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Introduction

Solar energy is a formidable hope for society to reach unlimited, low-cost and
renewable energy sources. Every day this is more than 1 times the world energy
consumption that hits the earth surface. Converting it with high efficiency and
reasonable cost is a crucial challenge for the human society. Solar photovoltaics
(PV) growth is spectacular (see Figure 1.3.1-2) with a cumulative capacity
increasing about 47% per year since 2001, but accounts only for approximately
0.85% of global electricity production in 2013 and approximately 139 gigawatts of
installed peak capacity [1]. It isthe most widely deployed solar electric technology
in the world today and its cost is constantly falling (cf. Figure 1.3.1-1) resulting in
an installation acceleration always underestimated over the years. In France, which
is not the most sunny country in the world, scenario of 100% renewable energy
consumption, including a large contribution of PV, has been presented [2]. Indeed,
PV electricity has reached 105€/MWh [3] and is now cheaper than nuclear
electricity (109€/MWh for EPR in London [4]). In sunnier countries, including
USA, this cost goes down to 50€//MWh [5], [6].

100.00

1979

10.00

2011
$1.3-H5
2015

Global Module averange selling price (2010 USD/Wp)

1.00 $1.08
22% price reduction for each
doubling of cumulafive volume 2014
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Figure 1.3.1-1: Global PV module learning curve for c-Si and CdTe modules from 1979 to
2015 [7].
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Figure 1 — Evolution of Total PV Installed Capacity from 1992 to 2013 - in MW

Figure 1.3.1-2: Evolution of the total installed PV capacity in the world (MWp) [8].

The PV systems efficiency are however still currently low, 25.6% for the Silicon
based solar cell record and 22.9% for a module under AML.5 spectrum [9]. A
technology breakthrough is still needed and awaited to promote this energy source
worldwide. R&D community is working in this sense with the emergence of new
solar cell concepts, as for instance multi-junction solar cells that reaches nowadays
46% efficiency with a theoretical limit of 87% [10]. This technology still suffers
from high fabrication costs and efforts are made to reduce them, for instance in
substituting the expensive substrate used today with silicon ones. However
difficulties remains to find suitable material to use in association with silicon
subcell due to the lack of semiconductor lattice matched with it. Highly
mismatched alloys (HMAs) have been investigated as a possibility to tune the
lattice constant in the same time as the band gap energy by introducing strongly
localised states in the energy gap. Such semiconductors are however hard to
optimise for PV applications because their growth are thermodynamically
metastable. This ability to introduce localised states exists also in quantum
confined systems, such as quantum dots or quantum wells heterostructures. These
structures can therefore also be used for band gap energy tuning purposes [11]-
[13].

12



Introduction

Since two decades and the introduction of intermediate band solar cells by Pr
Luque and Marti, subband gap localised states are also explored for this alternative
multi-transition solar cell concept. This new concept, partially introduced in [14],
[15], exhibits a theoretical efficiency limit of 63% [16] in only one material,
allowing cost benefices. Up to days, no clear experimental proofs of such device
has been demonstrated yet, mostly because of the difficulty of characterising such

a device.
The work in this thesis focuses on two localised states semiconductor systems.

In the first chapter, we study the fundamental limits of classical, multi-junction and
intermediate band solar cells. To do so we first focus on the luminescence of solar
cell that we will use to demonstrate the Shockley-Queisser limit in the detailed-
balanced principle. Fundamental electrical properties of solar cells such as the
open-circuit voltage or short-circuit current will also be apprehend via the solar
cell luminescence. Then, the multi-transitions concepts, multi-junction and
intermediate band solar cells, will be analysed through the detailed balance
principle, exhibiting the mechanisms behind these concepts and their theoretical

thermodynamic efficiency limits.

The second chapter will dedicated the experimental technics used during this
thesis. The diversity of the sample studied, as well as their complexity made us use
a wide range of characterisation methods. In addition to standard electrical (J-V
characteristics, EQE) or optical (absorbance spectroscopy, reflectometry)
measurements, we will detail several characterisation methods based on steady-
state or time-resolved photoluminescence. A special attention will be given to the
hyperspectral imager. This original tool gives access to spatial variation of the

absolute value of chemical potential in the sample.

Later on, chapter 3 will be devoted to the study of GaAsPN. This nitrogen based
HMA (highly mismatched alloy) will be first analysed in a tandem solar cell top
cell perspective. After a presentation of the particular band structure of this alloy,

we will present the results of numerical simulations performed with the softwares
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SCAPS and Silvaco. Then, a wide optical and electrical study of a large set of
absorbers and p-i-n junction is shown. Carrier dynamics and recombination
mechanisms will be studied by photoluminescence measurement and correlations
with electrical performances will be established. Finally, we will probe the IBSC

potential of this alloy by dual-beam EQE measurements.

Eventually, chapter 4 will concern the quantum-confined based structure for IBSC.
We will first discuss about the IBSCs’ characterisation method. A specific
photoluminescence based characterisation method is then presented subsequently,
probing the two key IBSC mechanisms: the two-step two-photon absorption (TS-
TPA) and the voltage preservation. This result is important and will be discussed

widely. Perspectives of this work will be given.
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Chapter 1

Multi-transition solar cells

In this chapter, we deal with the physics of multi-junction solar cells. We will first
introduce the semiconductor luminescence and show that this quantity can be
related to the open-circuit voltage of a solar cell. It will also be of interest in the
second part, where the detailed balance principle for a single transition solar cell
will be presented. This model, introduced by Shockley and Queisser in 1961,
defines the thermodynamic limits of the standard solar cells [17]. Finally, the same
model will be applied to the two multi-transition systems studied in this thesis.
Considerations about the specific difficulties encountered with those systems will

also be discussed.

1.1 Semiconductor luminescence

While being in thermodynamic equilibrium, any body at temperature T emits
photons following the Kichorff’s law. A semiconductor brought out of equilibrium,
for instance with a light or an electrical bias, has an excess carriers concentration
that results in spontaneous radiative recombination. This radiative recombination
is the physical phenomenon at the origin of luminescence. It occur when an
electron at an energy e recombines radiatively with a hole at energy € 1. We note

E the energy of the transition.
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Chapter 1. Multi-transition solar cells

Arspone (E) = IM? 1Dy, 2D, (E)(1 = f (21))f (&) (1.1-1)

where [M?| is a matrix element that reflects the coupling between initial and final
states. The f(¢) is a Fermi function that accounts for the carrier occupation of the

considered states. D1, and D, are the combined density of electronic states between
which transition occur and the density of states for photons in solid angle

Q respectively. The latter is expressed:

On3E? (1.1-2)

As the emissivity equals the absorptivity according to Kirchhoff’s law (and
verified even under illumination [18], [19]) the spontaneous radiation rate of such
a transition is expressed as [20], [21]:

G 2 1.1-3.
drspont(E) =012 (E)DV(E) %( f(ff)(g— })é(z‘; ) ( )

with a12(E) being the absorption coefficient between the two states, cothe light
celerity, and n the medium refractive index. The two Fermi distributions, f(e1) for
the states at energy €1 with a quasi-Fermi energy Ery and f(e2) for the states at

energy €2 with a Fermi energy Erc, are:

1 (1.1-4)

exp (512]{#) +1

f(gl,z) =

If we replace f(el,z) in Eq. (1.1-3.) and integrate over the density of states, we
obtain the global radiative transition rate [22]:

1

E ;TAM) 3 1]_ (1.1-5.)

Tspont(E) = a(E)Dy(E) 61"1_0 [exp (

16



1.1. Semiconductor luminescence

where o(E) is the absorption coefficient of the material, and Ap the chemical
potential of the radiation. This relation accounts for all the radiative transitions
emitting a photon at the energy E regardless of the initial states of the electron-hole
pair. This is a generalisation of the Planck’s and Kirchhoff’s laws taking into
account two separate carrier populations. From this expression and by using the
continuity equations, one can determine the expression of the experimentally
measured quantity, i.e. the luminescence flux, ®(E, r, ), at the material surface:

®(E,r,0) = A(E,1,0)

6 E-A -1 1.1-6.
cos(60) EZ[X ( 'u)—l] ( )
4m3h3cd kT

Where the absorptivity A(E,r,0) isthe probability for a photon of energy E, located
at the surface position r and viewed under an incident angle 0, to be absorbed. The

cos (0) accounts for the fact that the emission at the surface follows the Lambert’s
law [23], [24].

At high energies, i.e. E-Ap > KT, we can approximate the Bose-Einstein

distribution by a Maxwell-Boltzmann distribution:

®(E) = K(6,E,r)A(E)®,,(E, T)exp (kA—{) (1.1-7)
where @y, is the emission of a black body at temperature T¢, A(E, T) the absorption
by the sample and K a calibration constant depending on the geometrical
parameters of the measurement. As Ap=qV [23], V being the voltage at the cell
terminal, this relation permits to probe optically this key parameter. This relation
has been widely discussed and verified for various types of absorber: Silicon [25],
GaAs [26], [27], CIGS [28] and even for dye solar cells [29]. As this quantity is
fundamental to study the multi-transition systems, this relation will be used widely
in this thesis, in particular in Chapter 4.

In summary, the luminescence of solar cell is a fundamental mechanism, from

which the electrical voltage of the cell can be measured. Besides, as the current in

17



Chapter 1. Multi-transition solar cells

the solar cell is related to the absorbed photon flux, the “optical” J-V characteristic
can plotted with the sole knowledge of the luminescence and the incident flux [30].
The next section introduces the detailed balance theory leading to the Shockley-
Queisser limit. Relations between the electrical properties and the luminescence

will be explained.

EC

> EFc

~— . T o= = =
E’ __.‘__—, qvoc
(<)
c E
wl E Fv

Vv

Junction depth (z)

Figure 1.3.1-1: Band diagram of a pn junction under illumination at Voc. Ec, Ev, Erc and Erv
are the conduction band, the valence band, the quasi-Fermi levels for holes and electrons
respectively.

1.2 Current-voltage characteristic and Shockley-Queisser limit

Solar cells have emerged thanks to the p-n junction. This technology has for long
been the only one exhibiting photovoltaics results. Even if this technology is now
well-handled, its efficiency limit is quite low. In 1961, Shockley and Queisser
proposed a model to determine this technology efficiency limit [17]. This model
takes into account the absorption and the radiative transitions for the electron-holes
pairs. With this consideration, the current through the diode is equal to the
difference between the absorption and the radiative recombination.

JO) = q (Naps = Nem(¥)) (L2-1)
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1.2. Current-voltage characteristic and Shockley-Queisser limit

where J is the electric current density in mA.cm?, N,,,(V) and N, the emitted

and absorbed photon current density respectively.

For a semiconductor at temperature T, under an applied voltage V, the emitted
photon flux is defined as:

X np . qV \ .
Nem(V) = 25 No = exp () No
C

i

(1.2-2))

where n, p and n; holds for the electrons, holes and intrinsic carrier densities
respectively. The photon flux emitted at equilibrium, N, is given by the Planck’s

law, for a black body at temperature T¢:

° (1.2-3.)
1 E%dE

No = 412 h3c? exp (%) _1
c

Eg

Concerning the absorbed photon flux, two sources irradiates the sample: the Sun
and the thermal radiance of the ambient environment. According to the detailed
balance, the ambient photon flux is equal to N,. As for the Sun, if we consider the
sun emits a black body spectrum at the temperature Ts, the photon flux incident on

the cell per unit area, unit solid angle and unit photon energy is expressed as:

. ) (1.2-4.)

dNpp, = 3532
4m3h3c ex?’(kin)_l

cos0sinf0dOdpdE

where E is the photon energy, k the Boltzmann’s constant, Ts the Sun temperature,
0 the incident angle and ¢ the azimuthal angle. Once integrated over angles and
energy, and assuming an absorptivity of 1 over the band gap energy and zero

below, the absorbed photon current density is given by Planck’s Law:
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Chapter 1. Multi-transition solar cells

. 1
Nabs,sun = 412h3c2

f 2
W E*dE (1.2-5.)
exp (i1

Eg

where f is a geometrical factor that accounts for the solid angle subtending the

Sun, given by f = sin*(6,) for an incident light inside a cone of semi-angle 6s.

Combining Eq (1.1-4), Eq. (1.1-5.) and Eq. (1.1-7.). we obtain:

JV) = Naps,sun — Ny (exp (%) — 1) (1.2-6.)

Cc

This expression is the current-voltage characteristic for an ideal diode with
Js¢ = qNabs,sun and Jo = qNO

Finally, the power conversion efficiency is expressed as

Viv) (1.2-7.)

NS‘LLTL

Radiative recombination is affecting both short-circuit current density and open-
circuit voltage of the device. Neglecting it and assuming that all absorbed lead to a
collected carriers pair, maximal efficiency reaches 44% for a blackbody spectrum
at 6000K. Radiative recombinations are nonetheless unavoidable and even needed
since the emissivity equals the absorptivity according to the detailed balance
principle. For a cell at 300K, the efficiency limit given by the Shockley-Queisser
model under AML.5 is 31% for a band gap Ec=1.4eV, while under maximum
concentration this limit reaches 41% for a 1.1eV band gap. It is important to note
that Ny and Nyps sun are two quantities depending on the band gap energy, so does
the power conversion efficiency. Indeed, it appears that two important processes
limit the conversion efficiency: (i) the non-absorption where no photon can be
absorbed below the band gap and (ii) the thermalisation where photons with energy

higher than the band gap will create electron-hole pairs that eventually will lose
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1.2. Current-voltage characteristic and Shockley-Queisser limit

their kinetic energy by heating the lattice. The ratio of the different mechanisms as
a function of the bandgap is illustrated in Figure 1.3.1-1. And one can see that the

maximum conversion efficiency is obtained for Eg around 1.4 eV.

There exists however different ways to convert sunlight into electrical work that
may be more efficient. Several concepts have arisen in order to overcome this low
efficiency, all gathered under the third generation solar cell’s label. They aim at

limiting the two main losses appearing in single junction cell.

In the case where non-radiative recombinations occur, this model still holds,

completed with the radiative efficiency of the cell, defined as [31]:

u(E) = Nerlr\}l ; No =]° (exp (Z{%) - 1) (1.2-8.)

From this equation, we can expressed the open circuit voltage

v, = ﬂln Iu(E]) ]sc + 1] (12'9)
0

q
The above expression shows that the Vo is linked to the material quality. This will
be important in the third chapter of this thesis, where we will deal with a dilute
nitride alloy that suffers from low material quality.

In the Shockley-Queisser (SQ) model, the radiative efficiency, u, equals 1 and the
so-called Shockley-Queisser limit represents the maximal efficiency achievable for

a simple p-n junction solar cell.
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Figure 1.3.1-1: Detail of the losses happening in a solar cell as a function of the band gap
energy. It appears that the maximal efficiency is reached for Ec= 1.4eV. From [32].

1.3 Third generation systems

Nowadays several possibilities are explored in order to overcome the Schockley-
Queisser limit. Among them we can distinguish different types of solutions:
spectral modelling of light (up and down-conversion), high carrier density systems
(hot-carrier and multiple-exciton generation) and multi-transition systems (multi-

junction and Intermediate band devices).

A simple way to understand the p-n junction’s limit is to consider the inherent
trade-off between open-circuit voltage and short-circuit. This situation is well
illustrated by Figure 1.3.1-1, which depicts the spectral efficiency of photovoltaic
conversion and points out that the main losses are due to non-absorption, that
affects the short-circuit current, and thermalisation processes, that is a loss of
potential energy directly linked to the open-circuit voltage. As these two processes
are opposite to each other as respect to the band gap energy, a trade-off has to be
made. The optimised trade-off is met for a band gap energy of 1.4eV for the AM1.5
spectrum. Now if we consider that several transitions occur in the same device,

each transition energy will convert only a part of the solar spectrum, making non-
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1.3. Third generation systems

absorption and thermalisation losses decrease. Two concepts using multi-transition
process exists nowadays: the multijunction solar cells and the intermediate band

solar cells. These concepts will be detailed below.
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Figure 1.3.1-1: Spectral conwersion efficiency and losses in the photowoltaic process for a
Silicon based p-n junction.

1.3.1 Multijunction solar cells

This is the oldest and most mature third generation solar cell concept. It has been
originally developed for extra-terrestrial applications, especially for satellite power
supply. Up to now, multijunction solar cells are the only third generation concept
that have passed the Schockley-Queisser limit, and exhibited efficiencies up to
46% for four-junction solar cells and 44.4% for three-junctions [9]. As for the

modules, the record efficiency is 36.7% [9].
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Figure 1.3.1-1: Structure of the record four-junction solar cell (a) and its corresponding J-V
curve, measured under 289 suns (b). From [33].

The basic principle of multijunction solar cells is depicted Figure 1.3.1-2. We
consider here the case of two subcells for simplicity. The top cell absorbs the high
energy part of the solar spectrum, whereas the bottom cell absorbs the rest. The
two cells are working in series, meaning that the total current of the device equals
the lower current of the two subcells whereas its voltage equals the sum of the two
subcells’ voltage. To avoid non collected absorption and reach an optimised
efficiency the two subcells should hence generate the same current. This condition
is called current-matching and is a fundamental principle of tandem solar cell. To
fulfil this condition, we can vary two parameters: the band gap energies and
thicknesses of the two subcells. In our case, since we assume full absorption in the
two subcells, we can only consider the band gap energies. The serial connection is
ensured by the tunnel junction. Its role isto allow recombination between electrons
and holes at the interface between the two subcells (cf. Figure 1.3.1-2.). Without
the tunnel junction, the two diodes would just work as one withthe lower band gap
energy. Of course, the tunnel junction should have a large band gap energy, which
insures non parasitic absorptionand surface passivation, and should be very thin in

order to allow for the carriers to tunnel through (typically few ten nanometres).
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Figure 1.3.1-2: Energy band diagram for a tandem cell. The role of the tunnel junctionin the
serial connection between the two subcells is outlined here. From [34].

Efficiency limit calculation

Here we apply the same method as presented Sec.1.1 adding the specific behaviour
a tandem solar cell [10], [35]-[37]. We assume that both subcells are thick enough
to fulfil the total absorption condition above their band gap energies. The bottom

cell absorbs only between E, and Eg,. The current is not anymore related to the
total absorption in the device but equals the lower subcells’ absorption. An infinite
carrier mobility is supposed, i.e. the Ap is uniform within the materials’ volume.
In that case, as seen previously, the subcells’ voltage qVsubcel=AMsubcen and

qV=Apu+ Ap. Finally, we neglect photon recycling.

