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Abstract

Perovskite solar cells have been the focus of photovoltaics research in this past
decade. Owing to their many favorable properties - like low cost solution pro-
cessability, tunable bandgap and high efficiency, they have seen much attention in
various types of solar cell designs. A promising technology has coupled perovskite
cells with another semiconductor material in monolithic tandem solar cells, reach-
ing record efficiencies of 29:15%. However, these kinds of devices require current
matching condition to maximize the output of solar cells, making their fabrica-
tion challenging. Here, we propose the innovative bifacial tandem configuration to
overcome current matching limits between the two sub-cells, by collecting photons
from the surrounding environment, i.e. albedo. The extra light shining on our
silicon bottom cell boosts the photogenerated current above monolithic tandem
values. We show that the current density gain is more pronounced in perovskite
solar cells with a narrow bandgap, 1:59eV , than those with a wider one 1:7eV. In
other words, current matched tandems show little to no increase in efficiency with
the extra albedo, while mismatched cells exhibit the most power, reaching up to
~ 28% in the best scenario. To give more credit to our work, we report outdoor
data gathered in various locations around the world, and we show how different

albedos have distinct effects on bifacial tandems.
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Abstract

Le celle solari con perovskite ibride sono state al centro della ricerca nel settore
fotovoltaico nell’'ultimo decennio. Grazie a molte delle loro proprieta favorevoli
— tra cui i costi ridotti di processo, bandgap variabile e alta efficienza, hanno
avuto molta attenzione in diverse configurazioni. Una tecnologia promettente ha
incorporato le perovskiti con un altro materiale semiconduttore nelle celle solari
tandem monolitiche, raggiungendo efficienze record di 29:15%. Tuttavia, questa
tipologia di dispositivi, per massimizzare la potenza prodotta dalle celle solari
richiede 'uguaglianza tra le correnti prodotte dalle celle secondarie, facendo si che
la loro fabbricazione diventi ardua. Qui, proponiamo la configurazione tandem
bifacciale come modo per aggirare la condizione di uguaglianza di correnti, rac-
cogliendo luce anche dall’ambiente circostante, ovvero I'albedo. La luce extra che
incide sul silicio aumenta la corrente fotogenerata, trasformando la parte solita-
mente limitante della cella, nella parte piu’ performante. Qui, mostriamo come
I’aumento di corrente sia maggiore nelle celle tandem con perovskiti con bandgap
piu piccolo, 1:59eV | piuttosto che in quelle con bandgap grande, 1:7eV . In altre
parole, le tandem gia bilanciate in corrente traggono poco o nessun profitto dalla
albedo extra, mentre dispositivi non equilibrati mostrano I’aumento piu grande in
efficienza raggiungendo valori attorno al ~ 28% nei migliori dei casi. Per dar mag-
gior credito al nostro lavoro, riportiamo i dati ottenuti da installazioni all’aperto
in varie luoghi attorno al mondo e mostriamo come albedo diversi hanno effetti

differenti sulle nostre celle solari tandem bifacciali.
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Chapter 1
Introduction

Recent years have seen detailed reports stating that global warming is real and
poses a major threat to Earth's ecosystem and sustainability. The Intergovern-
mental Panel of Climate Change (IPCC) declares in their special report on global
warming! that Earth's average temperature is increasing and it is mandatory to
keep the phenomenon in check to avoid huge risks for the entire population. Al-
ways the IPCC, in another report, proclaims alarming increased concentration
levels of greenhouse gases (GHG) in the last centuries, primarily linked to fossil
fuel consumption and CQ emission belonging to the beginnings of the industrial
revolution. This last year has seen a widespread global rise in awareness regarding
Earth's condition. Governments are now demanded to undertake pragmatic ac-
tions towards environmental safeguard. A clear message emerged from the many
protests seen in 2019, which nds at its core the request to move away from fos-
sil fuel consumption as primary energy source and shift towards renewable ones.
We have nowadays a large variety of clean and abundant power sources to choose
from, solar, wind, geothermal, hydroelectric, etc. The one we are focusing on in
this work, concerns solar energy and photovoltaics.

