciency of 29.0%
with perfectly selective contacts and 26.1% with semi-selective contacts.
The eciencies reported here are below the Shockley-Queisser limit.
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comes from the fact that only 66% of the incident power is absorbed by the cell,
while perfect absorption is considered in the Shockley-Queisser limit, which leads
to an absorbed power that is 95% of the incident power.

The eciency of a

conventional solar cell, without hot carrier eect, can be determined with the
same absorptivity as in section 5.1. Only 18.9% eciency can be obtained in these
conditions, so a predicted eciency of 26% is a 37% improvement compared to a
conventional cell.
Finally, the eciency of a cell having the same properties (band gap, absorp2

tivity, contacts) but with a reduced thermalization coecient

Q = 0.5 W/K/cm

is represented by triangles. An eciency of 46% is obtained with perfectly selective contacts. This shows that, in these conditions of concentration, for a targeted
eciency above 50%, at least two orders of magnitude have to be gained on the
thermalization rate. The situation is even more unfavourable at lower concentration (slighlty compensated by a better absorptivity). At 10000 suns, the eciency
is comparable to the full concentration case when the thermalization rate is large.
2
However, it requires a thermalization coecient Q = 0.1 W/K/cm to reach 50%.

5.3 A roadmap to 50% eciency
5.3.1 Control of thermalization
It was stated in chapter 4 that the thermalization rate that were determined
from continuous wave photoluminescence on GaSb-based samples were too large
for a strong eciency improvement to be obtained. Only a 26% improvement on
the eciency limit could be expected compared to the fully thermalized case in
full concentration condition. The thermalization rate has to be reduced further to
achieve a substantial breakthrough in the solar cell conversion eciency.
In particular, the phonon dynamics can be modied by nanostructuring the
material, which should aect the carrier energy loss rate.

Quantum wells sam-

ples were synthesized in which a reduction of the energy loss rate was expected.
However, the material compositions and thicknesses were not optimized, and no
measurable eect was obtained. Improving the experimental method is necessary
to get a more reliable and accurate measurement of the thermalization rate. More
important, an optimal material composition and structure can be found using
simulation tools that could help to synthesize better samples.
The phonon density of states can be studied in nanostructures using

ab initio

simulations. The time evolution of these phonon modes can then be simulated by
molecular dynamics, knowing the anharmonic terms in the system hamiltonian.
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This method is in current development, and shows promising results. Bulk properties such as phonon lifetimes were found in agreement with available experimental
data.

By studying the inuence of the dimensionality (dots, wires, wells), the

composition (silicon, III-V...) and the size of the nanostructures on the phonon
lifetime, an optimal structure could be determined. Early results indicates a LO
phonon lifetime that is doubled in Si-Ge nanostructures (dots) compared to bulk.
Other materials with a larger mass contrast (InN, InP) are expected to exhibit a
longer LO phonon lifetime.
By coupling this model for the phonon dynamics to a Monte-Carlo simulation
of the carrier dynamics that takes into account electron-phonon interaction, it
would be possible to simulate the whole electron-phonon system under continuous
excitation.

The establishment of a coupled non equilibrium carrier-LO phonon

system can be studied when the excitation intensity is increased.

Other eects

such as Auger recombinations, impact ionization can be included in such model,
which enables to simulate the real electron and hole distribution function in an
operating hot carrier solar cell.

Such information could then be used in a hot

carrier solar cell model to predict its eciency.

5.3.2 Carrier extraction
Results of chapter 2 indicate that semi-selective contacts are more suitable
than highly selective contacts to have a working hot carrier solar cell, especially in
high concentration regime. Highly selective contacts only provide a small eciency
enhancement, while they add drastic constraints on the contact conductivity.
A rather simple architecture was already proposed in this chapter, with large
band gaps materials sandwiching the absorber working as electron (hole) semiselective contact and hole (electron) blocking layer (see gure 2.8) could provide
a substantial eciency improvement, provided thermalization losses can be controlled. Extraction of unthermalized carriers should not be a major issue.