Therefore, Eqg.(1.2-1.) becomes:

] =q (min(NabStop’Nabsbottom) - Nem(V)) (13'1)

with
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N _f E*dE
abstop — 472R3¢2 o (i) ) (1.3-2)
P\&T;
EGZ
EGZ
N _f E*dE
abspottom ~ 472R3c2 ox (i) . (1.3-3)
P kT,
EGl
Whereas the emitted photon flux is expressed as:
Nem(V =Ml + Mz)
n
R E2dE
= anZpic? ) | — Ay,
| J exp< kT, ) -1
| EG, (1.3-4.)
" |
N E*dE |
E—A !
exp ( T ,uz) —1]|
Eg, J

Maximum efficiency for a two junction tandem solar cell is found to be 45.3%
efficiency for E;=0.94eV and E,=1.61leV for AML1.5 spectrum [10]. The
dependence of a two-junction solar cell efficiency on the band gap energies
depicted on Figure 1.3.1-3(a). If more junctions are added, the efficiency will

increase up to 87% for an infinite number of junctions [35] (cf. Figure 1.3.1-3 (b)).

This technology is therefore very interesting, but suffers from expensive
fabrication methods, especiallybecause of the need of two substrates for the record
four-junction solar cell for instance. From this point of view, the intermediate band

solar cell is more promising.
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Figure 1.3.1-3: (a) Mapping of the conversion efficiency for a two-junction solar cell as a
function of the band gap energies of the two subcells. From [38]. (b) Ewvolution of the
thermodynamic efficiency of multijunction solar cells as a function of the number of junctions.
From [10].

1.3.2 Intermediate band solar cells

In an intermediate band solar cell (IBSC), all the transitions are occurring in the
same material. The idea is to insert one or a few band levels in the middle of the
bandgap energy Ec of the host material. Three strategies have been investigated:
quantum-confined heterostructures (quantum dots and quantum wells), highly
mismatched alloys, and addition of impurities. The IBSC principle is depicted in
Figure 1.3.2-1. In addition to the classical transition from the valence band to the
conduction band of energy Eg, two transitions occur through the intermediate band,
of energy E, and En, giving rise to only one electron-hole pair. Electrically this
device is equivalent to a two junction tandem solar cell in parallel to the host
material diode (cf. Figure 1.3.2-2(a)). From this equivalent electrical scheme we

can derived the following set of equation:
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Chapter 1. Multi-transition solar cells

L2=13 (1.3-5))
I=h +]2,3 (1.3-6.)
qV = Ap = Apy = App + Aps (1.3-7)

Figure 1.3.2-2 displays the J-V characteristics for an ideal IBSC. Compared to the
host material, the IBSC exhibits a higher Jsc, as expected from the above equations,

but a slightly lower V,.. This is because of the additional radiative recombination.

A
e
Eg : ‘ 4 4
EH g ¥ 3 F 3
L m Ap
£l B @ © v| e
I !
1 Apy
2 Ap,
0
® O (@] ® = )
e o ., ©
® ® ® ® )

Figure 1.3.2-1: Scheme of the Intermediate band solar cell working. The three transitions
involved in the IBSC concept are depicted, with their associated AL
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Figure 1.3.2-2: (a) Equivalent electrical circuit of an IBSC. The two transitions implying
the IB represented by two diodes in serial connection, in parallel with the diode of the host

material transition. (b) J-V curve of an ideal IBSC compared with the high (low) band gap
cell. From [39].

1.3.2.1 Thermodynamic limit of IBSC

We want now to determine the efficiency limit of the IBSC. The assumptions made
in Sec.1.2 are still applicable here. In addition, specific assumptions are made: no
absorption overlap exists, meaning an optimised absorption of the solar spectrum:
if assume En < Ej and E the photon energy, if E <En no absorption occurs, for En
< E <E, the photon is absorbed from the IB to the CB, for E, < E < Eg photons are
absorbed by the IB and if E > Eg absorption is made by the host material.

Following the equivalent electrical scheme, we write the devices’ total current as:

] =q (min(NabSVI,Nabslc) + NabSVC —_ Nem(V)) (13'8)

with
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(1.3-9))
) Esz
NabSVc 47t2h3cz _1
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(1.3-10.)
. EZdE
NabSVI 4n2h362 _q
exp
(1.3-11)
Esz
Nabslc = 47‘[2fl3C2 _1
exp
and (13-12)
Nem(V = .UCV)
[ [°°
1 I | E*dE
47T2h3cz| I exp (E ;ﬁﬂlc) 1
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J exp( kT, ) —1J|
Eg

The limit efficiency of such a device is calculated at 49% for AML1.5 [40], and
reaches 63.2% for a black body radiation at 6000K under maximal concentration.
With the same approach, the efficiency of a two intermediate bands solar cell has
been evaluated at 71.7% by Brown et al [41]. Lee and Honsberg have even
calculated the theoretical limit of tandem solar cell composed of two IBSCs,
reaching 73.4% [42].
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1.3.2.2 Practical limit of IBSCs’ efficiency

Absorption coefficient overlapping

We saw that, for a maximum efficiency, each transition should absorb only the
spectral part that correspond to its energy. In the case of tandem solar cells, this is
quite easy to do in practice: we should only have sufficient absorber thickness for
each junction. For the IBSC on the other hand, as all the transitions occur in the
same material, is much more challenging. Lin and Philips have proposed a specific
design to tackle the latter quantity this issue [43]. Concerning the transition
between the valence band (VB) and the conduction band (CB), this problem can
be treated by adding a layer of host material only on the top of the device. Therefore
all the photons of energy higher than E¢ will be absorbed before the IB material,
avoiding those photons to be involved in the two other transitions. As for the two
remaining transitions, the idea would be to create an energy gradient in the IB,

while allowing conduction in it. This idea is depicted Figure 1.3.2-3.
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Figure 1.3.2-3: Specific design limiting the absorption coefficient overlap. This figure has
been adapted from [44].
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Chapter 1. Multi-transition solar cells

This way all the photons would be absorbed by the most fitted transition.
Dependence on the intermediate band carrier population

As said previously, the two transitions involving the intermediate band are working
as tandem cell. The efficiency of this cell will therefore depend on the current
matching between these two diodes. In this case nonetheless, this current matching
condition will not only be up to the combination of the two band gap energies or
thicknesses. As the intermediate band has by definition a finite density of states,
both absorption from and towards this IB will depend on the carrier population in
it.

CB
Gic Ric
Gyc Ruc 1B
Gy, Rvi
VB

Figure 1.3.2-4: Schematic of an IBSC represented with the different generation an
recombination rates.

dn, 1.3-13.
dt Gyr + Rep — Gic = Ry + Rengy — Ry ( )

We can see that the IBSC design is a fragile balance between the different
relaxation times, absorption coefficient and band gap energies association. All
those quantities are defined for a given temperature and at a given carrier injection
level. Optimisation of an IBSC is hence very complex and must be carefully
thought. Having significant density of states in the intermediate band is also crucial
here, because in addition to allow a significant current density, it decreases the

dependence on the carrier population in the IB.
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In conclusion, we have seen that the luminescence is directly related to the open-
circuit voltage of a cell, and therefore to the material quality. Combined with the
knowledge of the incident photon flux and the absorptivity of the sample, linked to
the short circuit current, we can perform an all optical J-V measurement. This is
particularly interesting for third generation solar cells that barely exist in complete
form up to day. Furthermore, multi-transition solar cells are exhibiting high
conversion efficiencies with 63% for IBSC and 46% for a two-junction solar cell.
Those conversion efficiencies are however strongly dependent on the behaviour
of each transitions. We understand that in order to characterise multi-transition
devices, we need to study all the radiations separately. In this perspective,

luminescence based characterisations are a powerful and versatile tool.
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Chapter 2

Experimental setups and methods

In this thesis, we will focus on the characterization of several type of solar cells.
The variety of these solar cells, of their physics and their specific problematics will
lead us to use a large spectrum of characterisation methods. In this chapter, we will
present those methods and the associated experimental setups.

First we will introduce the classical tools for opto-electrical characterisation of
solar cells: current-voltage characteristics, quantum efficiency and absorption

measurement.

The largest part of this chapter will then be dedicated to the photoluminescence
(PL) and its intensity, spatial and spectral properties. A classical homemade
confocal microscope is firstdescribed. The versatility of this setup allows us to use
it for several analysis that we will detail: PL measurement, time-resolved
photoluminescence (TRPL), photoluminescence excitation (PL-E) and local EQE

measurements.

We will then introduce an original and powerful experimental tool, the
hyperspectral imager that records spectrally resolved luminescence images with an
absolute measurement of the emitted photon flux. The absolute calibration of this

setup will be detailed.
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Chapter 2. Experimental setups and methods

2.1 Classical solar cell characterisations

Standard characterisation setups dedicated to solar cells are used to investigate the
samples. We can distinguish two main characterisations: EQE and J-V

characteristic measurements.

2.1.1 Quantum efficiency measurements

External and internal quantum efficiencies (EQE and IQE) measurements are key

characterisations of solar cells. Those quantities are defined as follow:

A -
_IW (2.1-2.)
AR ORVIG

I(A) is the recorded current, N(A) is the total number of incident photons and A(L)
the absorption in the sample. In other words, EQE () gives the ratio of collected
carriers on incident photons per wavelength. With the IQE measurement we free
ourselves of optical losses, making this characterisation very interesting in view of
investigating the recombination mechanisms and the carrier transport properties.
These physical quantities are crucial for the development of a new material and
will be used in the Chapter 3, dedicated to the GaAsPN solar cell. EQE
measurements will also be used as an approximation for the absorption, under

specific conditions.

EQE are measured by an Oriel IQE200 from Newport. This setup allows us to work
in the 300-2500nm range. A Xenon Lamp is used for the excitation, and the
selection of the wavelength is made by a monochromator. The calibration of the
incident power is done by two detectors, one made in silicon for the 400-1100nm
range, and one made in Germanium for the 1100-2500 nm range. In addition, we

can use an integrating sphere to record scattered and specular reflection. With this
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2.1. Classical solar cell characterisations

reflectometry measurement, assuming that the transmission is null, we can

calculate the internal quantum efficiency:

EQE(}) (2.1-3)
1- (Rscattered(l) + Rspecular(ﬂ'))

IQEQD) =

Local EQE

External quantum efficiency gives macroscopic measurements of a solar cell’s
performances. But, if the sample is not homogeneous, a local EQE can be more
instructive. This can be the case in complex alloy, for which clusters and
composition fluctuation can appear [45], or in a quantum confined heterostructures
where a spatial inhomogeneity of the quantum structure dimensions can be
observed. This experiment can be performed by a white light source (lamp or

supercontinuum laser) coupled with a microscope.

2.1.2 -V characteristics

Electrical J-V measurement is the ultimate performance test for solar cells. The
cellsefficiencies are determined by a Oriel Sol3A solar simulator manufactured by
Newport. It is an AAA solar simulator. This rate designates the spatial
homogeneity, spectral and intensity specifications. We used a Keithley 2635B
sourcemetre to acquire the electrical signal and a chiller to maintain the sample

temperature at 25°C.

The J-V characteristics determined in optical considerations only (cf. Sec. 1.2) are
an ideal case. From the absorber to the terminal, the carrier encounter several loss
sources that have to be considered. We will now make the parallel with the first

chapter where we used a pure optical model.
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As we deal here with classical electrical model, we include resistances in the
electrical equivalent circuit for the solar cell, following the schematic in Figure
2.1.2-1.

Jph C) _v_ Rsh V

O

Figure 2.1.2-1: Equivalent electrical circuit of a solar cell for a one diode model. Jpn and Jo
are the photocurrent and the saturation current, while Rs and Rsh are the series and shunt
resistances respectively.

In dark conditions, the current-voltage characteristic is expressed by the following
relation supposing a one-diode model [19]:

_ q(V = RsJ) V—Rg (2.1-4)
Jaark (V) = Jo exp KT> - 1] T TR,

Where Jo is the saturation current, Rs the series resistance and Rsh the shunt

resistance.

If we assume only radiative recombinations,

Jo=1Jo""" = f EQE(E)®pp(E, T = 300K)dE (2.1-5.)

Eg
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2.1. Classical solar cell characterisations

Under illumination, a minority carriers current Jpnotocurrent ariSes in the opposite

direction to Jgark SUCh as the complete current expression is:

](V) = ]dark (V) - ]photocurrent (V) (2-1'6-)

The photocurrent is a general term that includes the voltage dependence of the
photogenerated current qNgpus sun. The voltage dependence, called the carrier

collection efficiency, will be used in chapter 3 and is expressed by:

]photocurrent (V) (2.1-7.)

p(V) =
qNabs,sun

In most cases, there is no problem of collection at V=0V and qNgps sun = Jsc» SO
this relation is often expressed in function of Js, instead of the photogenerated

current. Jscis the short-circuit current;

Jsc = jOOEQE(E)(DSlln(E)dE (2.1-8.)

g

This value is important because it defines the current of the diode at the beginning
of the power production area. Its theoretical limit, when no collection losses are
exhibited by the solar cell at 0V, is: Joc max = qNaps sun- The end of this region is

given by the open circuit voltage Voc. The open-circuit voltage is found by solving
Eq. (2.1-6.) with J(Voc)=0:

]photocurrent (Voc)> n 1] (21-9)

Voe = nkT |In
(5

The theoretical maximum of the open circuit voltage is reached when only

radiative recombinations and no collection losses are present in the cell:
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N 2.1-10.
Vo™ = kT [ln (7‘1 ]af,féf u”) + 1] (2:1:10)

0

This value will be compared to the obtained Vo in Chapter 3. Rau et al have also
demonstrated that the difference between those two values are linked to the

external quantum efficiency of LEDs [46].

2.2 Spectrophotometry

Optical characterisations, such as reflexion, transmission or absorption of solar cell
material are primordial. Absorption loss is the first phenomenon to consider in a
solar cell. There are multiple characterisation methods to get to the absorption:
direct, such as spectrophotometer, ellipsometry measurements or indirect, for
instance with PL intensity using the generalised Planck’s law. A spectrophotometer
uses a calibrated light source that pass through a grating which transmits a thin
spectral interval. The light is then guided to the sample that is placed at the front
(back) of an integrating sphere where the transmitted (reflected) light will be
measured. By its lambertian inner surface, the integrating allow the light to be
indefinitely reflected until it reaches the detector. The light intensity is compared
with a reference beam, and the transmission (respect. the reflexion) is calculated.
From these measurements we can extract the absorption coefficient of the sample.
This value is a key parameter. Indeed, it governs the absorber thickness needed to
absorb the excitation light. Therefore, it is a necessary value in numerical
simulation and solar cell structure design. Figure 2.1.2-1 describes the
spectrophotometer design. Its spectral resolution goes down to 0.05nm, depending

on the experimental parameters.

lp is the incident light intensity, Ir the reflected light intensity and It the transmitted
one. In the simplest configuration, with only one material, we can deduct from the

Beer-Lambert‘s law the absorption coefficient of the sample:

Iy =Iy(1— R)e= (2.2-1.)
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2.2. Spectrophotometry

For complex samples with different layers, one has to take into account the possible
reflexion at each interfaces, and also the potential interferential patterns.
Hypothesises taken for our samples will be detailed in the corresponding sections.
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Figure 2.1.2-1: (a) Sketch of the lambda 900 spectrophotometre. (b) Sample
considered and physical values of interest.

41



Chapter 2. Experimental setups and methods

2.3 Photoluminescence

In this section, we will describe the different techniques based on PL used in this
thesis. Several systems and setups exist, whether we are interested in the intensity,
spectral or spatial properties of the luminescence. Based on the luminescence of
the solar cell introduced in the previous chapter, we will explain how, from this PL
signal, we can extract the desired physical quantities for each experimental setup.

2.3.1 Confocal microscope

The system used in this work is a homemade classical confocal microscope
featured Figure 2.3.1-1 that allows the different experimental characterization
technics described below. Here the pinholes, responsible for the “confocal” mode,
are replaced by optical fiber of diameter between 6 and 60um depending on the
application. In this range of diameter, the confocal mode is guaranteed. Its theory

is widely exposed in literature [47]-[50].

Detector )

Pinhole — 54
Excitation light
Laser Optical fiber \ _\
T \ \ /Dichroic
Light from above \“ - “:'('
focal plane /

Light from below LY |
focal plane

Figure 2.3.1-1 : Sketch of the confocal microscope. The role of the pinholes on the axial
resolution is outlined here. From [51]

42



2.3. Photoluminescence

The main specifications for this setup are the excellent lateral and axial resolutions,

given by [47]:

0.42 Apre (2.3-1)
Ax = — ¢
NA
1y = 1.41 4 (2.3-2)
N A2

Where NA is the numerical aperture of the system, Aex the excitation wavelength,
and n the refraction index of the analysed material. This homemade microscope is

particularly versatile and will support all the setups described in the following.

2.3.1.1 Photoluminescence spectra measurements

As demonstrated previously, luminescence is a powerful tool to estimate the
performances of the solar cells such as the absorbance, the open-circuit voltage or
the photocurrent. Crystalline orientation can even be probed when combined with

polarisation analysis [52]-[54].

For the simple PL spectra measurement, a laser excitation is coupled into the
injection optical fibre. The laser beam is then collimated using a lens chosen to
adapt the spot diameter with the objective pupil. The laser is then directed towards
a beamsplitter where it is reflected to the sample. The generated luminescence is
collected by the objective, get through the beamsplitter and is coupled into the
collection optical fibre. A spectrometer from Princeton Instruments records the
luminescence spectra with a spectral resolution down to 0,14nm with a 1200g/mm
grating at 450nm [55].

All the PL spectra are spectrally corrected. The spectral calibration aims to
determine the spectral response of the system. We use a calibrated lamp coupled
In an integrating sphere, which is a sphere with inner surface close to a lambertian
reflector. The light is reflected numerous times before escaping the sphere. The

output is therefore a lighting surface with several homogeneous properties:
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intensity, radiance, spectrum and angular distribution. All the spectral modification

observed is induced by the optical system. This spectrum is designated as
Reference spectrum (x, y, 4), and the Recorded spectrum (x, y, 4) is the acquisition

made by the spectrometer, with:

Recorded spectrum (1) (2.3-3))
Reference spectrum (A1)

RQ) =

Each acquisition will be corrected by the system response:

Recorded spectrum (1) (2.3-4.)
R(A)

Corrected spectrum(A) =

2.3.1.2 Photoluminescence excitation

Photoluminescence excitation (PL-E) consists in recording the PL signal while
varying the excitation wavelength. We will use this characterisation tool to
apprehend the absorption in the layer of interest. Indeed a look to the generalised
Planck’s law shows that the only physical quantity that should change with the
wavelength is the absorption. Also, as the luminescence is layer selective, we can
access the absorbance of a particular layer in a stack. Finally, excitonic features
can be accessed with PL-E measurements [56]. However, the variation of
luminescence intensity obtained has to be corrected by the incident power, and
quantitatively calibrated. The calibration can be done by normalizing with a known
value of the absorption (typically at short wavelength the absorptionis setto 1). In
this thesis we are particularly interested in the resonant PL-E measurement. The
complexity in this case consists in recording the luminescence without being
disturbed by the laser reflexion. Pr. Heitz and his team have recorded the PL signal
coming from excited states of quantum confined heterostructures and corrected this
signal by the thermionic transition [57]. One can also use phonon replica for

reconstruct the PL-E spectrum [58]. Another possibility to extinct the laser
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reflexion is the use of two linear polarisers, one to control the polarisation of the
incident laser and one orthogonally positioned to block the lasers’ reflexion. As we
work at room temperature, the luminescence induced by a linearly polarised laser
does not keep this polarisation, and the PL signal will only be reduced. We chose

this configuration for our experiments.