In the year 2011, global photovoltaic power generation with an installed capac-
ity of 69:68GW, generated a minuscule amount of 286GW, which accounted for
just 0:18% of the total global primary usag& By the year 2019, the total pho-
tovoltaic installed capacity saw a tremendous increase with 58&W* installed
worldwide; more than 800% growth in just 8 years. As the global market for
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2 CHAPTER 1. INTRODUCTION

photovoltaic depicts, the evolution of global installed capacity is expected to show
a sharp rise over the coming yeats However, to achieve a signi cant share of
the total global primary market usage in the next few decades, solar technology
requires a rapid expansion in research directions driven by the novel ideas to over-
come the present limits. Therefore, in this work, we present the implementation
of an already existing idea that has not provided solid evidence so far. Making
the following work a primacy in its eld. So come with me through this thesis
and you'll be, not in a world of pure imagination, but in a new and exciting jour-
ney that will show you how to make the best of the re ected sunlight that would
otherwise be wasted in a conventional solar cell.

1.1 Semiconductor Physics

Before delving into the physics behind the working principles of a solar cell, we
must introduce a few key concepts. Firstly, in order to absorb light, solar cells
are composed by semiconductors. Di erently from metals, where electrons can be
modelled according to an ideal gas system, in semiconductors electrons are con ned
in a band structure (g. 1.1). In absence of external stimuli (i.e. temperature or
light) electrons populate the states of the \valence band" (VB). In the VB electrons
are localized and do not participate in conduction. In presence of external stimuli,
electrons can absorb energy and promote in the \conduction band" (CB). Electrons
in the conduction band are free to move within the lattice and participate in
conduction. The Fermi level Er) determines the energetic of the system and
usually lies in between the CB and VB. The di erence in energy between the CB
and the VB is de ned as \bandgap" and represents a forbidden region of energies
for electrons. Ideally, the VB is fully populated with electrons and the CB is fully
underpopulated. When one electron is promoted from the VB to the CB, the lack
of negative charge (therefore positive charge) left in its former position in the VB
is de ned as \hole" (h+).
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Figure 1.1: Sketch of the energy levels of a metal (left) and semiconductor (right).
In a semiconductor, the VB and CB are separated by a forbidden zone called
bandgap.

Secondly, we introduce the concept \doping", i.e. the mechanism by which
it is possible to manipulate the concentration of electrons and holes inside the
semiconductor. Technically, this is achieved by inserting atoms of a foreign species
into the semiconductor. This alters the crystal lattice structure and electronic
bonds in the material (g. 1.2). In the case of crystalline silicon, common dopants
are boron (B) and phosphorous (P). These two elements have di ering atomic
numbers compared to silicon, meaning that when either P or B are introduced
in the crystal's skeleton, we change the electronic landscape in the vicinity of the
dopant. In the case of B, atomic number 5, we have a missing electron or an extra
positive one { respect to Si. Such materials are called \acceptors". On the other
hand, phosphorous with atomic number 15, has an excess electron that can be
donated to the crystal, and for such reason the resulting material will be called
\donor". We denote a semiconductor as p-type or n-type when holes or electrons,
respectively, dominate its electrical conductivity.
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Figure 1.2: Crystal lattices of di erent semiconductors: undoped (left), n-type
(centre), p-type (right).