5.3.3 Cell design and synthesis
Once a convenient structure that would give optimal thermalization properties
is dened, a prototype can be synthesized. Considering the thermalization rate,
the optimal extraction energy can be determined by simulating the hot carrier solar
cell eciency, from which convenient materials for the electron and hole contacts
can be identied.

The resulting stack, grown by MBE, is then reported on a

metallic substrate that acts as a back reector and rear contact, and the substrate
is removed. A resonant structure is then grown on the front surface. It is composed
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of a dielectric grating, with a ll factor inferior to one. A metallic grid could then
be evaporated on the uncovered surface of the sample as a front contact. Another
solution would be to use a transparent conductive oxide as a resonant structure
instead of an insulator, that would directly collect the charges. The front grid has
to be designed for the large current density involved.

A complete cell is nally

obtained, that can be tested.

5.4 Conclusion
The achievable eciency of a hot carrier solar cell in practical conditions was
discussed here.

Considering a simulated absorption and a thermalization rate

determined from photoluminescence experiments, the cell behaviour accounting
for dierent losses such as non absorption, heat losses in the absorber and heat
losses in the contacts was simulated and the cell eciency was computed.
The 26% predicted achievable eciency is much below the limit of eciency of
ideal hot carrier solar cells, and does not exceed the eciency of best existing single
junction solar cells [4]. The main issue is the heat loss in the absorber that is too
important to get a substantial eciency enhancement. In order to approach the
50% eciency target, it is necessary to drastically reduce the thermalization rate
in the absorber. The limited absorption in an ultra thin layer, even using inovative
photon management techniques, is also responsible for important losses that limit
the conversion eciency. A compromise has to be found on the absorber thickness
between the reduction of the cooling rate and the losses due to non absorption of
the incident power.
Provided a material structure is found where the thermalization rate is reduced,
a method for the design and synthesis of a hot carrier solar cell prototype is
proposed.
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Conclusion
Main results
Several major results have been obtained. First of all, the role of contact selectivity on the cell eciency has been investigated for the rst time. It appears that,
contrary to what was commonly admitted, a very high selectivity of the contacts
is actually not crucial. Eciency of 60% was obtained with semi-selective contacts
allowing carrier transmission above an energy threshold, under full concentration
and with negligible thermalization. It is lower than the 73% eciency obtained
with ideal contacts in the same conditions, but is still a 50% relative eciency
improvement compared to the Shockley-Queisser limit. Such a high pass lter can
be obtained with a bulk large band gap layer, and may be much easier to fabricate
than selective contacts using discrete levels (defects, quantum dot arrays) or tunnel junction, that proved themselves technologically challenging and incompatible
with large current densities.
The question of contact conductivity is the second major limitation regarding
selective contacts. The dierent ideas proposed to achieve carrier selectivity for
contacts all involve tunneling, which would not favor large current densities expected for a device working under high concentration.

It was pointed out that

the contact conductivity decreases with the transmission range. Highly selective
contacts would then strongly limit the extracted current, and would not be compatible with high conversion eciencies.

This is another argument in favor of

semi-selective contacts.
The phenomenon of carrier thermalization has also been investigated experimentally.

Contrary to previous studies where time-resolved experiments were

performed to investigate the carrier thermalization properties, continuous wave
photoluminescence was here preferred to match in a more relevant way the operating conditions of a solar cell. A hot carrier population was demonstrated under
continuous excitation, and carrier temperatures exceeding the lattice temperature
by a few hundreds of Kelvin was observed under excitation power densities corre-
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sponding to 10,000 suns.
An empirical model for the power transfer from carriers to the lattice is proposed, tted to experimental data, and heat losses are considered in the device
energy balance. Results indicate that thermalization in the samples under investigation is rather fast, so they would only give a small, but still sizeable eciency
improvement compared to a conventional single junction.