The experimental setup used to perform PL-E relies on the confocal microscope.
The excitation source is a Fianium supercontinuum laser whose wavelength is
selected using a Photon Etc Laser Line Tunable Filter. This laser works in the 450-
2500nm range. The spectral resolution is 2 nm while the extinction ratio is higher
than 10° The laser is coupled into an optical fibre connected to the confocal
microscope. Here, because of the large range excitation wavelength, we use a 50:50
beamsplitter operating in the 350-1100nm range. The sample is then excited using
a microscope objective (either reflective or apochromatic, both giving the same

results). The two polarisers have an extinction ratio higher than 105.

A typical PL-E curve measured on a multiple quantum wells sample is depicted
Figure 2.3.1-2. The corresponding EQE is plotted on the same axis. A good
correlation is found between the two quantities, even in the quantum wells levels

spectral region.
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Figure 2.3.1-2: Comparison between PLE and EQE for a multi-quantum wells sample,
introduced and detailed in chapter 4.

2.3.1.3 Time-resolved photoluminescence

Time-resolved photoluminescence (TRPL) is a useful technique to access the

carrier dynamics. It consists in recording the PL as a function of time. There are
four main technics for recording TRPL.

- Streak camera
- Time-correlated single photon counting
- Pump-probe

- Up-conversion

Streaks cameras are able to record the temporal evolution of the PL spectra. Their
time resolutions are good, going down to 3 ps whereas the fastest luminescence
decay characteristic times are around hundred ps. The conservation of the spectral

information is another great advantage of the streak cameras.

Time-correlated single photon counting on the other hand is based on the detection
of single photons of a light signal periodicallyinduced by the supercontinuum laser

described in the previous section. Based on the measurement of the detection time,
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the reconstruction of the temporal evolution of this signal is made. The photons
counted are not energetically discriminated and the spectral information is thus
lost. By adding a monochromator, we can reconstruct the spectral information. The

force of this technic is its very good sensitivity.

This is the technology we used for the TRPL measurements during this thesis. The
pulsed source is the supercontinuum laser introduced in the previous section. The
single photon counting detector used is an ultra-low noise silicon avalanche
photodiode t-SPAD from Picoquant. The overall temporal resolution of our system
is 350ps.

2.3.2 Hyperspectral Imager

The hyperspectral imager (HI) isan original tool that records intensity, spectral and
spatial properties of the luminescence in one acquisition. Moreover, this setup can
be absolutely calibrated to measure the luminescence flux. This highly valuable

property will be particularly used in this thesis.

2.3.2.1 Setup

The basic principle of the HI is to record images of PL at various detection
wavelength, which all together form a cube. Hyperspectral Imagers are known,
especially in the biology research field [59], [60], but only little known in the
photovoltaics field [27], [28], [61]-[63]. Those systems can probably not be
absolutely calibrated, or at least do not use this property. Our system has been
developed by Photon etc, in collaboration with IRDEP during Dr. Delamarre ’s
thesis [64] for photovoltaics applications. It relies on volume Bragg gratings. A

schematic of the whole setup is displayed Figure 2.3.2-1.

The sample is illuminated by a laser source through a microscopic objective, after
a reflection by a beamsplitter. The luminescence is collected by the same objective.
The hyperspectral image is formed by volume Bragg gratings and recorded by a
CCD detector.
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Light
excitation

Hyperspectral imager

CCD

Microscope
objective

Figure 2.3.2-1: Principle of Hyperspectral imaging: experimental configuration for uniform
sample excitation, a hyperspectral imager, and a CCD detection. An hypercube of data
(x,y,A,Intensity) is acquired with a CCD camera as explained in the text. At each spatial
location, a luminescence spectrum with calibrated data is obtained. Conversely, maps of
luminescence intensities for each wavelength can be extracted.

2.3.2.2 Device calibration

In order to accurately acquire the spectral, spatial, and intensity information of the
luminescence, the HI has to be calibrated. This calibration method is decomposed

in two steps: a spectral calibration and an absolute one.

This calibration is similar to the one detailed for the confocal microscope. This
time, however, R(X, y, A) applies to an image, and the calibration has to take into
account the spatial information. So, the HI images the output surface of the
integrating sphere. With such a surface, all the variations recorded on the camera
will have been introduced by the optical system. This image is designated as
Reference image (X, y, 4), and the Recorded image (x, y, 4) is the acquisition made
by the HI, with:
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Recorded image (x,y,A) (2.3-5.)
Reference image (x,y, 1)

R(x,y, 1) =

Each acquisition will be corrected by the system response:

Recorded cube (x,y, 1) (2.3-6.)
R(x,y,A)

Corrected cube(x,y, 1) =

The second step, the absolute calibration, is then done to complete the calibration.
This calibration will convert the intensity from counts to photons emitted per
second, surface volume and energy interval. The whole procedure is detailed in
[65]. Basically, the idea here is to record the output of an optical fibre coupled to a
laser. Knowing the optical power at this output, measured with a powermeter, we
can consequently determine the ratio of emitted light that is recorded, and then

correct the acquired cubes.
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Chapter 3

Dilute nitride for multi-transitions

photovoltaic systems

Dilute nitride semiconductors has generated ongoing interest because of unique
structural and opto-electronical properties. Indeed the addition of a small fraction
of nitrogen in standard I11-V semiconductors, as GaAs, implies a huge effect on
the bandgap energy and the lattice parameter. By introducing several competing
atoms among which one with high electronegativity (for instance Nitrogen or
Oxygen) for a same crystalline site, one can tune the lattice constant, whereas the
band gap energy tuning is due to the localisation of the electronic states. Those
effects make dilute nitride very convenient in a large range of opto-electronical
devices, such as lasers [66]-[69], communication devices [70], [71] and in multi-
junction solar cells [72]-[74], where the control of band gap energy and the lattice
parameter is crucial [75]-[77]. Therefore we find dilute nitride in several multi-
junction solar cells systems, which are grown on Ge or GaAs substrate. These very
expensive substrates make multi-junction solar cells uncompetitive compared to
single junction Siliconsolar cells. We want to take advantages of the dilute nitride
to develop a tandem cell grown on a silicon substrate, hence benefiting of the
excellent I11-V semiconductor opto-electronical properties and of the silicon solar

cells mature technology and competitiveness.

We will firstintroduce the specific optoelectronic behaviour of dilute nitride alloys,

as well as the samples description that we investigated in this thesis.
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Then we will present numerical simulations of typical GaAsPN-based solar cells
and their opto-electrical characterizations. This part will show classical
measurements such as J-V characteristics and EQE as well as other fundamental

characterizations such as spectrally and time resolved photoluminescence.

Afterwards, we will discuss the results on specific points like the annealing effects,
the collectionissues, the material heterogeneity and the correlationbetween optical

characterisations and cells parameters.

Finally, a perspective towards the use of such devices as Intermediate Band Solar

Cells will be presented.

3.1 Dilute nitride alloys

This first section introduces general dilute nitride properties and the description of
the investigated samples.

3.1.1 Dilute nitride III-V alloy for multi-junction solar cells

Nowadays, several MJSCs structures are taking advantage of the specific physics
of dilute nitride. As we see Figure 3.1.1-1(a), we can find a dilute nitride alloy
lattice-matched to any of the main substrate (GaAs, Ge, InP and Si). The specific
behaviour and the versatility of dilute nitride semiconductors is demonstrated on
this graph. Standard alloys are following the Vegard’s law regarding the evolution
of their lattice constant and bandgap energy. This law simply assumes the linearity
of those physical values with the concentration of their elements. For example, let’s
focus on the In,GaixAs alloy. According to Vegard’s law, its bandgap energy and
lattice parameter, a, should follow:

Eg,lnxGal_xAs = ng,InAs +1- x)Eg,GaAs (3.1-1)
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Ain,Gay_xAs = XQmas +(1 - x)aGaAs (3.1-2)

This parametric evolution is displayed on the graph, but instead of being a straight
line it is slightly curved. To be more accurate an additional term has to be

considered for the bandgap energy equation and Eq.(3.1-1.) becomes:

Eg,InxGal_xAs = ng,InAs +1- x)Eg,GaAs + bx(1 —x) (3.1-3)

b is called the bowing parameter. For standard alloys, this parameter is close to 0.
But for highly mismatch alloys (HMA), among which belong dilute nitride alloys,
it can reach giant values and modify completely the bandgap energy variation with
the composition, as for GaPN. Thanks to this behaviour, GaAsPN can be lattice-
matched on Si for a large range of bandgap energy (cf. Figure 3.1.1-1(a)).

efficiency (%)

1 7 45

40

35

30

top cell bandgap (eV)

Bandgap energy (eV)

6.2

. A 0.8 0.9 1
Lattice constant (A) bottom cell bandgap (eV)

(a) (b)

Figure 3.1.1-1: (a) Bandgap energy of elemental and 111-V compound semiconductors over lattice constants. From
[78]. (b) Efficiency of tandem solar cell as a function of the two subcells band gap. From [38].
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As there is no other elemental or standard I11-V alloy lattice-matched on Si and as
Si has an ideal bandgap energy for tandem solar cells (cf. Figure 3.1.1-1(b)),
GaAsPN is a very interesting alloy to get a low-cost high efficiency tandem solar
cell, with a potential efficiency of 45%. Calculation of tandem cells efficiencies
has been widely studied under various hypothesis [10], [36], [37], [79], [80].

The next section will detail the origin of such a bowing parameter.

3.1.2 Band anti-crossing theory of GaAsPN

Interaction of N-related states with a conduction band minimum has been
theoretically proposed. First studies are based on GaAsN materials and same
explanations can be applied to other dilute nitride alloys. A model has been
proposed by Pr Zunger's team that is based on pseudo-potential theory [81], [82].
Although this model offers a rigorous explanation, one can use a more empirical
model proposed in 1999 by Pr Walukiewicz's group: the Band Anti Crossing
(BAC) model. The latter relies on a strong coupling between the localized stated
induced by Nitrogen inclusion with the conduction band [83], [84] . The BAC

Hamiltonian using the perturbation theory is written:

Hoo - (EM (k) cwﬁ) (3.1-4)
e CNM\/E Ey

where Cnm IS a constant, which depends on the semiconductor, and x the mole
fraction of substitutional N atoms. Ey is the energy of N-related states, and Em (K)
is the energy dispersion of the conduction band of the Il —V host, all referenced

to the top of the valence band of the Il —V semiconductor host.

According to the BAC Hamiltonian, the interaction of N-related states with the
conduction band states results in a splitting of the conduction band into two highly
non-parabolic subbands, E. (k) and E: (k), which follow Eq. (3.1-5.) :
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E. (k) = % [EN + Ey (k) + \/[EN — Ey ()% + 4CNMx] (3.1-5)

The same interaction exists at the X and L points of the Brillouin zone, and can
also be described by the BAC theory. One has just to take into account the
dispersion of Cnwm, since the conduction band states lose the s-like character with
the A; symmetry. It is observed that the interaction between N-related states and
conduction band states at the boundary of Brillouin zone still exists for dilute
nitrides [85], [86]. Some experimental evidence of this interaction is provided by
Seong, Mascarenhas, and Geisz using Raman scattering [86] and Perkins et al.
using the electroreflectance technique [85]. It isfound [87] that the Cnm (K) element
can be expressed as:

Cnr (3.1-6.)

) =[5 (ke

where a isthe parameter of the order of lattice constant describing the spatial extent
of the N localization wave function and Cxr isthe Cym (K) for k=0 , which should
be determined from measurements of the band anticrossing interaction in the
conduction band at the I" point. Experimentally, it is observed that Cym (K) at the
X point is about 3 times smaller than Cxr [87].

As we said in the introduction, it is common to use the BAC model to any dilute
nitrite allow. In the present study we wanted to estimate the influence of Nitrogen
inclusion on the GaAsP band gap. Therefore, we have calculated the energy of the
subbands taking the BAC parameters values in the literature [88]. Figure 3.1.2(a)
shows the band gap evolution regarding the P content. Figure 3.1.2(b) displays the
bandgap evolution of GaAsPN with the N content of 0.02 which is typically the

value we have in our samples.
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Figure 3.1.2-1: Band structure of (a) GaAsPx and (b) GaAsPxNo.o2 as a function of Phosphorous
content.

3.1.3 Samples description

All the samples analysed in this chapter have been grown by molecular beam
epitaxy (MBE) on n-doped GaP substrates at FOTON laboratory at the Institut
National des Sciences Appliquées (INSA) in Rennes.

The samples are divided in three sorts:

- Absorbers: 1um-thick GaAsPN absorber.
- Thick p-i-ndiodes : 1um-thick GaAsPN absorber
- Thin p-i-n diodes: 300nm-thick GaAsPN absorber

3.1.3.1 Absorbers
One absorber is presented in this section which reflects the optical properties of a
typical GaAsPN layers grown in the p-i-n diodes: S1378.

The study of solely absorbers allows us to access the material properties without
any electrical field, which modify carrier dynamics in complete diodes. In addition,
we can measure the absorption profile of the GaAsPN material, which has been

published only three times in literature, in the best of our knowledge [78], [89],
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[90]. It also allows verifying a bandgap value around 1.7eV which is required in

the perspective of the GaAsPN/Si tandem cell.

3.1.3.2 P-I-Ndiodes

Dilute nitride growth is challenging, with a high defect density and high
background doping level, resulting in small minority carrier diffusion length [78],
[91]. To overcome this handicap, a p-i-n structure is used. This arrangement is
widely used to increase carrier collectionin low transport properties material, as a-
Si for example[92], with counterpart a lower Voc and fill factor [93]. Indeed,
contrary to p-n junctions where the main mechanism of carrier transport is
diffusion, itisruled by drift in p-i-njunctions, i.e. an electricfield assists the travel
through the device. In the ideal case, this electric field is constant all over the i-

layer and its value is:

Vpi =V (3.1-7.)

Where Vi is the built-in voltage and e; the i-layer thickness. Figure 3.2.2-1(a)

displays the band structure of a p-i-nsolar cell.

Among the cells grown in the MENHIRS project and studied here, two main

structures were used: A and B (see Figure 3.1.3-1).
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(a) (b)

Figure 3.1.3-1: (a) structure A. (b) Structure B.

Structure A has a lum-thick absorber allowing an almost total absorption
according to numerical simulations (cf. Figure 3.2.2-1(d)). The window layer is
250nm thick of GaP p-doped at 2.10% with Be dopant. We chose a high thickness
to ensure a low sheet resistant layer. Only two samples following this structure are
studied in the following, S1372 and S1486, with different annealing conditions.

Structure B is a 300nm thick absorber with higher doping value for the p and n
layers. This structure was designed in order to optimise the carrier collection.
Indeed, a higher doping value of the GaP p-doped layer at 1.10%° combined with a
thinner absorber allows a higher electric field in the absorber. Besides, the n-doped
GaP layer is thicker, providing a better passivation in respect to the substrate.
Eleven wafers from this structure are analysed inthis chapter. Table 3.1.3-1 reports
all the samples details.
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Wafer structure [N] [As] Annealing conditions

S1378 absorber 800° 1,5,10°

S1372 A 700° 1H; 730° 30°, 1H; 800° 1°, 5°,
10°,15°,30°

S1486 A 2 700° 307; 800° 1°; 800° 5°-1; 800° 5°-2;

800° 10°; 850° 1°; 800° 5” thinned 1,2

S1530 B 2 800° 5’
S1568 B 1 800° 5’
S1569 B 1 800° 5’
S1570 B 1 800° 5’
S1571 B 3 800° 5’
S1572 B 3 800° 5’
S1573 B 3 800° 5’
S1574 B 1 800° 5’
S1575 B 1 800° 5’
S1576 B 1 800° 5’
S1579 B 2 800° 5’

Table 3.1.3-1 Samples description including: name, type of structure, nitrogen percentage,
annealing condition(s)

3.2 Numerical simulations

This second section will introduce numerical simulations of the p-i-ndevices. This
part is essential as it helps to understand the role of each layer. In this thesis,

attention is given to the top cell.
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3.2.1 GaAsPN parameters

The difficulty for simulating GaAsPN top junction isthe lack of parameter values
for this alloy in literature. Most of the parameters have hence been taken from
Vegard’s law between GaAsP and GaAsN alloy, much more investigated [88] and
taking into account the effect of Nitrogen in GaAsN. For the GaP parameters, we
have used the values on the website of loffe Institute [94]. Concerning the
absorption coefficient, we have experimentally determined it (cf. Figure 3.3.2-3)

and we will therefore use this measure in the following simulations.

3.2.2 Ideal case

First, we want to determine the maximum performances reachable with our
structures. We have therefore simulated those structures without any defects or
carrier collection problems, and taking into account the high reflexion on GaP
surface, measured and presented Figure 3.3.2-1. Figure 3.2.2-1 sums up those
simulations. In this ideal case, the structure A is more interesting because of the

higher current generated.

21 ! Structure | A B
— Fp(eV)
~ 14 —— Ev(eV)
dJ Voc (V) 161 | 1.62
> 0
§ 4 Jse (MA.cm?) 9.9 |6.47
-2
00 02 04 06 n (%) 135 | 9.1
x(um)
(a) (b)
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Figure 3.2.2-1: (a) Band diagram of structure B. (b) Electrical performances for both
structures. (¢) J-V and (d) EQE associated.

The energy band diagram allows for us to identify some potential problems. For
example, the potential barrier at the GaAsPN/GaP-n interface may pose a problem,

depending on the electron affinity and the doping value of GaP-n (cf. Sec. 3.2.5).

The comparison of the EQE for the two structures is interesting. One can notice a
global EQE lower for B structure because of the non-absorption of part of sun light,
especially for the low-energy photons, but a higher value in the U.V range,

revealing a loss of electrons generated in p-doped layer.