Inserting donor and acceptor atoms into the lattice of crystalline silicon modi-
es the energy levels by allowing states to exist in the forbidden bandgap. Where
with this last term we identify that section of the band diagram, which is prohib-
ited for a semiconductor, i.e. in between the VB and the CB. In detail, a donor
atom will create an energy stateEy just under the CB. While an acceptor atom
permits statesE, close to the VB. The action of doping also modi es the Fermi
level EF (g. 1.3). If we increase the electron concentration, the Fermi energy will
move closer to the CB, instead it will shift down towards the VB in the case we
insert more holes in the semiconductor. We can measure the position of the Fermi
level in an n-type and p-type material from the following equations respectively,

Ec Er=ksTIn Ne (1.1)
Np
N

Er Ev=ksTlh L (1.2)
Na

Where Ec is the minimum attainable conduction band energyE, the maxi-
mum valence band energyNp the donor concentration andN, the acceptor one,
Nc and Ny are the e ective densities of the conduction band states and the valence
band states, respectively. They are de ned as
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3 3
om keT ? om keT 3
% and Ny=2 ——pBl (1.3)

NC:2 h2

With m, and m, are the e ective masses of hole and electrons.

Figure 1.3: Energy levels of doped and undoped semiconductors. Depending on
the type of dopant, the Fermi levelEr shifts according to equations 1.1 and 1.2.

The next step towards understanding a solar cell is the de nition of thep-
n junction (g. 1.4). When a p-type and an n-type semiconductor are brought
together, a very large di erence in electron concentration between n- and p- type
regions causes a di usion current of electrons from the n-type material across the
interface into the p-type material. Similarly, the di erence in hole concentration
causes a di usion current of holes from the p- to the n-type material. Due to this
di usion mechanism the region closest to the interface becomes almost depleted of
mobile charge carriers, hence the name \depletion region” or \space charge region".
Inside this area around the interface an internal electric eld is formed due to the
uncompensated donor and acceptor atoms. This eld forces the charge carriers to
move in the opposite direction of the concentration gradient. The di usion currents
continue to act until all the forces in play are compensated with one another, i.e.
the concentration gradient and the internal electric eld. Therefore, the driving
force for the charge transport does not exist anymore and no net current ows
through the p-n junction. In equilibrium we can de ne,
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NaNp

Vpi = In 14
bi q ni2 ( )
Which is the electrostatic potential di erence across the-n junction, and it

is called built in voltage.

Figure 1.4: Energy sketch of @-n junction. When di erent doped semiconductors
are juxtaposed, the respectivé&r s align.

If we now apply an external voltage V,, to the system, we modify the potential
di erence between the two regions\(i Va) (9. 1.5). Depending on the sign of
V, we may be in reverse or forward bias. In the rst case, we apply negati¥g in
respect to the potential of the p-type region and we end up increasing the potential
barrier, thus widening the depletion region. Instead, if we apply now positive,
in respect to the potential of the p-type, we decrease the barrier and we narrow
down the space charge region. In both cases, the system is not in equilibrium
anymore and now the concentrations of electrons and holes are described by their
quasi Fermi levelsEg,, and Eg, respectively.
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Figure 1.5: Energy band diagram and electrostatic-potential (in green) of pn
junction under (a) reverse bias and (b) forward bias conditiofs

When the p-n junction is illuminated, extra charge carriers are generated in the
semiconductor. The concentration of minority carriers strongly increases, leading
to a ow of minority carriers across the depletion region into the quasi neutral
regions. Electrons ow from the p-type into the n-type and holes from the n-
type into the p-type regions. This ow of photo-generated carrierdy, adds to the
thermal generation currentJyen, Which in turn, as the name suggests, is determined
by the available thermally generated minority carriers in the doped regions.



8 CHAPTER 1. INTRODUCTION

1.2 Solar Cell Fundamentals

The working principle of solar cells is based on the photovoltaic e ect, i.e. the
generation of a potential di erence at the junction of two di erent materials in
response to electromagnetic radiation. This e ect can be divided into three basic
processes (g. 1.6): 1) generation of charge carriers due to the absorption of
photons in the material that forms a junction, 2) separation of the photo-generated
charge carriers in the junction, 3) collection of the photo-generated charge carriers
at the terminals of the junction.

Figure 1.6: Diagram illustrating the photovoltaic e ect. A semiconductor absorbs
an incoming photon withh > E 4. An electron from the VB is promoted to the
CB leaving a hole behind. The two charge carriers are collected at the terminals
of the junction.