26% conversion e-

ciency is simulated, which does not exceed the eciency of best single junction
solar cells today, but sill represents a 37% relative improvement compared to the
single junction limit for the same band gap. A strong potential eciency improvement can be expected if the thermalization rate can be reduced.

Solutions are

proposed regarding light trapping that may reduce the carrier cooling rate and
improve the eciency.

Perspectives
Considering a simplied structure with semi-selective contacts, a complete device can be obtained and tested rapidly. The heigth of the potential barrier for
electron and hole contacts will have to be optimized though. The optimal extraction energy depends on the thermalization rate and on the concentration ratio.
The hot carrier solar cell model proposed here can be used for that purpose. However, it would only give a rough estimation of this optimal extraction energy. In
particular, this model treats electrons and holes symmetrically. One can expect a
faster thermalization for holes, so the hole barrier may have to be lower, perhaps
not selective at all. A more comprehensive model would be necessary for a better
estimation of these parameters.
The structure and the composition of the absorber itself may also have to
be optimized.

If the carrier thermalization rate could be reduced by one order

of magnitude, ten points could be gained on the cell eciency.

This could be

done by phononic engineering, where the phonon dispersion relation is modied
by nanostructuring the material, which can strongly aect the carrier energy loss
process.
The carrier thermalization can also be tackled by increasing the carrier density
in a very small material volume. Very ecient absorption of a highly concentrated
incident light (close to 70% of the incident power) in a strongly reduced material
thickness (25 to 50 nm) was simulated and an experimental validation is needed.
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Appendix A
Band gaps of III-V multinary
compounds
Here, the band gaps of III-V multinary compounds are determined as a function
of the lattice temperature using data for the dierent binary compounds that can
be found in [1]. Details are given for the well, barrier and cladding materials in
sample V725, but the method can be applied for any compound.
First, the expected value of the well (Ga0.86 In0.14 As0.12 Sb0.88 ) band gap and
barrier (Al0.25 Ga0.75 As0.03 Sb0.97 ) band gap at 80 K can be predicted by interpolating the known band gap of the binary compounds GaSb, GaAs, InAs, and InSb.
These values are obtained as a function of the lattice temperature T in Kelvin and
follow a law of the form [1]:

Eg (T ) = Eg (T = 0 K) −
where

α

and

α
β

is a coecient expressed in eV/K and

β

αT 2
T +β

(A.1)

is a constant in K. The values of

for several III-V compounds are given in table A.1, as well as their band

gap at 0 K, 80 K and 300 K.
The band gap of a ternary compound, composed of two binary compounds, is
then a linear combination of the band gaps of these binary compounds, corrected
by a bowing parameter. The same goes for quaternary compounds considering that
it is composed of one ternary and one binary compound (see below for details).
Standard values of these bowing parameters found in the litterature [1] are given
in table A.2. The band gap of a material

Ax B1−x C

is then obtained as follows:

Eg,Ax B1−x C = xEg,AC + (1 − x)Eg,BC − c × x(1 − x)
c

being the bowing parameter for material
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in eV.

(A.2)
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material

αΓ

(mev/K)

βΓ

EΓg

(K)

(eV)

T=0 K

T=80 K

300 K

GaAs

0.5405

204

1.519

1.51

1.42

GaSb

0.417

140

0.812

0.80

0.73

InAs

0.276

93

0.417

0.41

0.39

InSb

0.32

170

0.235

0.23

0.17

AlAs

0.885

530

3.10

3.10

3.00

AlSb

0.42

140

2.386

2.37

2.30

Table A.1: Band structure parameters of dierent binary III-V compounds and
their band gap at 0 K, 80 K, 300 K. In the case of AlSb and AlAs, which have
Γ
indirect band gaps, the value Eg that is given corresponds to the energy dierence
between conduction band and valence band at the Γ point of the brillouin zone,
and not to the indirect band gap of the material.