After having considered the ideal case, we will focus on determining the physical

parameters playing a key role in the structure B.

3.2.3 The pt product and thickness

As will be discussed in Sec. 3.4.2, the pt product is the key parameter of carrier
transport in pin diode, as it governs the drift length. In this section we present
results obtained by varying the pt product from 1.25.10% cn?/V to 1.25.10°!
cm?/V  (cf. Figure 3.2.3-1). The J-V curves illustrate how the electrical

performances are affected by a decrease of the ut product. First the V, decreases,
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followed by the FF revealing the first carrier collection problems, and finally the
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Figure 3.2.3-1: (a) J-Vcharacteristics for each yr products. (b) Efficiency, (¢) Jsc and Voc evolution
as a function of pt product. (d) EQE measurement with reverse biases from 0V to -3V for

pr=1.25.10-15 cm?/V.

The drift length determines the distance that a carrier can travel. Therefore, for

each Pt product value, there is a limiting thickness beyond which the carrier

collection efficiency will start decreasing. But atoo thin absorber will induce losses

by non-absorption (see Eq. (2.2-1.)). For an optimised solar cell design, one has to

find a trade-off between the absorption and the carrier collection. In addition, as

discussed in section 3.2.2, the higher the thickness is the lower the V. will be. In
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the following simulations, we set this product at 1.25.10° cm?/V, allowing for the

probed parameters to impact the collection efficiency.

3.2.4 Electron affinity

The electron affinity, y, governs the band alignment of the structure at the
interfaces. Therefore, recombination at interfaces and photocurrent barrier will

depend directly on this value.

We present here the results of simulation with electron affinity varying from 3.8 to
4.4 eV. Defects have been inserted, especially at interfaces. Their exact nature is
arbitrary, and is not of importance here. Their only goal is to create a possible
recombination path at the interface, in order to apprehend the impact of the

potential barrier. Results of simulation are summarised in Figure 3.2.4-1.

The energy band diagram isa very useful tool to interpret the results. By increasing
1, two effects are noted: a creation of a potential barrier and a decrease of the
energy gradient across the absorber. The potential barrier does not seem to prevent
the carrier collection up to 4.29 eV with our electronic parameters. Beyond this
value, Jscsinks dramatically. Besides Figure 3.2.4-1(b) displays the apparition of a
kink for y=4.29eV. As we will see Sect. 3.4.2, this kink is caused by the
photocurrent barrier. The evolution of V. is different: it follows a parabola-like
curve increasing from ¢ =3.8eV to 4.05eV and then decreases. Those degradations
of Vi are revealing the increase of recombinations at interfaces, due to the potential
barriers (a small barrier also appears for y, but is never high enough to decrease

the current density).
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Figure 3.2.4-1: (a) Energy band diagram for and y=4.39eV. The curve for y= 3.8eV is down shifted for
clarity. (b) J-V curves. Evolution of 1 (c) , Voc and Jsc (d) with y.

3.2.5 Doping

In this section, we will discuss on the influence of the doping value on the solar

cell behaviour. Doping values of both GaP layers will be considered of course, but

also the background doping of the GaAsPN intrinsic layer.
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3.2.5.1 P and n doped layers

The influence of the p-doped layer has been investigated. The results are not shown
here because it does not limit the efficiency in the range considered (N, going from

5.10' to 5.10*° cm? following a logarithmic law).

Nq value has on the other hand a huge impact on the performances. We investigate
the same variation of Ng. Figure 3.2.5-1 (c) displays the band diagram for the two
extreme values. The n-doping value has the same influence on the band diagram
than : it changes Vi and the thickness of the photocurrent barrier. For Ng=5.10%°,
Vi is high and the barrier is thin, allowing tunneling easily. On the other hand, for
Ng=5.10, V4 is decreased and the barrier is larger. The effect on the carrier
collection is evidenced Figure 3.2.5-1 (a). J-V curves is affected for Ng < 1.10%°.
At Ng= 5.10%, a kink appears in the J-V characteristic revealing collection
difficulties. For lower values, the photocurrent plateau is not reached and the
discrepancy of Jsc is fast.
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Figure 3.2.5-1: (a) J-V curwves, (b) efficiency and (c) energy band diagram of the pin diode fora
donor concentration of 5.1017 (red) to 5.10° (black)

3.2.5.2 Background doping

The background doping is an essential parameter in a pin junction. At high
background doping value, there is a bias threshold beyond which the i-layer will
not be completely depleted, making the pin diode a not optimised pn junction. The
system is then dominated by the diffusion, making the collection efficiency
decrease. For this simulation, we expect that the background doping will affect the
collection efficiency. To enhance this effect, we set the pt product at 1.25.102

cm/V
N-doping

The n background doping is varied from 1.10% to 1.10% cm®. Results are shown
on Figure 3.2.5-2. As expected, the background doping affects the energy band
diagram (see Figure 3.2.5-2(a)). It transforms the pin junction in a p-n-n* junction.
The electricfield, located at the p-n interface, is no longer effective over the whole
absorber region and the carrier dynamics is dominated by the diffusion. With the
short diffusion length in GaAsPN this will degrade the collection efficiency. This

is confirmed by the J-V characteristics: the J-V curves show mainly a decrease of
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3.2. Numerical simulations

the current for Npackgrouna=1.10Y cm® from 5mA/cn? to 3.5mA/cm2. The open-

circuit voltage remains constant and the efficiency goes from 4.1% down to 2.8%.
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Figure 3.2.5-2: (a) Energy band diagram of the pin diode fora n background doping of 1.10%° cm-3 (red)
and 1.1017 cm (blue). (b) J-V curves. Evolution of 1 (¢) , Voc and Jsc (d) with nbackground.

P-doping

The p background doping is varied from 1.10%° to 1.10'" cm?®. This time we are

dealing with a p*-p-njunction, with an effective junction located at the p-n interface

(cf. Figure 3.2.5-3(a)). We note that this case is less favourable than the n-

67

sc



Chapter 3. Dilute nitride for multi-transitions photovoltaic systems

background doping. Two reasons can be given: more carriers are generated at the

top of the device, and the fact that the minority carrier of electrons is set lower than

the holes one. Hence, the electron generated at the p*/p interface are without kinetic

energy and are lost before the p/n junction, where they could be accelerated and

collected. In the symmetric case, holes generated in the n-doped absorber, less

carrier are concerned and as their mobility is higher, less are loss.
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To summarise, we have seen that the doping value of the GaP-n layer is a critical
value because of the potential barrier at the i/n interface. The background doping
has also been studied. As it transforms the pin diode into a non-optimised p-n-n*
or a p*-p-n diode, the collection efficiency is a decreasing function of the
background doping value. Furthermore, in the case of dilute nitride where the
electrons mobility is lower than the holes one, a n-type background doping is

preferable.

3.3 Optoelectrical characterisation of the GaAsPN top cell

This third section presents the characterisation made on key samples. We will first
present the classical PV measurements on the p-i-n junction (I-V and EQE). Then,
we will show results on optical characterization technics, mainly based on
luminescence methods. This will help to understand the physics of the top cell.

Discussions will follow in the next section.

3.3.1 Electrical characterisations

3.3.1.1 EQE measurements
EQE measurements have been performed on all the diodes presented here. Results

are plotted in Figure 3.3.1-1.
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Figure 3.3.1-1: EQE measurements for (a) s1372 samples, (b) s1486 samples, (c) s1568-s1576 samples.

All the EQE curves show two local maxima, one at around 430nm and the other at
around 600nm. This is especially true for the B structure diodes. Those peaks are
often related to the two subbands E. and E. presented in the BAC model. We can

also notice the large range of EQE performances, even for a same sample.

Figure 3.3.1-1 (a)-(b) present EQE measurements on A type samples (thick
GaAsPN), namely S1372 and S1486 for different annealing temperature. One can
see that annealing conditions do not change the spectral shape of the EQE. On the

contrary, values do change significantly, without any clear trend, even if all the
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3.3. Optoelectrical characterisation of the GaAsPN top cell

annealed diodes show an increase of short-circuit current. This is a consequence of

the wafer inhomogeneity and will be developed in the discussion.

The type of structure seems to be important. Figure 3.3.1-1(c) displays the EQE of
the type B samples. Compare to structure A samples which have a poor carrier
collection in the U.V range, structure B samples seem to have a better collection
efficiency as expected. This second set of samples is interesting as it presents
spectral responses of several alloy compositions, and especially nitrogen contents.
Thanks to the EQE(E) curves, we can extract the energy position of the electrical
bandgap ranging from 600 to 700nm (2.06 to 1.77eV). As seen in Figure 3.2.4-1,
these values are plotted as a function of the N content (dots). It isingood agreement
with the calculated values through the BAC theory (lines for E+ and E-). The
particular shape of our EQE with peaks might not be a coincidence. This shape has
already been reported in literature for GaAsPN alloy, and associated with the two
subbands E. and E. [95]. In our case, the high energy peak is centred on the

calculated E..
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Figure 3.3.1-2: Electrical gap as a function of N content for the three studied compositions (line)
and the experiment values extracted from EQE (open circles)
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3.3.1.2 J-Vcurves
After having analysed the EQE measurements, we will focus on the J-V curves in

this section.
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Figure 3.3.1-3: J-Vcurwes of (a) s1372 sample, (b) s1486 sample,
and (c) s1568-s1576 samples

Sample s1372 has poor Js¢, with maximum at 1,56 mA.cm?2, and reasonable Vo,
around 0,9V for the best cells. Diodes annealed at 730° during 1h and 30 minutes
are remarkable: they have higher Jsc but lower Vo and especially a higher
degradation of the collection efficiency with the forward bias. We can in fact
denote the presence of a kink in those J-V curves. Some diodes exhibits a quite
stable collection efficiency, but with low Jsc,below 1 mA.cm?. The sample $1486
has globally a higher Vo and Js.. However, the collection efficiency is more
affected by the forward voltage. It is notable that our best open-circuit voltage is
from this wafer and reach 1,15V. This value has to be put in perspective with the

empirical law that determine Vo for good electrical properties material [96] :

E i
= Fg_ 0,55 (3.3-1)

Here, Eq is around 1,87eV, so a good V,c would be 1,32V. Knowing that in pin

diode the Vo is lower [93], the obtained Vq. is quite interesting.
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Finally, the J-V curves of the rest of the wafers are exhibiting a lot of different
behaviours. Those are diodes of structure B. The first thing we can notice is that
we could not reach the previous Vo values. However, some diodes have very
interesting Jsc values, with a maximum of 4,98mA/cm?. Our best efficiency cell
was also a B structure cell. The diode from wafer s1576 has an interesting Jsc, but
a kink and a collection efficiency rapidly decreasing with the forward bias n(V)
makes its efficiency low. Unfortunately, the s1576 diode is shunted. For the rest of

the diodes, the electrical behaviours are comparable with the s1372 and s1486
samples.

Here again, the J-V curves have no direct correlation between growth, annealing

conditions and electrical properties.

3.3.1.3 Dark J-V characteristics
Dark J-V curves are a powerful tool to characterise solar cells. It allows to
determine the series and shunt resistances, to determine the ratio of radiative and

non-radiative recombinations, and estimate the defect density.

< _ & 1,01
2 as-grown ’
5 2E-4 800° 1' ‘\E’ 0,51
< ——800°5' < 0.0
E 1E-4{—800° 10 E %
Py 2 051
g O g 10
S o -1,517 | —— as-grown
£ -1E-41 £ -2,0] —— 51486 800° 1'
= S 5] —— 51486 800° 5'
3 2e4- | | | | | . 3 . __——s1486800° 10
-15 -10 -05 00 05 10 15 00 02 04 06 08 10 1,2
Bias (V) Bias (V)

Figure 3.3.1-4:(a) Dark J-V curves for sample s1486 as-grown and annealed at 800° during 1,5
and 10 minutes. (b) J-V characteristics under one sun illumination

Figure 3.3.1-4 depicts the dark J-V characteristics measured for s1486 diodes.
Analysing them, we would expect that at least the as-grown diode and the one

annealed during 5’ should be shunted. But if we look at the corresponding J-V
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3.3. Optoelectrical characterisation of the GaAsPN top cell

curves under AM 1.5, we see that there is no visible effects on the current

collection. The as-grown diode suffers however from a low V.

The fits attempted on these dark J-V curves have all failed due to an erratic
behaviour. The curves cannot be fitted with a two-diode electrical model, and the
ideality factor that fits the dark at best are around 4. This kind of behaviour is

known to be related to tunneling or hopping.

3.3.2 Optical characterisations

Optical characterisations are useful to probe the material quality, and determine
some fundamental quantity as the absorption for instance. In certain cases,

luminescence based methods can give insight of the devices properties.

3.3.2.1 Spectrophotometer
We use the spectrophotometer to measure the absorption of the absorbers.

Measurements are plotted in Figure 3.3.2-1.
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Figure 3.3.2-1:(a) Absorption of GaAsPN absorber raw and annealed at 800° during 1°, 5’ and 10°. (b)
Reflexion measurement of the GaP window layer.

The annealed absorbers present a clear absorption edge at 645nm (1.92 eV), while
the raw one has a soft slope. The absorption measurement exhibits the decrease of

the Urbach tail [97], [98] by annealing the material and the crystalline quality
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improves with such treatment. As the annealed absorbers have all the same
absorption shape can conclude that the variation of the annealing time in our time

range has a poor incidence on the Urbach tail decrease.

From these measurements we have also been able to extract the absorption
coefficient in those samples. This value is a critical parameter. Indeed, it governs
the absorber thickness needed to absorb the sun energy. Therefore, it isa necessary
value in numerical simulation and solar cell structure design. The

spectrophotometer gives access to reflected, transmitted and absorbed light

intensity. Figure 2.1.2-1 describes the spectrophotometer principle.

/e

GaAsPN (i) 1pm

Substrat GaP 300um

|1

Figure 3.3.2-2: GaAsPN sample used with the spectrophotometre.

lp is the incident light intensity, Ir the reflected light intensity and I+ the transmitted
one. Neglecting the multiple reflections inside the structure, we can deduce from
Beer-Lambert law the absorption coefficient of GaAsPN:

IT = (10 - IR)e_ae == 10(1 - R)e_ae (33'2)

Where a is the absorption coefficient of GaAsPN, R the reflection at the front
interface, and e the absorber thickness. This formula is only valid between the
bandgap energy of the GaAsPN and the GaP, i.e up to 548nm. The hypothesis of
weak reflexion at the GaAsPN/GaP interface could seem rough. Literature on

dilute nitride indicates that nitrogen incorporation has various effects on refractive
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3.3. Optoelectrical characterisation of the GaAsPN top cell

index. For GaSbi.Ny for example, theoretical study shows that addition a few
percent of nitrogen increases the refractive index significantly (ne0=3.5 and
N005=4.7). Same effect has been evidenced in GalnAs [99]. Opposite effect has
been exhibited for GaAsN [100] and expected for GaPN alloys [101]. In the case
of GaPN, very close to GaAsPN, refractive index is constant for the N content up
until 5%. The GaAsPN alloys studied in this thesis have low As content (12%
maximum) and we expect therefore that nitrogen incorporation does not change
refractive indices, making the reflexion coefficient very low at GaAsPN/GaP
interface. At the end, we obtain an absorption coefficient very interesting, reaching
2,5.108 cmv? at 550nm. Figure 3.3.2-3 displays it with the one measured by Geisz
etal, [78].
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Figure 3.3.2-3: Absorption coefficient measured by spectrophotometre.

With such an absorption coefficient, the total thickness needed to absorb 95% of
the accessible sun energy is around 3.9um, and the potential current density for a
1um-thick absorber is 10mA/cn?, and 6,5mA/cn? for a 300nm-thick absorber,
taking into account the reflexion at the front layer.
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3.3.2.2 Photoluminescence study

By recording the PL spectra, we want to establish correlations between the
luminescence properties and the electrical ones. This correlation would lead to a
better understanding of the physical mechanisms occurring in this dilute nitride

alloy.

A 532nm laser excitation of 3525 suns (3525 kW/n) is applied on each diode and
absorber at room temperature (RT), and the PL spectra are recorded by a Si CCD.

3.3.2.2.1 Absorber
The photoluminescence spectra are used to understand the carrier population of

those absorbers. Results are plotted in Figure 3.3.2-4.

4- ——s1378 as-grown
s1378 800° 5'

——s1378 800° 1'

—— 51378 800° 10'

Intensity (a.u)
e

600 700 800 900 1000 1100
Wavelength (nm)

Figure 3.3.2-4: PL spectraof a GaAsPN absorber raw and annealed at 800° during 1, 5 and 10
minutes.

Looking at the spectral variations, we denote two broad peaks, one around 700nm
and one around 925nm. The expected bandgap energy being around 700nm, the
luminescence spectra is composed in a large part of sub-bandgap luminescence,

likely from defects. This kind of broad peak has been noticed in the literature in
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3.3. Optoelectrical characterisation of the GaAsPN top cell

GaPN absorber luminescence [102] and more generally in dilute nitride 1l1-V

alloys and are related to deep-levels defects and N-induced defects (N-N, N-Ns,...)

The PL spectra show a spectacular PL increase after annealing of about x400.
Following the generalized Planck’s law, the PL intensity isan exponential function
of the quasi Fermi level splitting Ap, itself a decreasing function of the defect
density, we can deduce that annealing reduce the defect density and improve the
GaAsPN quality. This would indicate an additional increase of Ap (maximum
achievable voltage) of about 150meV. Although this is valid for most of the PV
absorbers, we will see in the discussion, that this conclusion is not necessary true

when applied to dilute nitride alloys.

3.3.2.2.2 Diodes

Figure 3.3.2-5 (a) shows PL spectra for sample s1372 under different annealing
conditions. We distinct here again the presence of at least two PL peaks: a narrow
one at 670 nm and a broad one around 800-850nm. PL spectra of the diodes have
therefore some similitude with PL spectra of the absorbers with a slight blue shift.
One can also notice that the as-gown sample (yellow curve) does not have the high-
energy peak emission, neither has the sample annealed at 800° during 30 minutes.
This samples has been damaged during the annealing, resulting in a higher non-
radiative recombination rate in the sub-band gap states. The appearance of the high
energy peak emission alsoarises when increasing the excitation power (see Figure
3.3.2-5 (b)).

As the absorption edge of the EQE is around 645nm, we can already notice that
most of the radiative transitions are occurring at energy below the electrical gap.
This is a proof of a high defect density below the conduction band.
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Figure 3.3.2-5: (a) PL spectra of p-i-n diode s1372 with different annealing under a 3525 suns
irradiance. (b) PL spectra of s1372 800° 5’ for a 48-7500 suns irradiance range.