The absorption of a photon in a material means that its energy is used to excite
an electron from an initial energy leveE; to a higher energy leveE,. Photons
can only be absorbed if the energy di erence between the two levdts and E,
is smaller than the energy It ) carried by the photon, i.e.h >E , E;. Inan
ideal semiconductor, electrons can populate energy levels below the valence band
edge Ev) and above the conduction band edgeE). As de ned previously, the
di erence betweenEc and Ey is known as the energy bandgapHjg). Eq refers to
a particular area of the k-space where no electrons can be present. This means
that if a photon with less energy thanE, reaches an ideal semiconductor, it will
not be absorbed and instead will traverse the material without interaction.

However, in a real semiconductor, the valence and conduction bands are not
at, but vary depending on the k-vector, a quantity that describes the momentum
of an electron in the semiconductor. If the maximum of the valence band and the
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minimum of the conduction band occur at the same k-vector, and electron can be
excited from the rst to the second state, without any change in the momentum.
Such a semiconductor is called a direct bandgap material. Instead, if the electron
cannot be excited without changing its momentum, the semiconductor is de ned
as indirect bandgap (g. 1.7). This momentum variation is done via the help of a
phonon, which we can de ne as the quantum unit of a crystal lattice vibration. As
stated previously, when this excitation takes place fror&, to E,, a hole is created.
Therefore, for any photovoltaic device, the interaction of photons with the electron-
hole arrangement of an absorbing semiconductor results in the transfer/conversion
of radiative energy from the rst, to chemical energy of the latter. This exchange
mechanism allows for the production of useful work on an external system, and
the maximum conversion e ciency from radiative to chemical energy is limited by
thermodynamics and is set at 67%

Figure 1.7: lllustrating the di erence between a direct semiconductor (a) and an
indirect semiconductor (b}.

On the other hand, the electron-hole pair will also indulge in the reverse pro-
cess, i.e. the electron will fall back to the initial stateE,, releasing energy. This
recombination mechanism can happen with the creation and emission of a new
photon (radiative), or with energy transfer to the crystal lattice (non-radiative).
Therefore, in order to e ciently use the energy from the incoming radiation and
thus performing work, a solar cell has to be designed such that electrons and holes
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are split up and directed towards di erent locations where they have less proba-
bility to recombine. In a regular p-n junction, charge separation occurs thanks to
the built-in electric eld. In such a system, the lifetime of the minority carriers
is key to the nal performance of a solar cell as it determines the recombination
with the majority carriers. A long lifetime assures that electrons/holes can travel
to their respective electrodes.

Finally, the charge carriers are extracted from the solar cell with electrical
contacts so that they can perform work in an external circuit. Here, the chemical
energy of the electron hole pair is converted to electric energy. After the electrons
have passed through the circuit, they will recombine with holes at a metal-absorber
interface.
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1.3 Characterizing the Solar Cell

The main parameters that are used to characterize the performance of a solar
cell are the maximum power pointPnax , the short circuit current density Jgc, the
open circuit voltageV,., and the |l factor FF. These parameters are determined
from the illuminated J-V curve (g. 1.8) and the conversion e ciency can be
calculated from them.

Figure 1.8: Example of a typical current density-voltage curve of a solar cell in
dark (black) and under illumination (red).

The short circuit current |4 is the current that ows through the external
circuit when the electrodes of the solar cell are short circuited. In order to remove
the dependence of the solar cell area, the short circuit current density is used to
describe the maximum current that can be delivered by the device. In the ideal
caseJs. is equal toJpn, which is the maximum photo generated current achievable
by the absorber, and it is written as

Jpnh = qG(Ln + W + Lp) (1.5)
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Where G is the electron/hole pair generation ratel.y and Lp are the minority
carrier's di usion length for electrons and holes respectively, an@/ is the width
of the depletion region. From equation 1.5 it is clear that only carriers generated
in the depletion region and regions up to the minority carrier di usion length
from the depletion region, can contribute to the photo generated current. For
example, crystalline silicon solar cells can theoretically deliver @\=cm? under
AML1.5 spectrum, whereas commercial solar cells havelg that goes just above
40mA=cm?.