Bowing parameters (eV)

Compound

on

Table A.2:

Eg

on

∆so

InAs0.91 Sb0.09

0.67

1.2

AlAs0.08 Sb0.92

0.8

0.15

(GaSb)0.86 (InAs0.91 Sb0.09 )0.14

0.75

0.25

(GaSb)0.75 (AlAs0.08 Sb0.92 )0.25

0.48

-

(GaSb)0.1 (AlAs0.08 Sb0.92 )0.9

0.48

-

Bowing parameters for determining the band gap and the spin orbit

splitting of dierent ternary and quaternary compounds.

The band gap of GaSb-lattice-matched GaInAsSb can be derived from GaSb
and

InAs0.91 Sb0.09 band gaps considering the alloy (GaSb)1−z (InAs0.91 Sb0.09 )z , with
c1 = 0.75 eV (table A.2). The band gap for the well compound

a bowing parameter
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Eg

Compound

(eV)

T=0 K

T=80 K

T=300 K

InAs0.91 Sb0.09

0.34

0.34

0.32

AlAs0.08 Sb0.92

2.38

2.37

2.30

(GaSb)0.86 (InAs0.91 Sb0.09 )0.14

0.66

0.65

0.58

(GaSb)0.75 (AlAs0.08 Sb0.92 )0.25

1.12

1.10

1.03

(GaSb)0.1 (AlAs0.08 Sb0.92 )0.9

2.18

2.17

2.10

Table A.3:

Band gaps of dierent ternary and quaternary compounds at 0 K,

80 K and 300 K.

Ga0.86 In0.14 As0.12 Sb0.88

at 80 K can then be obtained setting

z = 0.14:

Eg,well = (1 − z) × Eg,GaSb + z × Eg,InAs0.91 Sb0.09 − c1 × z(1 − z)
= 0.65 eV

(A.3)

Similarly, the band gap for GaSb-lattice-matched AlGaAsSb can be derived
from GaSb and

AlAs0.08 Sb0.92

band gaps considering the alloy of a binary and

ternary GaSb-lattice-matched compound

(GaSb)1−z (AlAs0.08 Sb0.92 )z ,

ing parameter c2 = 0.48 eV. The band gap for the quaternary
Al0.25 Ga0.75 As0.03 Sb0.97 is obtained setting z = 0.25:

with a bow-

barrier compound

Eg,barrier = (1 − z) × Eg,GaSb + z × Eg,AlAs0.08 Sb0.92 − c2 × z(1 − z)
= 1.10 eV
Finally, the band gap of the cladding layer
setting

Al0.9 Ga0.1 As0.07 Sb0.93

(A.4)

is obtained

z = 0.9 eV:

Eg,barrier = (1 − z) × Eg,GaSb + z × Eg,AlAs0.08 Sb0.92 − c2 × z(1 − z)
= 2.17 eV

(A.5)

The values obtained at 0 K, 80 K and 300 K are compiled in table A.3. These
are the band gaps of the bulk materials.

The position of the electron and hole

states in quantum well structures have to be calculated, using a nite potential
well model [2].

Eective masses in those quaternary compounds are necessary.

They are determined by the same method as for the band gap and derived from
the eective masses of the binary compounds.
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The electron eective masses at the

Γ

point

m∗e

are dened by the following

expression [1]:

m0
EP (Eg + 2∆so /3)
= (1 + 2F ) +
∗
me
Eg (Eg + ∆so )
where

m0

is the electron mass,

EP

is a matrix element between an s-like conduc-

tion band and a p-like valence band,

F

is the Kane parameter that parametrizes

higher-band contribution to the conduction band, and
ting.

(A.6)

∆so

is the spin-orbit split-

These parameters are considered independant of the temperature, so the

temperature dependance of the electron eective mass arises only through the
temperature dependance of the band gap

Eg .