The same behaviour is found for the s1486 diodes displayed on Figure 3.3.2-6.
Although this sample follows also the A structure (with thick GaAsPN layer), the
two PL spectral peak positions seem to be closer and the peaks corresponding to
the EQE collection edge is raising at lower irradiance (with an irradiance

equivalent of 7 suns).
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Figure 3.3.2-6: (a) PL spectraof p-i-n diode s1486 with different annealing under a 3525 suns irradiance. (b)
PL spectraof s1486 800°5” for a 0.48-7500 suns irradiance range. A zoom is displayed for low irradiance in
the inset for clarity

At last we present in Figure 3.3.2-7 the PL spectra of the B structure diodes for
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3.3. Optoelectrical characterisation of the GaAsPN top cell

different annealing conditions. For all the samples, the subband gap defects
luminesce around 850 nm and the electric gap emission vary from 630 to 690nm.
Those peaks have however different spectral shape, especially concerning the high
energy decay. Unfortunately once again, no direct correlation between PL and

electrical properties are found.
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Figure 3.3.2-7: PL spectra of p-i-n B structure diode under a 3525 suns
irradiance.

3.3.2.3 Time Resolved Photoluminescence study

Time Resolved Photoluminescence (TRPL) is often used as solar cell compatibility
measurement. Indeed, it is commonly assumed inthe PV community that a longer
lifetime gives higher PV performances. At same excitation levels, a stronger PL
signal means indeed a higher radiative efficiency. Nevertheless this assumption is
valid for ideal standards bulks, where no localisation of carrier nor shallow defects
are present. Shallow defects and localised states are acting as a retention room for
electrons: they are captured in the defects and released after a time t, before to
recombine, introducing a delay and increasing artificially the radiative time Trg.
The carriers can also recombine radiatively from the defects or states, but in both

cases the radiative time is significantly higher than in the CB. Therefore, we will
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consider a multi-exponential fit for TRPL measurements on GaAsPN, even if in

disordered material, a stretched exponential decay can be observed [77], [103] :

Ip (t) = IPL,oeXp<<—£>B> (3.3-3)

B being a dispersion factor. Its meaning has been correlated with the dispersive
diffusion of the photogenerated carriers [104], [105]. This diffusion can be caused
by hopping between localised states or trapping/detrapping from the localised
states to the extended states [103], [106], [107]. However, as the exact physical
interpretation of this law is complex, we will here fit the PL decay with a
biexponential decay, which is a particular case of the stretched exponential law.
Indeed, as we will see above, most of our decays are well fitted with this simpler

law.

3.3.2.3.1 Absorber

Time-resolved photoluminescence measurements are performed on all the
absorbers. Previous studies on dilute nitride alloy allowed identifying the radiative
transition mechanisms [108]-[110]. Here, we used a pulsed laser at 5MHz and the
decay time is measured by a TCSPC system. The single photon counting device is

a t-spad with a time resolution of 300ps (See chapter 2).

Results are shown in Figure 3.3.2-8 for the as-grown absorber and for different
annealing conditions. The decays we measured are not characteristic of an
exponential behaviour, therefore it was difficult to extract characteristic lifetimes.
Qualitatively, one can see that the annealing extends the luminescence lifetime.
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Figure 3.3.2-8: (a) PL decay of s1378 annealed under different conditions.

3.3.2.3.2 Diodes

Same TRPL experiments have been carried out on p-i-n diodes. Results are
displayed Figure 3.3.2-9(a) for the sample S1372 with different annealing
conditions. For each cases, we fitted the curves with the lower exponential decays

as possible.

The as-grown diode is fitted with only one exponential decay, meaning that one
mechanism dominates the others. Taking into account the short time extracted, the
low-luminescence intensity and a Jsc of 0,26mA/cn?, the most probable scenario is
that the trapping/detrapping in localised states is dominating the radiative
recombinations, explaining the low Js.. Besides, the non-radiative recombinations

are important, explaining the global short decay and the V. of 0.6V.

Most of the diodes can be fitted with two exponential decays that would correspond

to both radiative time and trapping/detrapping mechanism in the localised states.
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Finally, the diode annealed at 730° during 30 minutes need three exponential to be

fitted. That reflects a high degree of disorder. Surprisingly, this diode is the one
exhibiting the higher Jsc with 1.56mA/cn?,

Correlations between decays and electrical properties are quite complex. Figure

3.3.2-9(b) shows for example the absence of simple correlations between the Js

and the fitted characteristic decay times. A statistical analysis of the annealing

effect on TRPL decay is required to see whether the duration or the temperature

play the important role. No trends are observed for the correlation of the decay with

any electrical parameter (Voc, Jsc, FF, n).

Samples Jsc Voc Al taul A2 tau2 A3 tau3
7,20172E 47806,246 15319  2011,188 52766
730°30° 156 07 0,438
6 97 5 3 2
6,27574E 00,1939
700°1H 078 085 -- - -- --
9 5
545025E 03246 16791421
730°1H 133 066 14318 - -
7 9 54
107395E  0,2998  22326,540 1,3200
800°15* 102 036 - -
8 2 03 4
03210  30912,372 1,4108
800°10° 117 089  6,2236E7 -- --
9 62 1
1,77476E 02208  7744,2290 1,0782
800°5' 104 092 - -
9 2 9 9
800°30'couvr 844537E 02388  29527,992 0,8168
008 0,62 - -
ed 8 7 87 5
800°15’ 141414E 02904  10919,887 1,3868
039 087 - -
uncovered 8 4 76 7
800°15'couve 7,06356E 27932,079 0,9868
053 0,79 0,2422 - -
red 8 23 8
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Figure 3.3.2-9: (a) PL decay measured for several annealing conditions. (b) Values of characteristic time
for the peak @ 670nm and 780nm reported as a function of the open-circuit voltage

3.4 Discussions

The objective of this fourth section is to find a correlation between the different
input parameters (growth conditions, annealing conditions), the opto-electrical
properties measured (PL, TRPL) and the electrical performances we have just
presented. We will here discuss the spatial heterogeneity, the carrier collection
Issues, the annealing effects and the luminescence properties in order to correlate
all these parameters to the PV performances.
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Current density (mA/cm?)
o

3.4.1 Spatial heterogeneity

In the previous section, no direct links with the PV performances could be
established. The fundamental reason could be that we did not take into account the
original location of the samples on the wafers. Indeed, we have observed spatial
heterogeneities in the optical properties at various scales on the wafer. Samples
from the same wafer and annealed at the same conditions was found to have very
different electrical behaviour (Figure 3.4.1-1(a)). Besides at a millimetre scale,
EQE from different part of a same diode can have different values (Figure
3.4.1-1(b)). And finally even at a micrometre scale, PL measurement is
heterogeneous. This observation was also made on InGaAsN by Miguel-Sanchez
et al for the PL measurement [111].
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Figure 3.4.1-1: (a) J-Vcurves for two s1486 diodesfor the same annealing conditions. (b) EQE measurement
with a 3mm diameter spot ona 0,630cm? s1486 diode (c) PL measurements on 4 different locations of a
0.625 cm? sample

In order to obtain reliable conclusions about the growth and annealing conditions,
it is therefore necessary to work in a statistical way. It is needed to analyse a set of
5 to 10 diodes always taken from the same wafer area. This process is crucial but
demands a lot of wafer to be grown. Such a study could not be done during my
thesis. In addition to make conclusions about growth and annealing conditions
difficult, this kind of heterogeneity can have incidence on the electrical
performances. This will be discussed in the open-circuit voltage section (cf. Sect.
3.4.5).

3.4.2 Low collection efficiency

When looking at the I-V characteristics one can identify a slope around the short
circuitcondition. As this slope is not related to the dark J-V characteristic, it cannot

be related to shunt behaviour. It is actually due to carrier collection problems.

As we will see in the following, in pin diode even more than in pn junction, this

collection function is electrical bias dependant.
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One can also consider the lateral collection efficiency and the impact of the top
layer doping (sheet resistance effect). Light beam induced current has been carried
out (not shown here) and no lateral drop of current with the distance to the electrical

contact were seen.

Three possibilities could explain the weak collection efficiency.
The first one and most expected for dilute nitride alloy is a poor minority-carrier
driftlength. In a pnjunction, the minority carrier diffusion length isa highly critical
property for classical solar cells and their design. Indeed it rules the total length the
minority carriers can travel through before they recombine. It is related to both

carrier mobility and carrier lifetime by:

KTl n (3.4-1)
b= e

In a pinjunction onthe other hand, the key property isthe drift length. This physical
value gives the length a minority carrier can drift before to recombine, and can be

related to the diffusion length:

q -
Ldriftnlp = ,u—n,an,pE = k_T Ln'sz (3-4 2.)

In both cases, the pt product is a key property. Minority carrier diffusion length is
very difficult to measure directly. Most of the time it is measured by EBIC [112]-
[114], or fitted on EQE measurement thanks to Gartner model [115]. However, in
our case, EBIC measurement was not applicable since the electron beam
interaction region was as thick as the absorber thickness. The Gartner model, which
already suffers from a significant uncertainty for low-quality semiconductor, is for
dilute nitride highly uncertain because diffusion length is lower than the depletion
region [78]. Paget et al have also proposed a model to determine the diffusion
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length by imaging the spatial luminescence decay [116]. Unfortunately, after
having at least some luminescent enough GaAsPN absorber, we were unable to
measure their luminescence decay. Indeed, our minority carrier diffusion lengths
are likely to be below 1um, and the spatial resolution of the optical microscope we
used of 2um was not enough. The easiest way to get it would have been to
determine both minority-carrier mobility and lifetime. But here again, because of
its too weak value, the carrier mobility has not been determined successfully.
Concerning carrier lifetime, taking into account the complexity of the spectra, the
density and diversity of defects, and the different mechanisms involved, it is very
difficult to conclude about it.

Regarding the electric field, in the hypothesis where it is constant through the
absorber layer, we can calculate it knowing the built-in voltage. If we know the
background doping, we even can determine its decreasing as a function of the
depth. But in reality, the interface recombination, and the various defects inside the

absorber makes impossible accurate determination.

The drift length is expected to be small in our system, impacting many
optoelectrical characteristics. Whatsoever its true value, conclusions can be drawn.
The comparison between EQE from structure A and B for the same growth and
annealing conditions (Figure 3.4.2-1 (a)) allow us to identify limiting carriers in
our structure. Indeed by reducing the absorber layer thickness in the B structure,
we have increased the collection efficiency of short-wavelength photon induced
carriers. Those photons are absorbed near the surface and the induced electrons
have to get through the entire device thickness before to be collected. In the A
structure, this thickness was too high and most of the electrons were lost. This
observation emphasises that electrons are limiting the total current in the structure.
This conclusion was foreseeable, as Nitrogen atoms interact mainly with the
conduction band and create shallow localized states. Those states are acting as traps

for electrons in the conduction band, and therefore strongly reduce their mobility.
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This hypothesis is confirmed by EQE measurement of the doped absorber sample
displayed in Figure 3.4.2-1(b). The samples, specifically designed in this purpose,
follow structure A with a doping of the absorber layer of 1.10* cm®. The p-doped
absorber structure has the same spectral response EQE(E) shape as the non-doped
samples. Since the p-doping improves the holes diffusion length, we can deduce
that holes was not the limiting carrier. The n-doped absorber structure on the other
hand exhibits a better collection in the UV range, but a lower one near the band
gap. In addition, it is worth noting that this conclusion tends to prove that the
absorber was non-intentionally p-doped. This was in fact a debate since I11-V dilute
nitride semiconductors have been predicted p-doped as-grown by Zhang [117],

even if annealing could change this nature.
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Figure 3.4.2-1: (a) EQE 0f s1486 and s1530 samples and (b) EQE of s1486, s1501 and s1502

With the electrons being the limiting carriers, a simple way to increase the Jsc would

be to inverse the structure to obtain a nip diode.

Another origin of a poor collection efficiency is a presence of a barrier for
photocurrent. These barriers emerges from energy discontinuities at interfaces.
Such a barrier was shown on numerical simulations (cf. Figure 3.2.2-1(a)), where

the i/n interface exhibits a positive AE.. Indeed, due to a positive conduction band
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offset, electrons are accumulating at the interface and recombine either at the
interface or in the absorber after having been pushed back due to the inversion of
dEf, sign. These barriers can be considered as an electronic element in serial
connection with the main diode. Therefore, the total current of the device will be
limited by their current, which can be described by the thermionic emission. The
thermionic current saturation has been modelled by Richardson [118]:

AEC) (3.4-3)

1
]TE = ZNcqvcexp <_ kT

The current across the barrier is calculated as the current from GaAsPN to n-GaP
layer minus the current from n-GaP layer to GaAsPN absorber:

]barrier = ]TE,GaAsPN ->n—-GaP ~ ]TE,n—GaP—>GaAsPN (3-4'4-)

1 lNGaAsPN (_ En,GaAsPN z=0> (exp(AEFn) — 1)] (3'4'5-)

Jvarrier = 3 9Vnp Neap kT kT

where E, gaasen ,_y = Ec.caaspn — Er, TOr the GaAsPN athe interface, and AEf,

is the difference of the QFL between the GaAsPN and the GaP-n layer.

As the electron concentration decreases with the forward bias, the current across
the barrier decreases, so does the total current of the diode. For some cases those
barriers give birth to kinks, phenomenon that is present for few diodes (s1576 for
example). A possible stigma of such a barrier is a better collection in low
concentration working conditions. This is the case for some of our diodes, for
which the current calculated from EQE measurement is higher than the one from
J-V curve (for instance s1573). We have seen in Sec.3.2 that in order to avoid this
photocurrent barrier, we can work on the n-GaP layer doping value, or on the

electron affinity of either the absorber or the n-doped layer. This can be done by
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replacing the n-GaP layer by an n-AlGaP layer which has an electron affinity of
3.98eV. Furthermore, the higher band gap energy of AlGaP (2.38eV for AlosGaP)
would result in a better passivation of the interface. This will be tested in the next

few months.

The last possibility is a high recombination rate at an interface. In fact, interfaces
between the absorber and the doped region may exhibit a large amount of interface
states. This is especially the case when the interface bandgap is smaller than the
bandgap of any material involved in the interface. The interface bandgap is defined
as Eg,ir = Ecmin —Ev.max. With our modelisation of the band offset, this case is present
at the p/i interface. This loss mechanism is very sensitive with the electric field.
Indeed, the higher the electricfield is the lower the recombination at interface will
be.

3.4.3 Annealing effect

Thermal annealing has been extensively investigated as a necessary step to improve
the crystalline quality of dilute nitride alloys. This annealing process allows
migration of atoms and eliminates some of the various defects which appear in the
material during the growth. For instance, intrinsic point defects have been
identified in GaInNAs and GaPN as Asg antisites, N interstitials, and Ga
vacancies. In consequences, annealing of dilute nitride has shown several effects
on the opto-electrical properties. In most cases, annealing of dilute nitride
samples leads to a strong enhancement of the luminescence intensity, a narrowing
of the FWHM, as well as an increase of minority carrier mobility and lifetime
[111], [119], [120]. It also leads to shift of the PL spectrum, which can be
explained by a defect-assisted interdiffusion process such asnitrogen migration
from interstitial to substitutional site, enabling an electronic bandstructure
modification. The magnitude of these effects depends largely on annealing
parameters (time, temperature and atmosphere), and on the alloy composition [7]—
[10]. In this section we will study the impact of such process on the GaAsPN

absorbers and pin diode on the opto-electrical properties. All the annealing
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experiments in this study have been performed under a forming gas atmosphere
using a JIPELEC JetFirst rapid thermal annealer (RTA).

As annealing is known to heal defects, we were expecting that its main effect would
be to increase open-circuit voltage. Nonetheless the experimental results show that
itis the short-circuit current that is more affected: every annealed diodes see their
Jsc significantly increase after annealing treatment. As the absorption was not
increased (cf. Figure 3.3.2-1), the carrier collection increases. Since the carrier
collection was poor mainly because of the localization of nitrogen-induced states,
annealing seems to reduce the influence of localized states. This was also been
found in literature [123].

3.4.4 Luminescence properties and statistical study

Although it is trivial in silicon or well-handled I1I-V, the luminescence physics is
subject to certain hypothesis in thin films, and we will see that it is very difficult in

dilute nitride to satisfy them.

PL spectra of dilute nitride are very complex. We denote in our diodes a lot of
small peaks. Pl spectra of diodes from s1372 wafer are illustrating this fact well.
Although no deep PL study has been realised on GaAsPN samples, in the best of
my knowledge, some exist for other IlI-V dilute nitride compounds, GaAsN,
InGaAsN and GaPN especially. N-related bound states and N clusters are identified
as responsible for sub-bandgap narrow peaks emission [108], [124]-[128] (see
Figure 3.4.1-1(b)). Luminescence contribution from these states are well separated
at low-temperature PL, but by increasing the temperature the peaks become
broader and are all merged together. This is probably what we see in our spectra
(cf. Figure 3.3.2-5(a)). Taking this into account, we can conclude that only the
highest energy peak is taking part in the current collection. From this analysis we

can predict that in order to have a good solar cell, the low-energy peak should be
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low and the peak corresponding to the electrical peak should be high. This is
confirmed in Figure 3.4.4-1(b), where the current density is featured as a function
of 0, the ratio of the PL signal at 670nm and at 780nm: the current density is linear

with this ratio.
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Figure 3.4.4-1: (a) lllustration of the N-induced localised states in dilute Nitride (here GaPN).
From [128] (b) Current density as a function of 6.

In order to understand the behaviour of those two peaks, the irradiance study offers
an interesting insight. Figure 3.4.4-2 shows the evolution of the normalised spectra
when increasing the irradiance. It isfound that at low irradiance, the PL emission
is dominated by low-energy peak. With the increase of the irradiance, this peak
emission is significantly blue-shifted, evidencing a localized-state saturation, as it
has already been seen on other dilute nitride [110], [129]. When the excitation
power further increases, the high-energy peak comes into sight and becomes
dominant. The high energy peak is lightly blueshifted with the power-excitation,
but its intensity increases fast. This is a typical behaviour of delocalised states, in
opposition of the localised states from lower-energy peak which saturates.
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Figure 3.4.4-2: (a),(b) normalized PL spectra of s1372 and s1486 for several irradiances

Evolution of 6 with the increase of the excitation regime is interesting. Figure

3.4.4-3 compares this ratio for s1372 and s1486 diode. For both curves the ratio

begins around 0 and increases with the irradiance. Inversion occurs around 2100
suns for the s1372 diode and around 20 suns for the s1486 diode.
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Figure 3.4.4-3: (a) Irradiance dependence of PL signal for the sample s1372 annealed at 800° during 10°. (b)
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As the increase of the ratio is the evidence of localised defects saturation, the

comparison highlights the much lower localised states density of the s1486 diode.