The open circuit voltage V., is the voltage at which no current ows though
the external circuit. It indicates the maximum voltage a solar cell can deliver and
can be calculated from equation

V.
J(Va) = Jrec(Va)  Jgen(Va)  Jpn = Jo exp l? -T- Jph (1.6)
B
Assuming that the net current is zero,
kBT J h kBT J h
Voc= —In 2 +1 ——In & 1.7
= 3, I (1.7)

Where the approximation is justi ed becausely, >> J o. From equation 1.7
we notice that the V,. depends on the saturation current densityy, which in
turn depends on the recombination e ects inside the solar cell. Thereforg,. is a
measure of the amount of recombination events that occur in the device.

The |l factor is the ratio between the maximum power Pmax = Jmpp Vimpp)
generated by the solar cell and the producV,. with Jgc

Jmpp Vimpp
FF = 1.8
JSCVOC ( )

Where the subscript \mpp" denotes the maximum powerpoint (MPP) of the
solar cell, i.e. the point on the J-V curve at which the device delivers the maximal
power. For commercial applications, it is very important to operate the solar cells
(or PV modules) at the MPP.

The conversion e ciency is calculated as the ratio between the maximal gen-
erated power and incident power. Solar cells are measured under standard test
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conditions (STC), where the incident light is described by the AM1.5 spectrum
and has an irradiance of, = 1000M=m?,

_ Pmax _ JmppVimpp _ JscVocF F (1.9)
I in I in | in
Since we have stated that the absorption of a photon depends on its energy,
it is important to know the spectral distribution of the solar radiation, meaning
the number of photons of a certain energy as a function of the wavelength Two
quantities are used to describe the solar radiation spectrum, namely the spectral
irradiance | . , and the spectral photon ux ,,( ) de ned as:

A A
le = Lecosd = Le(; ;; )cos sindd (1.10)
2 2
@
oh = @Z (1.12)

With a surface temperature of 600K , the Sun is considered a perfect black
body and emits a spectrum described by gure 1.9. Since sunlight traverses the
atmosphere to reach terrestrial solar panels, we distinguish between the spectrum
outside and inside the atmosphere. Outside the atmosphere we de ne AMO the
spectrum that gives an irradiance equal td¢(AM 0) = 1361Wm 2. When solar
radiation crosses the atmosphere, it is attenuated by the absorption of atmospheric
agents such as water, carbon dioxide, and ozone. The key parameter to keep in
mind is the distance that the sunlight must travel to reach the earth's surface,
which is shortest when the Sun is at the zenith. The ratio of the actual path
length of the sunlight to this minimum distance is known as the optical air mass.
At the zenith this quantity is unity and resulting spectrum is called air mass 1
(AM1). In general, when the Sun is at an angle with the zenith, the air mass is
given by:

1

— 1.12
cos ( )

The AM1.5 spectrum is a reference solar spectral distribution, being de ned
in the International Standard IEC 60904-3. This spectrum is based on the solar
irradiance received on a Sun-facing plane surface tilted &7 to the horizontal.
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Both direct, diuse, and the albedo are considered. With albedo we de ne the
part of the solar radiation that is re ected by the earth's surface, depending on
the re ectivity of the environment.

Figure 1.9: Di erent solar spectra: the blackbody spectra at 6000, the extrater-
restrial AM 0 and the AM 1.5 spectrun?.