The heavy hole eective masses in the dierent crystallographic orientation

[100], [110]

and

[111]

are given by:





where

γ1 , γ2

and

γ3

m0
m∗hh

[100]

m0
m∗hh

[110]

m0
m∗hh

[111]

= γ1 − 2γ2

(A.7)

1
= (2γ1 − γ2 − 3γ3 )
2

(A.8)

= γ1 − 2γ3

(A.9)

are the Luttinger parameters.

Similarly for light holes:





m0
m∗lh

[100]

m0
m∗lh

[110]

m0
m∗lh

[111]

= γ1 + 2γ2

(A.10)

1
= (2γ1 + γ2 + 3γ3 )
2

(A.11)

= γ1 + 2γ3

(A.12)

Finally, the split-o hole eective mass is:

EP ∆so
m0
= γ1 −
∗
mso
3Eg (Eg + ∆so )
The values of

F , EP , ∆so , γ1 , γ2

and

γ3

(A.13)

that determine the eective masses

in common binary compounds, and the obtained eective masses are compiled in
table A.4. Only hole eective masses in the

182

[100]

direction corresponding to the

APPENDIX A.

BAND GAPS OF III-V MULTINARY COMPOUNDS

Parameter

GaAs

GaSb

InAs

InSb

AlAs

AlSb

F

-1.94

-1.63

-2.90

-0.23

-0.48

-0.56

EP

(eV)

28.8

27.0

21.5

23.3

21.1

18.7

∆so

(eV)

0.341

0.76

0.39

0.81

0.28

0.676

γ1

6.98

13.4

20.0

34.8

3.76

5.18

γ2

2.06

4.7

8.5

15.5

0.82

1.19

γ3

2.93

6.0

9.2

16.5

1.42

1.97

m∗e

0.067

0.038

0.026

0.013

0.150

0.139

m∗hh

0.350

0.250

0.333

0.263

0.472

0.357

m∗lh

0.090

0.044

0.027

0.015

0.185

0.132

m∗so

0.172

0.126

0.087

0.118

0.280

0.218

Table A.4: Band parameters of common III-V compounds. Eective masses are
given at 80 K and at the

Γ

point.

well orientation is reported here. The electron eective mass is given at 80 K, and
all eective masses are given at the

Γ

point (including for the indirect band gap

material AlSb and AlAs).
The method to determine the ternary and quaternary eective masses is then
to:
 interpolate linearly the

F

and

Ep

parameters

 use the bowing parameter specied in table A.2 for the alloy to derive
and

Eg

∆so

 obtain the temperature-dependent electron eective mass from equation A.6
Linear interpolations are possible to determine heavy hole and light hole eective masses in the
dierence

γ3 − γ2

[100]

direction.

In other directions, an interpolation on the

rather than a direct interpolation of the Luttinger parameter is

recommanded [1]. The results for ternary and quaternary compounds are compiled
in table A.5.
Finally, the conduction and valence band osets between wells and barriers are
required. The valence band oset (VBO) in heterojunction can be reasonably approximated by the bulk valence band position of each idividual material [1]. Also,
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m∗e

m∗hh

m∗lh

0.33

0.020

0.327

0.026

18.9

0.63

0.137

0.366

0.136

-1.77

26.3

0.67

0.032

0.261

0.042

barrier

-1.36

25.0

0.73

0.056

0.279

0.067

cladding

-0.66

19.7

0.64

0.124

0.354

0.127

Compound

F

InAs0.91 Sb0.09

-2.66

21.7

AlAs0.08 Sb0.92

-0.55

well

Table A.5:

Ep

(eV)

∆so

(eV)

Band parameters and eective masses of dierent ternary and quater-

nary compounds at 80 K.

the valence band oset will be considered independent of the temperature. The
conduction band oset (CBO) is then directly determined knowing the material
band gap. Taking the barrier valence band position as reference, the position of
the well and barrier valence and conduction bands are reported in table A.6. The
energy of the fundamental electronic state to the fundamental hole state transition
e1hh1 is also reported.