PL spectra are used to determine the open-circuit voltage [28]. Indeed, as pointed
out in Eqg. (1.1-7.), the PL intensity is related to the chemical potential which is
equal to the voltage across the diode. Therefore in a standard semiconductor, the
higher the PL intensity is, the higher Vo will be. Figure 3.4.4-4(b) reports the value
of the PL spectra of s1372 samples at 670 and 780nm and the corresponding open-
circuit voltages. There is no correlation between those physical values whatever

the wavelength considered.
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Figure 3.4.4-4: Values of PL for the peak @ 670nm and 780nm reported as a function of the
open-circuit voltage.

This unusual behaviour of open-circuit voltage reveals malfunctions in the device.

We will analyse them in the next section

3.4.5 Open-circuit voltage

Even if the open-circuit voltages are interesting, from the previous observation, we

can identify problems that prevent V. to be higher. Indeed, we saw that
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recombinations at interface are likely present and decrease the voltage. Besides,
the spatial inhomogeneity is also a source of voltage loss. A solar cell can be

represented as several diodes associated in derivation (cf. Figure 3.4.5-1).

OF oF o3

Figure 3.4.5-1: Network model of the solar cell. Each node consists of the parallel combination
of a current source and a diode, which is a generic element describing the local dark current-
voltage characteristics. The nodes are connected via resistors (gray rectangles). This figure is
reproduced from [130]

Therefore, since the material is heterogeneous even at a micrometre scale, the total

voltage across the device will be the lowest of the different diodes.

In addition, despite a higher Js¢, structure B diodes have lower V. than structure A
ones. This is a sign of a significant recombination rate, either at an interface or at
the surface. Indeed, for the same recombination rate of any of those mechanisms,
the Voc will be more affected if the absorber is thin. We are currently trying to

achieve a surface passivation thank to a polyphospazene like film [131], [132].

3.4.6 Analyse of the best cell

In the light of the previous analysis, revealing the diversity of malfunctions present
in our cells, we will here analyse our best cell. Figure 3.4.6-1 depicts the J-V and

EQE measurements.
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Figure 3.4.6-1: (a) J-V curve of' s1530 sample annealed at 800° during 1°. (B) EQE of the same sample

The J-V characteristic exhibits an efficiency of 2.25%. The Jsc of 3.5 mA/cm? and
the Vo of 880mV are not the best, but the collection efficiency is not dependent of
the bias with a fill factor of 72%. This has to be compared to the theoretical ideal
value for a pin junction of 80% [93]. To estimate the collection efficiency, we have
plotted in Figure 3.4.6-2 the evolution of the EQE measurement with the increase
backward electrical bias. The bias varies between OV and —1.5V.
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Figure 3.4.6-2: EQE for s1530 800° 1’ sample with several inverse electrical biases applied. No
improvement is seen with the increased electric field inside the structure.
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With a reverse electrical bias all the loss mechanisms should be attenuated. As we
saw earlier (Eq.(3.4-2.)), by applying an inverse bias, the electric field increases
across the absorber and the drift lengths L, are increased proportionally. The
reported photocurrent barrier and recombination at interfaces are also affected by
the bias. Yet the EQE is not affected by the backward bias. This cell is so limited
by absorption for the current density and probably by the surface recombination
and non-radiative defects for the open-circuit voltage. A lower bandgap would also

had improved the cell performances in view of the tandem solar cell.

3.4.7 Conclusion

In conclusion, lot of potential problems have been identified thanks to the
simulations. Among these problems, mainly two have been verified: a low drift
length and the existence of a photo-current barrier at the GaAsPN/GaP-n interface.
Annealing have shown enhancement of all electrical parameters, allowing for the
crystalline disorder and N-induced defects to be healed. Problems of
heterogeneities have prevent us to be more conclusive. A systematic statistical

study is needed in order to improve our knowledge of this alloy.

Finally, we have demonstrated a GaAsPN solar cell close to the actual efficiency

record and a world record is expected.

3.5 GaAsPN for intermediate band solar cells

Besides to be used for its energy gap and lattice constant tunability, dilutes nitride
are also widely harvesting in intermediate band solar cell. Indeed, the conduction
band splitting creates de facto a three energy band structure: the E. subband serves

as the IB between valence band and conduction band being the E. subband.

Dilute nitride are part of the highly mismatch alloy (HMA) for IBSC research,
along with dilute oxide for example. As a matter of fact, GaAsPN has even been
the first dilute nitride used in such purpose [133], but the first HMA studied as a
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potential IBSC candidate was ZnMnTeO [134]. Since, GaAsN has focused most
of the attention in this area [135], [136]. The conduction band energy splitting with
the addition of Nitrogen E. and E. is described in the band anticrossing model [83].
In comparison of the other candidates, HMA have the benefit of having a large
absorption in intermediate levels [136]. Recently, GaPN and GaAsPN have
exhibited two-step two-photon absorption [137], [138].

In this section, we will evidence the potential of GaAsPN as a potential candidate
for IBSC.

Evidence of two-steps two-photon absorption (TS-TPA)

One of the key process of IBSC is the photo-excitation of electrons from the IB to
the CB, in our case from the E. to the E. subband. In order to probe this photo-
excitation, we have used the experimental setup described by Okada et al [139] (cf.
Figure 3.4.7-1). The goal of this experiment is to quantify this photo-excitation by
measuring the EQE with and without an infrared (IR) light bias. Classical EQE
spectra are measured at short-circuit conditions with AC monochromatic
illumination, before EQE spectra under the same conditions and with continuous
illumination of IR light. The AC signals were integrated and averaged over 30
recordings using a standard lock-in technique. Monochromatic and IR illumination
are produced by a Xenon lamp with a monochromator and AM1.5 filter

respectively.

We are interested in

AEQE = EQEig.on — EQEjRr:off (3.5-1)

Figure 3.4.7-2 depicts (a) EQEr: off for selected samples (b) the AEQE obtained.
We observe three behaviours. For diodes s1530 and s1572 the IR bias induce no
effects on the current collection.
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For diode s1568, AEQE shows a soft onset from the electrical bandgap energy until
440nm. After the effect of IR bias is rapidly decreasing. This diode exhibits the
expected behaviour of an IBSC: in the spectral range where the IB is photo-filled
by the monochromatic light, the IR bias increase the current collected. This effect
starts decreasing exactly at the maximum of the high energy peak of the EQE for
this diode.

For diodes s1569 and s1576 AEQE curves show three plateaus with three onsets:

one at the electrical bandgap, one corresponding to the edge of the second peak on
EQEr: ofr, and the last one at 360 nm.
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Figure 3.4.7-1: Schematic of the AEQE measurement technic. A chopped monochromatic light

source serves to measure the currentand a broad band IR light is applied to probe the TS-TPA.
From [139]
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Figure 3.4.7-2: (a) EQE and (b) AEQE measurements for samples with different electrical properties

The difficulty here to analyse those results relies on the correlation of transport
properties and optical absorption. We will therefore refer a lot to the EQEr off

spectra to analyse them.

In order to observe a TS-TPA effect, the IB has to be partially filled and those
electrons has to remain in the IB. When working with dilute nitride with good
collection efficiency in the E. band, one has hence to block the carrier inside the
IB. This is made with a blocking-layer which makes a photocurrent barrier
specifically designed for the E. subband [135], [136], [140]. This layer isolates the

IB from the contact, making possible the voltage preservation of the E. subband.

In our samples, we noticed two diodes for which the IR bias has no effects. If we
look closer to these diodes, one remarks that they have no collection problem for
the E. subband (this is demonstrated section 3.4.6 for the s1530 diode, and if we
look at the EQE spectrum s1572 diode, collection at the E. band is very good). It

is therefore natural to obverse no TS-TPA on those diodes.

We expect to have such effects for the diodes with a low collection efficiency for
the E. subband and a good one for the E. subband. Diodes s1568, 1569 and 1576
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3.5. GaAsPN for intermediate band solar cells

are exhibiting such a behaviour, and for each of those diodes we note a significant
TS-TPA.

The AEQE of the s1576 and s1569 diodes have the exact same shape. The first
plateau was expected since the carrier collection from the E. subband is very low
for those diodes (cf. Figure 3.4.7-2(a)). The electrons are promoted in the E.
subband and are better collected. On the other hand, the two other plateau are quite
curious. They occur in a spectral range where IR bias shouldn’t increase the
current. Therefore, IR biasisin those cases probably a way for carriers to overcome

an electron barrier.

As for the s1568 diode, the increase AEQE from the E. energy to the E. one is
interesting. The EQE measurement show small EQE values and a narrow spectral
shape as well. This is especially true for the high energy maximum. We can
suppose that the collection efficiency of this diode is poor even for the E. subband.
Electrons generated at short wavelengths have to travel a long distance before to
be collected. We can suppose that those electron can travel in the E+ subband only
for a part of this distance before to be trapped, and that the IR bias help them to

escape and to be collected.

Energy (eV)

0,0 0.2 0.4 06
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Figure 3.4.7-3: Band diagram for the GaAsPN alloy, exhibiting the E- and E+ bands.
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3.6 Conclusion

In this chapter, the potential performances of a GaAsPN pin top cell has been
simulated. The major reefs has been identified: the drift length, background doping
and the energy band alignment. Reduction of the absorber thickness as well as
growth and annealing processes are considered to tackle the drift length and
background doping problems, whereas higher doping of the n-doped layer or

substitution of GaP by AlGaP would be a solution to find a better band alignment.

Absorbers and pin diodes have been grown and studied through optical, opto-
electronical and electrical characterisation methods. The absorption coefficient of
GaAsPN has been measured by a spectrophotometre. The carrier dynamics has
been investigated by steady-state and time-resolved photoluminescence. Steady-
state PL spectra are dominated by luminescence from strongly localised subband
gap states at low injection regime. With increase irradiance, the luminescence
intensity above the mobility gap energy appears and becomes dominant. This
analysis is confirmed by the time-resolved photoluminescence, where the localised
states induce complex mechanisms such as hopping and trapping-detrapping of the

carriers.

We have tried to analyse the electrical performances of the pin diodes through their
luminescence properties. The localised states are however making those
correlations complex, as the luminescence from localised states are problematic:
as the localised states are strongly luminescent but prevents the carriers to be
collected, the Voc and the Js. are actually decorrelated of the PL intensity.
Furthermore, the spatial heterogeneity makes hard for the growing and annealing
processes to be optimised. A large-scale statistical analysis would be required to

improve the material quality.

Finally, we have exhibited the IBSC potential of GaAsPN, even for non-optimised
band gap energies. A dedicated study, with samples designed on purposes would
be interesting.
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Chapter 4

Quantum confined heterostructures for multi-

transitions photovoltaic systems

In the late years, several groups have developed some characterisation methods
adapted to Intermediate band solar cells (IBSC). Most of them have tried to
evidence the additional photocurrent gained with the addition of the intermediate
level in the middle of the energy gap. Nevertheless, only two of them [135], [141]
are able to probe the creation of a voltage difference between the carrier in the
intermediate levels and those in the conduction band, which is the true condition
for an IBSC behaviour. Indeed, whatever the extra-current we may obtain by the
two-step two-photon-absorption (TS-TPA) through the intermediate states, if the
voltage is determined by the transition between the valence band and the

intermediate band, one cannot overcome the Shockley-Queisser limit.

In this chapter, we firstly detail the existent IBSC characterisation methods and
will explain how the characterisation method we developed could be useful for the
community. This method, based on luminescence analysis, is dedicated to evidence
the two key mechanisms of an IBSC, TS-TPA and voltage preservation, providing
a complete and powerful tool to investigate IBSC. Two IBSC candidates, based on
guantum heterostructures, are analysed by classical measurements and

luminescence based characterisations.
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4.1 Experimental evidence of IB effect

4.1.1 Current -voltage measurements

The most direct way to determine the IB behaviour of a solar cell isto record J-V
curves and see if it is overcoming the Schockley-Queisser limit. Unfortunately, it
has never been the case yet. One can also synthesize two samples, one with IB and
the second without, and compare their J-V curve. The cell without IB is called the
reference or baseline cell (cf. Figure 4.1.1-1(a)). A simple comparison between the
J-V characteristics under one sun illumination will however not be of great interest.
Indeed at one sun, if the Jsc is expected to increase for the IBSC, the open-circuit
voltage will decrease even for an ideal IBSC because of additional radiative
transitions form the CB [142]. V.. in the IBSC is actually supposed to converge to
the Vo of the reference cell as the concentration factor increase. This convergence,
named “voltage recovery”, has been electrically observed at low temperatures (see
Figure 4.1.1-1(b)) [141] . It is a consequence of the saturation of the IB states.
Nonetheless voltage recovery is not, in my opinion, a formal proof of an efficient
IBSC. Indeed, saturation of the 1B states will be efficient in samples where the 1B
density of states is low, implying that the TS-TPA will also be low, making the
extra current collected through the IB states marginal. The experimental results so
far are in agreement with this statement, as the only samples where voltage
preservation has been verified are QD IBSC, the IBSC candidates exhibiting the
lower TS-TPA. Such a recovery cannot be found in Highly mismatched alloys
(HMAs) samples for example. A characterisation method evidencing voltage
preservation and working in low concentration would therefore be of highest

interest.
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Figure 4.1.1-1: (a) J-V curves for different QD-based IBSCs and their reference (baseline) call.
The voltage loss is below 50mA/cmz2 [143]. (b) Example of voltage recovery by Linares [141]

4.1.2 Two photon subband gap photocurrent

To test the TS-TPA several methods implying current measurement and subband
gap light excitation have been harvesting [140], [142], [144], [145]. These
characterisation methods can be discriminated in two families: direct photocurrent
measurement and EQE measurement. These methods are quite equivalent, since
they focus on the photocurrent generated by a subband gap excitation. In the most
basic configuration, in both cases, we illuminate a sample with a wavelength
energetic enough to be absorbed by the host material and measure the current. The
same operation is repeated after the addition of a second beam that could only
promote electrons from the intermediate levels to the conduction band. The extra
current is directly connected to the TS-TPA. Several samples have exhibited TS-
TPA with this measurement, but only few at room temperature [140], [146], [147].
As an example, Figure 4.1.2-1 shows TS-TPA measurements for a GaAsN based
IBSC, a QD based IBSC and a MQW superlattice based IBSC. The TS-TPA
exhibited goes up to 1% photocurrent gain with IR bias excitation for the HMA
sample. However, until the voltage preservation is verified, the sample cannot be

seen as an IBSC.
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Figure 4.1.2-1: AEQE measured at room temperature for: (a) GaAsN samples [140], (b)
InGaAs/GaAsN MSQD sample[147] and (¢) A MQW superlattice sample[146].

4.1.3 Luminescence based characterisations

Luminescence based characterisations have already been identified as a powerful

tool for the multi-transitions systems, as it allows to probe each transition

specifically. It is especially true for IBSCs, where all the transitions occur in the

same material. Professor Luque and his team have used electroluminescence (EL),

in combination with QE, in order to measure the quasi-Fermi level splitting
between CB and IB indark and under high current injection at room temperature.

A quasi-Fermi level splitting above 150 meV was found at an excitation of 5A.cm’

2 [148]. This result was contested by Abouelsaood et al, [149] who argue that such
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an excitation might have induced overheating of the sample, and therefore

compromised the results.

Photoluminescence (PL) and EL have been studied in InAs/GaAs QD sample
[150]. Authors claim that three “large” QFL splittings are attained, making this
device working in the IBSC principles. This conclusion is however only based on
the existence of luminescence peaks related to VB «—+CB transition and IB «—CB
transition. Lack of quantitative information and presence of the third transition
related peak makes it impossible to be conclusive about the voltage preservation.

EL has also been used on HMAs (GaAsN) IBSCs [151]. In this paper, the authors
exhibit an EL spectrum with the three transitions features at low temperature (15K)
(cf. Figure 4.1.3-1(a)). This is a solid proof of the voltage preservation in this 1B
material and is confirmed with the J-V curves measured that denotes a clear change
in the photocurrent and open circuit voltage (see Figure 4.1.3-1(b)). To the best of
my knowledge, such a proof is only exhibited in this article. Unfortunately, for

most of the IBSC studied, the IB «+CB transition has energy too low to be

recorded.
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Figure 4.1.3-1: (a) EL spectra for GaAsN samples with and without blocking layer. With this
blocking layer the EL spectrum presents the three transitions luminescence peak. (b) J-V curves
corresponding to these samples. The IBSC behaviour, with the blocking layer, exhibits a higher
Voc and a lower Js as expected in the IBSC theory. Figures reproduced from [151].
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4.2 Developed Photoluminescence-based method

As seen in Chapter 1, luminescence is a powerful technic to analyse multi-
transition concepts. In this section, we introduce a 100% optic technic able to probe

the two key processes for IBSC: TS-TPA and voltage preservation.

4.2.1 Two-photons absorption (TS-TPA) with PL

TS-TPA in IBSC has been widely harvested and demonstrated (cf. sec4.1.2).
Nonetheless, most of those techniques are complex and time consuming. We
introduce here a simple method to quantify this fundamental mechanism based on
PL.

The principle is close to the EQE based method, as it consists in a measure of the
PL intensity with and without an IR light bias.

We have used the confocal microscope described in Chapter 2 with two CW laser
excitations: one at 532nm and one at 1550nm. A multimode fiber optics coupler
has been used to merge the two laser excitations in input of the confocal
microscope. The luminescence is spectrally resolved by a Princeton spectrometer
and recorded by a Si CCD camera. The optical powers used are detailed in the

dedicated sections. All the measurements are made at open-circuit voltage.

Measuring the TS-TPA with PL presents several benefits. First of them is the
possibility of characterisation at both stage: material absorber and completed solar
cell. Furthermore the experimental setup is quite simple in comparison with other
techniques. No lock-in setup is required. Concerning the information extracted
from such measurement, recording the spectra gives access to the carrier dynamics
of the intra-band absorption. Coupled with a variation of the excitation wavelength,

we could have a deeper insight of those mechanisms than with the AEQE, and a

fortiori with the APC measurement.

In the following, we will apply this method on the two studied samples. Note that

this method has recently been applied to GaPN alloy [138].
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4.2.2 Absolute calibration, A pdetermination and voltage preservation

The absolute calibration of the hyperspectral imager introduced in Chapter 2 gives
access to the absolute value of AU(E) in the structure through the generalised
Planck’s law. Therefore it is possible to measure the exact value of the Apy and
Apve. If a significant difference between these two values is found (value noted
A(Ap)) we can affirm that the total devices voltage will not be limited by the
intermediate band. There is then voltage preservation and the device will work as
an IBSC. In practice, A(Ap) value has to be compared with the thermal activation
energy KT. We will consider the criteria A(Ap) > kT+e, with e=20meV being the

systematic error of our system. At room temperature this leads to A(Ap) > 45eV.