Another important quantity that describes a solar cell is the external quan-
tum e ciency (EQE( )). It is the fraction of photons incident on the solar cell
that create electron-hole pairs in the absorber, which are then successfully col-
lected. Wavelength dependent, it is usually measured by illuminating the solar
cell with monochromatic light at di erent ( ) and measuring the corresponding
photocurrent | 5, through the solar cell. The EQE is then determined as:

EQE ()=

(1.13)
ph;

Where qis the elementary charge and . is the spectral photon ow incident
on the solar cell.1,, depends on the bias voltage, which is xed during measure-
ment, and the photon ow is usually determined by taking the EQE of a calibrated
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photodiode under the same light source,

e ()

ph; = W (1.14)
By combining the two (eq. 1.13 and eq. 1.14) we obtain,
— ref Iph ()
EQE ()= EQE™ ()= (1.15)
Iph ( )

The shape of the EQE curve is deeply connected to the optical and electri-
cal properties of the material, meaning it considers all possible losses associated
to the device. Analysing this data can provide information regarding parasitic
absorption and recombination losses. For example, in solar cells that have short
minority carrier di usion lengths or surface recombination, the EQE curve will be
a ected and will drop to lower values, re ecting such losses. Instead, when EQE
values reach close to 1, it means that almost all absorbed photons are converted
into electron-hole pairs that can leave the solar cell. The EQE of a high quality
crystalline silicon based solar cell is reported in gure 1.10.
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Figure 1.10: EQE of a high quality crystalline silicon-based solar cell

At OV bias, the measuredl,, is equal to Js.. Determining Jsc via the EQE
has the advantage of being independent of the area and spectral shape of the
light source used, thus giving a more accurate value than a J-V measurement. To
determine the J;. we combine the photon ow at a certain wavelength with the
associated EQE, leading to the ow of electrons leaving the solar cell for that
Jsc IS then obtained by integrating across all relevant wavelengths,

Z 2

Jee= EQE () o *°d (1.16)
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1.4 Loss Mechanisms

Having discussed the fundamentals behind a functioning solar cell, we are now
obliged to brie y describe the processes that hinder the e ciency of a device. As
we have already mentioned, only the extracted charge carriers contribute to the
Jsc. If we don't collect them, it means the electron hole pair has recombined. It is
clear then, that the recombination rate strongly in uences the nal performance of
solar cells. We distinguish between radiative and non-radiative recombination de-
pending on whether a photon is re-emitted or not in the process. Deeply connected
to this topic is the concept of minority carrier lifetime. Already introduced before,
here it can be seen as the time constant at which an excess carrier concentration
decays exponentially, if external generation is no longer taking place, i.e. no light
is shining on the solar cell. N-type, n4, and p-type, pq lifetimes are de ned as,

1

= (117)
1

nd = oo (1.18)

Where is a temperature dependent constant angy and ng are the equilibrium
concentrations of holes and electrons, respectively.

Another important detrimental e ect to solar cells is the Shockley-Hall recom-
bination process. Here, the recombination of electrons and holes does not occur
from bandgap to bandgap. It is facilitated by an impurity atom or lattice defects,
also de ned as \trap". These trap states introduce allowed energy levels within
the forbidden gap. An electron can then be trapped in such a defect and conse-
guently recombine. It is usually non radiative, and the excess energy is dissipated
into the lattice in the form of heat. Even in this case we can de ne the lifetimes
of holes, psru, and eletrons, nsgu , as

. and - 1
CpNT n;SRH — CnNT

PSRH — (1.19)

Where ¢, and ¢, are the respective hole and electron capture coe cient, and
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Nt the trap density.

Lastly, we mention the Auger recombination which is dominant in indirect
bandgap semiconductors. Here we involve three particles instead of two. When an
electron recombines with a hole, they pass this energy and momentum either to
another electron or another hole. If the third particle is an electron, it is excited
higher up into the conduction band to then thermalize at a second stage exchanging
vibrational energy with the lattice. A hole instead, moves towards deeper levels
in the valence band and again then gives its energy to the lattice, allowing it to
rise again towards the valence band edge. Auger recombination strongly depends
on the charge carrier densities of electrons and holes, as seen from the square
dependence in the de nition of their lifetimes,

1
= 1.2
eeh CnNS ( 0)
1
= — 1.21
ehh CpNK ( )