Temperature
T=0 K
T=80 K
T=300 K

well

barrier

cladding

VBO (eV)

0.07

0

-0.26

CBO (eV)

0.73

1.12

1.92

VBO (eV)

0.07

0

-0.26

CBO (eV)

0.72

1.10

1.91

VBO (eV)

0.07

0

-0.26

CBO (eV)

0.65

1.03

1.84

e1hh1 (eV)
0.715
0.704
0.637

Table A.6: Band osets of the well, barrier and cladding in the V725 sample at
0 K, 80 K, and 300 K. Electron and hole states are determined using these band
osets and eective masses in table A.5.
reported here.
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Appendix B
Propagation of light in a layered
medium
The absorption of the incident light in the experimental section was determined
using a transfer matrix approach. The sample is described as a stack of parallel
layers, each layer being charaterized by a wavelength dependent refractive index
and absorbtion coecient, and the propagation of a plane wave is simulated for a
given wavelength and incident angle.
Let us consider a plane interface between medium 1 and medium 2, and an
electromagnetic plane wave with wavelength

λ

propagating in medium 1 and hit-

ting the interface with incident angle θ . The amplitude of the electric eld of the
i
r
incident wave is E1 . The amplitude of the reected wave is E1 , and the amplit
tude of the transmitted wave in medium 2 is E2 . The reection and transmission
coecients R1,2 and T1,2 are dened by [1]:

r1,2

p
n1 cos(θ) − n22 − n21 sin(θ)
E1r
p
= i =
E1
n1 cos(θ) + n22 − n21 sin(θ)

(B.1)

E2t
2n1 cos(θ)
p
=
i
E1
n1 cos(θ) + n22 − n21 sin(θ)

(B.2)

t1,2 =

for the s polarization (electric eld perpendicular to the plane of incidence), and

r1,2

p
n22 cos(θ) − n1 n22 − n21 sin(θ)
E1r
p
= i = 2
E1
n2 cos(θ) + n1 n22 − n21 sin(θ)

(B.3)

E2t
2n1 n2 cos(θ)
p
= 2
i
E1
n2 cos(θ) + n1 n22 − n21 sin(θ)

(B.4)

t1,2 =
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for the p polarization (electric eld parallel to the plane of incidence), where
nad

n2

n1

are the complex refractive index in media 1 and 2 respectively.

At the interface, the component of the wave vector of the reected and transmitted waves that is parallel to the interface is conserved. In the case of multiple
interfaces, all the waves (incident, reected and transmitted) propagating in the
multilayer share this same component of the wave vector. The problem can then
be treated as a one dimensional problem and the light propagating in medium

i

can be described as one electromagnetic wave propagating in the direction of the

x

axis, with wave vector

kxi =

2πni
cos θi ,
λ

and amplitude of the electric eld

Ei+ ,

and one propagating in the opposite direction with wave vector −kxi and ampli−
tude of the electric eld Ei [2]. θi is the angle between the normal to the parallel
interfaces and the direction of propagation, and is obtained by Snell's law.
The following relations then apply between the amplitudes of the wave in media

i

and

i + 1,

considering the reection and transmission coecients dened above:

+
+
−
Ei+1,i
= ti,i+1 Ei,i
+ ri+1,i Ei+1,i

(B.5)

−
−
+
Ei,i
= ti+1,i Ei+1,i
+ ri,i+1 Ei,i
where, in

Ej,k ,

index

j

refers to the medium and index

k

refers to the interface.