This method would be the first able to test the ability of an IB absorber to verify
the voltage preservation at room temperature (RT) and low excitation regime.

In the two next sections, | will present the results obtained by the previously
described method on two quantum-confined heterostructures both grown at
RCAST laboratory: one multiple-quantum wells (MQW) sample and one multi-
stacked quantum dots (MSQD) sample. The most promising structures are based
on MSQD, mostly because the larger relaxation time for electrons from the CB to
the IB in this case. I will first show the results obtained with the MQW sample, and

secondly with the MSQD sample.

4.3 Quantum wells-based heterostructures

4.3.1 Sample description

In this section, for proof of principle purposes, we have used a MQW strain-
balanced test device prepared by MOCVD, in epitaxy on GaAs, with 20 wells
inserted in a pin structure, described in Figure 4.3.1-1 (a)-(b). This sample is well

studied [152] and performs as a standard MQW solar cell as shown on Figure
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4.3.1-1 (c)-(d). The EQE measurement, Figure 4.3.1-1(c), shows a carrier
collection below the bandgap, from 1000nm, of ~20%. This extra carrier collection
implies an increase of the photocurrent (Figure 4.3.1-1(d)) of 2mA/cnm?. On the
other hand, the open-circuit voltage drops of around 50mV.
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Figure 4.3.1-1: (a) InGaAs/GaAsP based MQW sample structure. (b) Image of the sample. (c),
(d) Comparisonof EQE and J-V curves between the MQW sample and its reference cell without
QW.
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4.3.2 PL measurements

The luminescence spectrum of the IBSC candidate is recorded by a confocal
microscope, with a micrometric laser excitation at 532nm. The acquisition is made
at open-circuit voltage conditions. Result is plotted Figure 4.3.2-1. The PL
spectrum exhibits two features. The MQW are emitting at 990nm, and the barriers
at 874nm, the GaAs bandgap. We can notice that carriers recombine in majority in
the QWs.

4E29 - 1,00E+028 //-\

5,00E+027
3E29- / \

[ |
0,00E+000
A

2E29 1 /

775 800 825 850 875 900 925
1E29 1

PL intensity (photon/s/cm2/nm)

Wavelength (nm)

Figure 4.3.2-1: PL emission of the p-i-n GaAs solar cell (blue) and for the MQW sample (red).
We denote a strong luminescence from the QW, underlying the fast recombination rate from the
CB to the MQWs.

4.3.3 Two-steps two-photons absorption

TS-TPA on similar structure has been evidenced at room temperature with AEQE
measurements [146]. We apply the experimental setup described in Sect.4.2. on
this sample, with 532 nm and 1550nm laser excitation of 5,74mwW and 3mwW
respectively. Figure 4.3.3-1 displays the PL spectrum without IR bias (dotted line)
and the ratio:
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Figure 4.3.3-1: (left) APL/PL. (right) PLir:orr. The sample exhibits the same TS-TPA efficiency
for both the baseground and the excited states.

APL/PL reflects the TS-TPA efficiency. In this case, itis strictly positive with three
local maxima corresponding to the three transitions exhibited in the PLir.orr
spectrum. They correspond to radiative recombinations in the GaAs at 1.42eV, to
the baseground and the excited states in the wells at 1.25eV and 1.28 respectively.
We denote an equal TS-TPA efficiency for the QW fundamental states and excited
states, around 3,5%. The intraband absorption does not decrease with the decrease
Of Ebound to continuum, 1N contradiction with the literature [153]. TS-TPA is also
significant for the CB, around 1,5%, which was not expected. To analyse this
result, we consider the three excitations model depicted in Figure 4.3.3-2 (the
definitions used are defined in the legend). This model was introduced by Professor
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Kita [154], who studied the carrier dynamics in QD based IBSC. In this model, a
subband gap laser pumps electron in the conduction band of the barriers material,
here GaAs, before recombining in the intermediate levels. At this point, an
additional IR laser excites those carriers from the intermediate band to the extended
states of the barriers. The IR bias excited electrons are considered being placed in
a parallel circuit. This way less carriers are in position to recombine radiatively,
and PL intensity decreases. Note that this model relies on experimental studies.
This model explain why the global PL signal should decrease with IR bias laser.
We can however question the decrease of the PL in the barrier material. For the
TS-TPA in the CB, two cases are to be considered: or the same mechanism occurs
for the carriersinthis band or, as the promotion of the electrons from the IB to the
extended states decreases the 1B population, tc; decreases, so does the population
in the CB. This case is however unlikely taking into account the carrier density in

the CB under high irradiance.
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Figure 4.3.3-2: Three levels model excitation and the corresponding relaxation rates. This
figure is reproduced from [154]. Electrons are excited by the pump laser in the conduction
band at a rate G. Fromthere they can either recombine inthe VB (at a rate 1/1c) or in the IB
(at a rate 1/tcr). Once in the 1B, a part of the electronwill be promotedto the CB extended
states at a rate P, when the rest will recombine to the VB (at a rate 1/t). Note that the non-
radiative recombinations are no considered here.
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The MQW-based IBSC has shown significant TS-TPA proving that optical
transition between the IB and the CB are efficient. We will now probe the voltage

preservation in this sample.

4.3.4 Hyperspectral measurements

We want here to probe the IB behaviour of this sample by the previously described
method. The PL emission is recorded by the hyperspectral imager. Application of
the procedure described in Chapter 2 on a MQW sample has been questioned in
[155], with positive conclusions: the high mobility in the host material allow to
consider that the Ap is uniform within the structure, whereas the electronic density
and the carrier dynamic allow to apply the generalised Planck’s law directly. A
homogeneous illumination from the laser at 532nm isapplied to the sample at three
different excitation powers excitations. The PL emissions are plotted in Figure
4.3.4-1(a). We can discriminate the emitted photons in two populations: one clearly
emanating from the QWSs between 990 and 900nm, and one below the GaAs
bandgap, 874nm, where the photons can correspond to transitions in the GaAs or
in QW material. From those spectra, we extracted the Ap(E), depicted on Figure
4.3.4-1(b), using the generalised Planck’s law once again. AU(E) exhibits two
distinct domains where its value is constant: a A value for the transition from the
barrier to the valence band, and a value for the transition from the wells to the
valence band. The QFLs difference between the wells and the barrier, A(Ap), is
~15meV.
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Figure 4.3.4-1: (a) PL emission of the p-i-n in absolute values (left) and the extracted Ap (right). (b)
Quasi-Fermi level splittings as a function of the emission energy, for three different powers. A weak
difference (~15meV) exists between the QW region and the barrier region

4.3.5 Discussion

The A(Ap) found for the MQW sample is around 15meV and is below 45meV.
Hence, it cannot be considered as representative of an optical transition. As a
conclusion, we cannot affirm that the voltage of the cell is not limited by the
intermediate levels, and so the sample does not exhibit an intermediate band
behaviour. Also this 15 meV difference does not change with the increasing
excitation power. This further confirms the absence of an intermediate band effect.
We notice finally that Ap(E) spectrum varies with the concentration ratio ¢ as a
translation of log(c) for the entire spectrum (see Figure 4.3.4-1(b)). This behaviour
confirms that the carriersinthe CB and in the QW states can therefore be described
by the same chemical potential. This is not particularly surprising as the
confinement inthe QW is only 1-D, resulting in a very fast relaxation from the CB

to the IB and a continuum states energy between the CB and the QW region.

4.3.6 Conclusions

To summarize, we have shown that the MQW sample exhibits TS-TPA with dual-
beam PL measurements. This measurement allows to spectrallyaccessthe TS-TPA
efficiency, which cannot be probed with classical TS-TPA measurement setups.
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As it happens, in the MQW sample, TS-TPA efficiency is quite constant inthe QW
region, and is lower in the GaAs bulk region. We used a three energy level model

to identify the carrier dynamics.

On the other hand, HI measurements have not exhibited a sufficient A(Au) between
the relevant transitions. Therefore, we can state that recombination between those
bands are dominated by thermionic recombinations (1/tci << ewmic) making

impossible an IBSC behaviour.

4.4 Quantum dots based heterostructures

4.4.1 Sample description

In this section we present the results of the method previously described on a
350nm-thick quantum dots solar cell grown at RCAST by molecular beam epitaxy
(MBE), in epitaxy on GaAs, consisting of AlGaAs p-i-n diode with 10
InAs/AlGaAs QDs layers inthe intrinsic region, described Figure 4.4.1-1. The QDs
have been grown in the Stranski-Krastanow growth mode [156]. This method is
very interesting for its capacity to grow thin QDs with large density (around 10*!
QDs.cm?). The main drawback of this process is the inherent wetting layers that
are induced (cf. Figure 4.4.1-2). The wetting layers (WL) are a thin quantum well
underneath each QD layer. A quantum well add systematically intermediate and
not-confined energy states between the CB and the IB of the IBSC [157]. One can
consider that the CB of such QD IBSC is actually the energy baseground of the
WL, reducing the IB<«»CB transition and so the probability of voltage
preservation. This will be of great importance when we will analyse the Ap in the
structure. Besides, the density of states is discrete in a QD. As an example, the
electronic structure ina GaAs/InAs QD system is presented Figure 4.4.1-2(b). We

observe multiple states in the QD.

The most investigated systems for IBSC applications are the InAs/GaAs and

InAs/GaAsN QD heterostructures. Our sample has been designed specifically as a
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potential IBSC, with the QD baseground placed at 1.24eV, and the host material
CB at 1,65eV. In comparison with the most studied QD-based IBSC system,
INAS/GaAs, the InAs/AlGaAs system has an energy band diagram more suited to
the 1B behaviour. The band gap energies are closer to the ideal case - with
Ec=1.65V, Ex=1.2eV and E =0.45eV - and the higher barrier energy induces a
stronger carrier confinement, maximizing the chance of voltage preservation [158].

AlysGaAs BSF 20nm
Aly,GaAs base 50nm

Alp,GaAs emitter 50nm
AlyGaAs window 20nm

(@) (b)

Figure 4.4.1-1: (a) picture of the MSQD sample. Each circle is an isolated diode (b) Detailed
structure of the MSQD sample
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Figure 4.4.1-2: (a) Modified electronic band structure in the IBSC sample with the presence of the
WLs. (b) Calculated electronic band structure in a InAs/GaAs QD system from [159]

4.4.2 Optical management structure

In real illumination conditions, the QD-based IBSC systems suffer from a low
absorption rate in the two transitions implying the IB. In order to test the influence
of an absorption exaltation in the QD region, an optical engineering is performed.
The GaAs substrate has been removed, and the active part of the sample has been
transferred on a gold mirror by epitaxial layer process. The structure is shown
Figure 4.4.2-1, and the detailed processis reported in [160]. This transfer operation
has been carried out by the LPN. The result is a 350nm-thick n-i-p solar cell which
forms Fabry-Perot cavity that creates Fabry-Perot resonances. The effects of this
transfer are depicted Figure 4.4.2-1 (c), featuring the EQE for the non-transferred
sample and the 1-R(1) for the transferred one. The EQE for the non-transferred cell
is representative of the absorption in the cell since the host-material, AlGaAs, has
great carrier mobility and therefore has a collect function around 1. This
approximation is comforted by Figure 4.4.2-1 (d), where EQE(V) has been plotted,
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since the EQE has not increased when we applied an inverse bias. As for 1-R())
curve, it can also be considered as the absorption in the transferred sample. For
further details, see Sec.4.4.3.2 dedicated to the absorption measurement. Figure
4.4.2-1 exhibits |[EP in the structure, provided by the LPN. This value is
representative of the absorption in the structure. We note that the FB cavity
increases the absorption especially for the QD in the centre of the QD layer. This
FB resonance occurs at 1046nm near the QD baseground. This resonance will
increase both photofilling of the QD and the TS-TPA, two crucial processes in
IBSC operation.
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Figure 4.4.2-1: (a) Description of the transferred structure. (b) |EP in the transferred structure. (c)
Comparisonof EQE for non-transferredsample and 1-R(A) for the transferred sample. (d) EQE(V). The
EQE doesn’t change with application of a reverse bias.

Fabry-Perot cavity effect

PL measurements (see Sec.4.4.4) before and after transfer procedure have been
performed with a confocal microscope. A green laser emitting at 532nm and an
excitation of 2.3.10° W/m? are used. This high irradiance is chosen in order to be
sure to saturate the QD ensemble. This way, all the states in the QD ensemble
participate at the luminescence and the effect is quantifiable. The results are plotted

Figure 4.4.2-2. The comparison of the PL signals for the transferred and the non-
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transferred samples gives the exaltation ratio obtained thanks to the Fabry-Perot
cavity. This ratio is around 7 for the integrated PL signal. The inset displays the
two PL spectra normalised. The cavity has only little effect on the FWHM of the
QD peak, and on the spectral position the PL maximum. It has to be noted that
spectral comparison between the two samples is tricky, since a significant
heterogeneity has been observed, and especially a radial transition energy gradient
of the PL.

A TRPL measurement has also been carried out for these two samples. A green
pulsed laser has been applied to both samples. Results are displayed in Figure
4.4.2-3. The transferred sample exhibits a faster decay. As the Integrated PL
intensity is also higher, this shortening in the PL decay is due to a decrease of the

radiative lifetime in the QD. Furthermore, as the

From those experiments, we can deduce that the radiative recombinations dominate
in the QDs and that the cavity enhances the absorption and radiative recombination
for the VB <« IB transition.
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Figure 4.4.2-2: Comparison of the PL spectrafor the transferred and the as-grown samples. An
exaltation factor of 7 is found for the integrated PL intensity.
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Figure 4.4.2-3: TRPL curves for transferred (red) and non-transferred samples. The
transferred sample exhibits a faster decay.

4.4.3 Particularities of QD-based IBSC

MSQD samples have very unique behaviour, making their luminescent properties
particular. We will therefore focus first on generalised Planck’s law application

conditions.

4.4.3.1 Generalised Planck’s law and QD ensemble

A direct determination of a pgp in the QD ensemble implies that a unique pop
exists in all the QDs and thus we can transpose the generalized Planck’s law to a

QD ensemble.

As we detailed in chapter 1, the generalised Planck’s law is valid only ifa chemical
and thermal equilibrium is set for all the occupied states in the considered band.
This question is especially complex for the QDs. QDs are indeed an ensemble of
isolated and confined structures, questioning naturally the condition of chemical
equilibrium. Several transport mechanisms can however allow this equilibrium:

formation of a miniband [161], thermionic escape to the wetting layer [162],
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resonant tunneling and charge hopping (phonon-assisted tunnelling) [163], [164].
Among those mechanisms, we can notice that thermionic escape would above all

means loss of Apc, and so preclude the IBSC effect. In this first case we expect a

constant pgp over the entire spectral emission range.

In the second case, if no equilibrium exists between the QD, the generalised
Planck’s law is no more valid for the whole QD spectrum and all studied QD have
their own chemical potential. In this case, we expect the pgpto vary with the

considered emission energy.

In all cases, the main difficulty stands inthe determination of the absorbance term
in the generalised Planck’s law. In a QD ensemble this value is very hard to
measure. A QD ensemble is an ensemble of similar, but not same, QD size. The
directincidence of this dimensional distribution is anenergy transition distribution,
as the energy levels in a QD depends on its size. Furthermore, as the density of
state in a QD is discrete, the absorption saturates once all the states are filled, and
the absorbance of the QD ensemble becomes null [165].
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Figure 4.4.3-1: Absorptioncoefficient of and InAs/GaAs QD ensemble. The existence of discrete
energy levels and the size distribution of the QD makes the absorption coefficient. This result is
simulated. From [159]
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In order to test these hypothesis, we could increase the samples temperature. This
way, the thermal escape from the QD would force a chemical equilibrium to be
found. An observation of the evolution of Ap(E) as a function of the cells

temperature would have given important information in this regard.

In both cases, it is fundamental to determine this absorption by the cell. Three

strategies have been set up and compared in the following:

- Reflectometry measurement
- PLE measurement

- Absorption measurement by comparison with a reference sample

4.4.3.2 Reflectometry measurements

This measurement consists in measuring the ratio of the light reflected by the
sample on the incident light:

RO\) — IreﬂectedOD

4.4-1,
Iincident (7\) ( )

The measure is done with the IQE measurement device from Newport. The
reflected light is measured by a detector inside an integrating sphere. For the
transferred sample, as the layers are deposited on a gold mirror, the reflected light
contains both the reflected light at the surface and the light which has not been
absorbed by the structure. Therefore (1-R(A)) gives directly the absorption in the
sample from all the structure, including the gold mirror. This is particularly
troublesome as the electrical field is enhanced in the QD region, and the absorption
in the mirror will also be increased. Simulations have been made to calculate the
absorption in the same structure without the QDs. In this simulation the absorbed
light in the QD spectral region will only be done by the mirror. This allows us to
determine the absorption inthe QDs after having subtracted it to the measured data.

Figure 4.4.3-2 displays the results.
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Figure 4.4.3-2 : Absorption obtained from reflectometry measurements

The measured curve exhibit several features. The peaks from 400nm to 750nm are
the result of interferences. In this range the light is absorbed by the AlGaAs
material. The other peaks are the result of the Fabry-Perot resonance. The one at
1600nm is the first order resonance. In this spectral region, the light is only
absorbed by the metal. We used this peak to fit the Fabry-Perot resonance, and the
n,k indices of the gold mirror. The peak at 990nm is the 3" order resonance of the
FB cavity. It reflects mostly the absorption in the mirror, but also in the QDs. The
green curve, representing the absorption in the active region, gives a quantitative
value for the QD ensemble around 10%.

4.4.3.3 Alternative absorption measurement
PL-E

As seen in chapter 2, PL-E measurements can be used to access the absorption in
a sample. We used a 532nm laser, wavelength where the absorption is close to
100% (cf. Figure 4.4.3-2), and the power excitation range between 0,5mW and
10,1mW.
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Figure 4.4.3-3: Evolution of the integrated PL intensity as a function of excitation power. A
linearity is found up to 5SmA/cm2, which corresponds to an irradiance of 15000 suns

At low irradiance the linearity law is respected. With high irradiance, the QDs start
to saturate and the PL intensity increase slows down. In conclusion, below
5mW/cne, the linearity validates the use of PL-E.