Mi for interface i, so that the amplitudes in
i + 1 at interface i are given by the product of matrix Mi by the amplitudes
media i at interface i:
 + 
 +  
Ei,i
Ei+1,i
mi,11 mi,12
=
(B.6)
−
−
mi,21 mi,22
Ei,i
Ei+1,i
{z
} | {z }
| {z } |
One can then dene a matrix

media
in

Mi

Ei+1

with:

mi,11 = t1,2 −

Ei

r1,2 r2,1
t2,1

r2,1
t2,1
r1,2
=−
t2,1
1
=
t2,1

mi,12 =
mi,21
mi2 2
The amplitudes in media
in media

i+1

at interface

i

(B.7)

i+1 at interface i+1 are then related to the amplitudes
by:


+
+
Ei+1,i+1
= exp kxi+1 di+1 exp (−αi+1 di+1 ) Ei+1,i

−
−
Ei+1,i+1
= exp −kxi+1 di+1 exp (αi+1 di+1 ) Ei+1,i
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αi+1

is the absorption coecient in medium

thickness of layer

Ei = Ei,i
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i+1

equal to

i + 1,

and

di+1

is the optical

ti / cos θi where ti is the actual thickness.
i at interface i, one can write:

Writing

the amplitudes in medium

Ei+1 = Ni × Ei
where


Ni =

(B.9)

exp (−αi+1 di+1 )
0
0
exp (αi+1 di+1 )


× Mi

(B.10)

Finally, the amplitudes in any layer can be expressed as a function of the
amplitudes in any other layer by a product of the matrices

Ni .

In particular, one

can relate the amplitudes of the waves that are reected and transmitted by the
whole stack

Er

Et as a function of the amplitude of the incident





 Y
Ei
Ei
Et
=N×
=
Ni ×
0
Er
Er
| i {z }

and

wave

Ei :
(B.11)

N

assuming there is no light coming from the back of the stack.
The total reection and transmission coecients are dened:

Er
Ei
Et
=
Ei

rs,p =
s,p

t

(B.12)

for each polarization s or p.

In the case of an unpolarized incident light, the
r = (rs + rp )/2 and t = (ts + tp )/2. For
cn
an amplitude of the electric eld E , the intensity is then I =
cos(θ)hEi2 , c being
4π
the speed of light in vacuum, n the refractive index in the medium in which the
reection and transmission coecient are

light is propagating and

θ

the angle between the propagation direction and the

normal to the interface. The reection and transmission coecients in energy are
then dened:

R = r2 ,
where

n0

T =

ns cos(θs ) 2
t
n0 cos(θ0 )

(B.13)

is the refractive index of the medium from which the light is coming

(in general air) and
substrate and

θs

θ0

is the incident angle, and

ns

is the refractive index of the

the angle of the transmitted beam with the normal.

These coecient are functions of the incident angle

θ and wavelength λ, because

of the wavelength dependent refractive index and absorption coecient.
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case of a laser as the incident wave, one can consider a monochromatic wave and
constant optical parameters are used. These parameters were found in [3]. The
reection and transmission coecient are computed as a function of the incident
angle.
An example of the result obtained with a 750 nm laser incident on sample
V725 is presented in gure B.1, showing the transmitted (a), reected (b) and
absorbed (c) fraction of an incident plane wave as a function of the incident angle,
for dierent polarization: s, p, and unpolarized.

Ω = 2π(1 − cos θ) with
power PR and PT are com-

Considering an incident beam coming from solid angle
power density

P0 ,

the total reected and transmitted

puted by integrating the energy reection and transmission coecient over incident
angles:

θ

Z
PR = 2π

I0 sin(θ0 )R(θ0 )dθ0

(B.14)

I0 sin(θ0 )T (θ0 )dθ0

(B.15)

0

Z
PT = 2π

θ

0
where

I0

is the power density per solid angle unit, and is equal to

power absorbed

PA

P0 /Ω

.

The

is then directly obtained:

P A = P0 − P R − PT
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Figure B.1:

Fraction (in %) of a plane wave intensity that is transmitted (a),

reected (b) and absorbed (c) by sample V725 as a function of its incident angle,
for s-polarized, p-polarized and unpolarized incident light
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