We can calibrate those data with the reflectometry measurements: The data are
normalized by the value of the absorption peak at 610nm, where both 1-R(A) and
PLE(A) reach their maximum, and moreover where the gold is not supposed to
absorb any light in this region. The luminescence isrecorded at 1070nm, in the QD

groundstate region
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Figure 4.4.3-4 : PLE measurements of the transferred sample. Inred the PLE curve for the In the
inset is displayed a zoom on the QD area.

The PL-E curve has a similar shape than the 1-R(\) measurement. The peak at 510
is believed to be an artefact from the second order of the laser excitation, not
filtered by the monochromator. The signal in the QD region is smaller than
expected. This could be a consequence of the polarisation of the excitation

wavelength.
Determination with the non-transferred cell as reference perspectives.

A differential measurement could be interesting. By measuring the absorption in
the whole sample with the reflectometry on a reference cell, we could by

subtraction get access to the QD absorption. This will be done in a near future.

4.4.4 PL measurements

PL measurements have been done on QD samples. In addition to classical
information, PL also gives access to: (i) QD size distribution, (ii) PL spectra shift
with increased irradiance, (iii) QD saturation irradiance threshold and (iv) effect of
the FB cavity on the PL.
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4.4.4.1 Power dependence study

Irradiance dependence of the QD PL spectra is presented in this section. We have
used a green laser emitting at 532nm and several irradiance excitation from
0.1W/cne to 5327 W/cn?. Figure 4.4.4-1 displays the normalised PL spectra and
the luminescence intensity for all studied irradiances. At low irradiance, spectra are
asymmetric and emission is located at low energy (1058nm for 2.2W/cm?). With
increased excitation, we note a huge blueshift: the PL maximum shifting from
1114nm to 980nm (150meV) for 5327W/cme. This behaviour is well-known [166]:
at low irradiance, carrier are trapped in large QD size. As these QDs fill, electrons
and holes are trapped in smaller QDs, causing the mean energy emission to
increase. At high irradiance the PL spectrum stabilises, so does the PL intensity.
The QDs are then saturated. Mechanisms responsible for this spectral shift can be
questioned. Oscillator strength from WL to QD groundstate is proportional to
energy transition [153], and hence is higher for the large QD enhancing
recombination in those dots. In the case of high QDs density, overlapping of
electron wavefunctions allow direct transport from QD to QD, causing the QD
ensemble to behave like a mini-band. However, taking into account the spacing

between our dots (around 30nm) this is not the most probable mechanism.

Besides PL spectra shapes are not constant. We observe a local maximum at 1058
nm for 0.1, 2.2 and 13 W/cn?. We think that this local maximum is a signature of
a bimodal QD distribution, phenomenon well-known in InAs based QD systems
[167]-[169]. In addition, it seems that PL spectra are deformed on either sides of
peaks centred on around 1000nm. This is the FB cavity effect, which is in the

middle of this spectral range (cf. Figure 4.4.3-2).
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Figure 4.4.4-1: (a) PL signal for transferred sample with power excitation increase. (b)
Power dependant evolution of the maximum intensity of PL. (c) Evolution of the Apmax
as a function of the incident irradiance

In conclusion, even if the QD emission is strongly power dependent, this is
probably because of a higher probability for electrons to recombine in large dots,
and not because an equilibrium is established between the dots. This will be

important for the following.
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4.4.5 Two-steps two-photon absorption

TS-TPA in QD IBSCs samples is the main problem of QD-based IBSC. Indeed,
because of the low density of states in the QDs IB, the increase of photocurrent via
the IB is limited.

As said before, several QD based IBSCs have shown TS-TPA. Most of them only
at low temperature. In those systems, InAs/GaAs QD for example, the IB < CB
transitions are dominated by thermionic recombinations at RT. In addition to the
TS-TPA effect blinding, this domination also makes IBSCs voltage preservation
impossible. Up to now, only few QD-based IBSC systems exhibited TS-TPA at
room temperature [140], [147], with an InAs/GaAsN QD/barrier system.

4.4.5.1 Experimental result
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Figure 4.4.5-1: APL/PL (straight line) and PL (dotted line) with P pump =1,04mW and P\r=3mW

The APL/PL curve shows a better TS-TPA efficiency for the high energy part of
the QD ensemble, with a maximum at 971nm (1.27eV).
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4.4.5.2 Power dependence study

In this section we are interested in the influence of the pump laser power, while

maintaining IR laser power constant, at 1.2.10° W.cm2.
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Figure 4.4.5-2 : PLir .oft-PLir :on/PLirofr. This result shows a decrease of the PL signal with the IR
excitation depending on the green excitation power.

With this study, we find the same results than with the MQW sample, which is the
decrease of the global spectrum with the IR bias laser. While increasing the pump
power excitation, a broadening of the APL/PL spectrum is observed in the QD
region, and positive two-step two-photon absorption appears in the WL and barrier

spectral region.

4.4.5.3 Discussion

We first focus on the pump power excitation behaviour. The broadening observed
in the QD with the increased pump power excitation can be interpreted as an
increased carrier population and especially an excited states filling. Appearance of
a TS-TPA in WL and barrier occurs at high pump irradiance, exactly as the

luminescence in this region.
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The central peaks of APL/PL spectra are all at a higher wavelength than their
corresponding PL peak. In other words, the intraband absorption is blueshifted in
comparison with the PL spectra. This result was not expected. Indeed, Pr Sauvage
and his team showed that bound to continuum absorption in InAs/GaAs QD
decreases with Epound to continuum, DeCause of the decrease of the oscillator strength
[153]. The oscillator strength in a semiconductor is proportional to the energy of
the considered transition. Indeed, in analogy with QW, the bound to continuum
transition energy decreases with the increase of the QD baseground, so should the
intraband absorption efficiency [170]. On the other hand, it has been predicted that
smaller QD would have a better intraband absorption and would increase the
confinement of the carrier [171]. The FB cavity could be responsible for this effect:
while enhancing the VB «IB transition, the IB<«=CB is decreased in the same
time. If that is the case, enhancing the VB «IB transition would not favour the
highlighting of the IBSC effect. The curve also exhibits bound to continuum
absorption in the WL, which can be compared to the one measured in the MQW

sample.

To understand the spectral information of the intraband absorption efficiency, we

consider the model proposed Figure 4.3.3-2.

The PL signal intensity in a QD can be approximated by:

IpL(E) = B(E)n, (E) (4.4-2)

Where B is the radiative recombination rate, depending on the oscillator strength
and therefore to the considered radiation energy, and n, the population in the

intermediate band. The difference between the PL without and with IR bias is:

Bipue) _ Ay (4.4-3)
Ip,(E) n;

We consider now the following equations for the steady state population in the
intermediate band in both cases:

134



4.4. Quantum dots based heterostructures

anIR off _ g = ne Mg ofr (4.4-4.)
dt Tcr Ty
anIR on _ 0= & _ nIIR on _ p (44'5)
dt Tcr T

The relaxation rates accounts for both radiative and non-radiative recombinations.
P is the absorbed photon, proportional to the incident IR laser photons per pulses

and to the intraband absorption coefficient:

P = aj¢c Niginc (4.4-6.)
where Nz in 1S the incident IR laser photons per pulses.

The intraband absorption coefficient can be written as a function of the IB

occupation [39]:

n
Qe = f; amax = Hllalngax (4.4-7.)

with D, being the total density of states of the IB.

This leads to:
_ Twne (4.4-8.)
MR opr = Ter
e ( D, ) (4.4-9.)
IR on oo \D; + 7y ait* Nig inc
Finally:
Ay _ % . 1 (4.4-10.)
Ip,(E) n; 1+ T i Niginc
D,
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From this equation, we can therefore isolate the parameter optimising the TS-TPA,

in our experimental conditions. It appears that ’P—L(f)) is an increasing function of

IpL
the radiative relaxation time, Ty, the intraband absorption coefficient, ajz**, and
the IR laser excitation power. As the relaxation time is not dominated by non-
radiative recombinations (cf. 4.4.2), the optical cavity reduces tp. and so does not
help to evidence the TS-TPA. However, for an ideal IBSC working under AM1.5
spectrum, this cavity will help to fill the IB, which is a key point especially for QD-

based IBSC where the VB — IB transition is weak.

The amplitude of APL/PL curve is however not reliable. Our experimental setup
introduced indeed significant uncertainty about the excitation power. This
uncertainty has been reduced by multiple acquisition. The magnitude changed of
about 50%, but the spectra had always the same shape and sign. Therefore we
believe that the effect is real. In addition if this result was only due to a pump power
variation, with such small changes the variation of the PL should be linear with the
pump power excitation, resulting in induced variations spectrally constant, which

is clearly not the case here.

In conclusion we have demonstrated a TS-TPA effect in our sample by PL
measurement. This characterisation method is interesting as it gives a spectral
information about this phenomenon, information that is not present in other TS-
TPA characterisation methods. Nonetheless our unstable laser coupling was a
source of uncertainty, and the setup has to be improved for reliable quantitative

measures.

4.4.6 Hyperspectral measurements

We apply the procedure described in Sec4.2.2. We use a 532nm laser excitation up

to 12000 suns and a Silicon CCD. Figure 4.4.6-1 shows the extracted AL
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Figure 4.4.6-1: Excitation power study of the AU(E) in the structure. The region from where the
luminescence is emitted are detailed.

We distinct three regions corresponding to the three transitions recorded implying
the barrier, the Wetting Layer (WL) and the QD ensemble.

The barrier spectral region exhibit a constant Ap as expected, and increasing the

excitation power leads to a vertical translation of log(c).

The Ap in the WL region is not a plateau, contrary to the analysis of the MQW
case. This is however due to a spectral recovery between the luminescence of the
barrier and of the WL. Here again, the Apw.(P) is a linear function of log (c). This
confirms the equilibrium between the WL carriers. Finally, the AAU between the
barrier and the WL is around 50meV, close to the IB criteria. As the WL is a very
thin well, the confinement is higher than in the wells of the MQW sample. This
could reduce the thermal escape from the WL, and therefore lead to a QFL splitting
between the WL and the barrier.
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About the QD ensemble, we see that no plateau is reached. This could be because
of the absorptivity of the QD is not valid. It was measured at very low irradiance
whereas the PL measures has been done at high injection levels. From the shape of
the different curves, it seems that the high energy part of the QD are in equilibrium:
in this region, an increasing irradiance leads to a vertical translation of the Au(E).
Therefore, even if we can’t determine it, it seems that a common p exists for the
excited states of the QDs. Physically, this reflects that those states are less confined,

resulting in a dominant thermal escape rate.
Upper limit of the Ap

We will now study the system at high irradiance. This approach is similar to the
voltage recovery presented by Professor Luque et al. Indeed by measuring the
barriers chemical potential in the case the QD are saturated, the thermionic
transition from the CB to the IB becomes marginal, and so a significant A(Ap) will
arise. Nonetheless, in the case where the QDs are saturated, two problems arise in
the Apgp calculation. First, the Boltzmann approximation is no longer valid,
neither is the generalised Planck’s law (EQ. (1.1-7.)). The second and most
problematic issue, is that the absorption in QD region is null, making this law
inappropriate. The barriers Ap is however still accessible, and we will therefore
focus only on the barrier and WL emission with the objective to prove that this Ap
reaches values that cannot be reached by the QDs. A simple upper bound for the
Ap would be the radiative open-circuit voltage, Voc, rad, introduced in chapter 2, and
depending on the EQE of the cell. But the lack of electrical contact made
impossible the measurement of EQE. In the worse hypothesis it could be equal to
the radiative transition of the WL, 1,55eV. Therefore, we consider here the mean
bandgap energy of the QDs as the upper band. This upper band is a stronger proof
than the Vo, rad Value, especially because, in the case where a common Ap exist in
the QD, its value could even be majored by the lowest bandgap energy of the QD

ensemble.
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Figure 4.4.6-2 features the PL spectra and the results of the IBSC characterization
by the Ap.

The Ap measured in the barrier is 1.49 eV, which is very close to the WL energy

transition.
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Figure 4.4.6-2 : Spectrally resolved QFLs splittings in the structure. The region from where the
luminescence is emitted are detailed. The QFLs splitting between the barrier population and the
valence band is almost equal to the WL transitionenergy. This figure exhibits an optical measure
of a voltage recovery obtained with our sample at RT.

Discussion

The results here suggest that the carriersin the QD ensemble meet not chemical
and thermal equilibrium, at least for the most confined states. In this case, we have
to consider each QD as an isolated system with its own generalised Planck’s law.
For the excited states, the lower confinement allow for the carriers to be in
equilibrium. Besides, a small QFL splitting exists between the WL and the barrier.
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The voltage recovery approach give some interesting results: the Ap exhibited in
the barrier is very high, reaching almost the WL band gap energy. If it exists, the
common Ap in the QD should even be lower than the mean transition energy,

1.24eV. The AAu between the QD and the barrier would then reach the 250meV.

4.5 Conclusions

We have developed an all optical characterisation methods adapted to the two
IBSCs key processes: the TS-TPA and the voltage preservation. The TS-TPA has
been investigated through PL induced by a dual-beam laser excitation. The
originality of this technics relies on the spectral information that is accessed. PL
spectra also allow us to probe optically the voltage in the structure and especially
to measure, whether or not a voltage gain exists compared to a single transition
solar cells made with the IB material. We have then applied this method to a MQW
and a MSQD based IBSCs material. Both candidates exhibited TS-TPA at room-
temperature. The MQW sample has shown no voltage gain compared to a single
transition solar cell based on the QW material. On the other hand the MSQD
demonstrated a significant voltage gain at high concentration regime. This optical

“voltage recovery” is a very interesting technic that can be applied to absorbers.

IBSCs efficiency depends highly on the fragile equilibrium of the generation and
recombination rate in the device. In this sense, light management could help us to
control this balance and therefore is a very interesting tool. We have studied the
effect of a cavity increasing the VB <« IB transition that contribute to achieve TS-
TPA efficiency by useful photofilling of the IB (photofilling by absorption from
the VB in opposition to parasitic photofilling by non-radiative recombination from
the CB). Adding a cavity enhancing the IB — CB would also be of great interest.
It would indeed be needed to benefit the increased absorption in the QD region,
and would help to achieve voltage preservation by increasing the difference of the
QFLs inthe QD and in the CB. Grow more confined QD-based systems, blocking
the recombination from the CB to the IB (for example by energy band engineering

using type-1l QDs) are also solid leads towards efficient IBSCs).
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This thesis deals with the multi-transition solar cells by studying two subband gap
localised states materials: one highly mismatch alloy, GaAsPN, and one multi-
stacked quantum dots heterostructure. These subband gap states give the possibility
to tune the band gap energy or create two photon transitions inside a single the

absorber.

In a first part, a radiance based introduction of the solar cell is presented. Links
between radiances and electrical properties are pointed out. From this analysis, the
thermodynamic limits of the single and multiple transition solar cells are derived
and key mechanisms for multi-transition solar cells are identified. A universal
optical characterisation method for probing electrical properties of solar cells is
displayed. It mainly relies on a Hyperspectral Imager. This original tool allows for
the measured PL intensity to be absolutely calibrated. This method is especially
adapted to multi-transition solar cells, as it access the electrical performances of
each transition. Finally it allows for the absorbers to be characterised. This is
essential for third generation concepts, for which complete devices are not always

available.

The first experimental part of my thesis was dedicated to the development of a
GaAsPN based pin top cell lattice matched with a Silicon bottom cell. Numerical
simulations have been carried out. It appeared that two main obstacles are to be
tackle: the pt product of the GaAsPN and the photocurrent barrier at
GaAsPN/Gap-n interface. For the pt product, we have seen that annealing and
growth conditions could change dramatically this quantity. A rigorous statistical

study has to be carried out in order to optimise these two processes. Optical
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management could also be considered to reduce the absorber thickness.
Concerning the photocurrent barrier, high doping value or substitution of GaP with
AlGaP for the n-doped layer should suppress this problem. AlGaP would also help

to passivate the interface. An optimised design has been found.

Based on this study, FOTON laboratory grew absorbers and pin diode. We have
measured materials parameters, such as the absorption coefficient or the carrier
lifetime that was not well referenced in the literature. Carrier dynamics has been
studied by steady-state and time-resolved photoluminescence, with the conclusion
that the GaAsPN we grew still suffer from multiple strongly localised states below
the band gap, mainly due to N-clusters. This localisation decreases dramatically
the electron mobility and prevents from a good carrier collection. Luminescence
properties of the absorber is highly disturbed by those localised states, we have not
been able to apply classical analysis. For example, high luminescence intensity and
high open circuit voltage are not related, as well as carrier lifetime and short circuit
current. We have demonstrated a state of the art GaAsPN top cell, with a
conversion efficiency of 2.25%. With the conclusions of this thesis we are

expecting a significant increase of this efficiency in the next months.

Finally, we have taken advantages of the strong carrier localisation: it allows for
those states to be isolated from the conduction band, and therefore can be put to
good use in an intermediate band solar cell. We have demonstrated an interesting
behaviour of GaAsPN from this perspective: a two-step two photon absorption of

about 0.1% at room temperature without a blocking layer.

In the last part of this work, quantum confined heterostructures for intermediate
band solar cells have been studied. A quantitative optical characterisation method
was developed and applied to a multiple quantum wells (MQW) and a multi-
stacked quantum dots (MSQD) samples. This method gives access to the two key
mechanisms of the intermediate band behaviour: the two-step two photon
absorption (TS-TPA) and the voltage preservation, which reflect the electronic

isolation of carriers inthe intermediate band. Both candidates exhibited significant
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TS-TPA at room temperature, whereas only the MSQD sample exhibited voltage

preservation.

The TS-TPA was probed with a dual-beam excitation PL measurement, method
that, compared with the existent technics, gives the spectral information of this
mechanism. Effect of a Fabry-Perot cavity enhancing the absorption on QD has
also been analysed. Even if this cavity is beneficial for the global TS-TPA, it has
been found that using solely this cavity decreases the intraband absorption from
the IB to the CB by an emptying effect of the IB. To tackle this effect, this cavity
should be associated with one enhancing the IB «—+VB transition. This way, the
global TS-TPA would be increased. Besides, by increasing the Quasi-Fermi levels
splittings between the IB and the CB, that second cavity is a promising lead to

achieve voltage preservation.

PL intensity has been used to investigate this voltage preservation thanks to a
Hyperspectral Imager. Combined with the generalised Planck’s law, it gives access
to the absolute value of the chemical potential of the different carrier populations.
A discussion about the application modalities of the generalised Planck’s law on
the QD ensemble has been made. It appeared that, as the most confined carriersin
the quantum dots are probably not in equilibrium, this law is unfortunately not
applicable for this population. However, the barrier is well suited for this
measurement, and an optical voltage recovery-like measurement is demonstrated

for the MQSD at room temperature.
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