Where C, and C, are proportionality constants that are dependent on the tem-
perature®. A summary of the major losses that can hinder solar cell performance
are depicted in gure 1.11.
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Figure 1.11: Summary of the various loss mechanisms that occur in a solar cell
when a photon is (a) absorbed: (b) radiative recombination, (c) thermalization
loss, (d) Auger recombination, (e) Shockley-Hall trap assisted recombination.
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1.5 Shockley Queisser Limit

In 1961 the Journal of Applied Physics published an article by William Shockley
and Hans J. Queisser titled\Detailed Balance Limit of E ciency of p-n Junction
Solar Cells". Here, the authors proposed a new theoretical upper limit for the
e ciency of solar cells employingp-n junctions in semiconductors. They stated
that this limit \is a consequence of the nature of atomic processes required by
the basic laws of physics, particularly the principle of detailed balanc&" Such

a limit, called the detailed balance limit, is calculated and compared with the
previous existing limit called the"semiempirical limit" %11, A comparison of the
two limits is shown in gure 1.12.

Figure 1.12: Comparison of thé'semiempirical limit" of e ciency of solar cells
with the "detailed balcance limit™.
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Shockley and Queisser (SQ) stated that a solar cell's e ciency is limited by
two factors: i) the energy gap of the active absorber; ii) the number of recombi-
nation events between electrons and holes that results in the emission of a photon
(radiative recombination). In turn, radiative recombination limits the lifetime of
minority carriers and determines the e ciency of light conversion. Indeed, if radia-
tive recombination is only a fraction of all recombination e ects, then the e ciency
is substantially reduced below the detailed balance limit.

Consequently, SQ posed three hypotheses to determine the maximum e ciency.
First, each photon with energy greater thanh ¢ produces one electronic charge
g at a voltage Vy; = h 4=g Second, radiative recombination is the only recom-
bination mechanism present. Third, all the photoexcited electrons are extracted
from the conduction band, those that have extra energy (hot carriers) relax at the
conduction band edge.

Thus, the e ciency can be de ned as the electrical power out of the cells into
a matched load divided by the incident solar energy irradiating the solar cell:

_ I [V (max)]V (max)
Pinc

(1.22)

According to eq. 1.22, a single active absorber solar cell, otherwise known
as single junction solar cell, has a theoretical upper limit set at around 30%,
which is still remarkably higher than those e ciencies reported for the best solar
technologie$?. As an example, the best silicon solar cell reached an e ciency at
26:6% (Kaneka) while the best perovskite reported so far 284"

From this, a natural question arises. What is preventing a solar cell from
reaching the theoretical SQ limit? To begin with, we would like to note that SQ's
limit for a solar cell derives only from its bandgap and temperature. The absorption
cross-section, determined by the absorption coe cient, calculates absorption and
emission as step function with zero absorption below and full absorption above
Eg. This implies that the optical properties of the device and any concepts for
light trapping are not considered in the original SQ theory. Instead, a real device
must deal with a series of issues that cause either electrical or optical losses and
result in an e ciency that is much lower from the modelled one. These losses can
be summarized as the followin:
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" Absorption loss: in a single junction solar cell, the bandgap energy limits
the generated current. The maximum accessible short-circuit current den-
sity J&> is given for perfect light absorption above the energiy and no
absorption below energye,. However, in a real device we must consider that
absorption is a probability. This means that we refer to an average number
of absorbed photons and consequently, to an average energy loss due to non
absorption.

Carnot loss: a solar cell can be imagined as a heat engine that generates
work while heat ows from the hot reservoir of the sun s = 5800K) to

the cold reservoir of the solar cell device with its surrounding atmosphere
(T, = 300K ). We can estimate the loss by considering rst the open circuit
voltage (Vo) of a monochromatic solar cell. Such a device interacts with the
sun only at a single wavelengtte .. In the radiative limit and under full
concentration, there is no thermalization. The resultingV,. is therefore*

qVee® = Emo (1 Te=Ts) (1.23)

And it represents the limiting e ciency of the conversion of a single photon
into electrical energy. If we expand this reasoning to an in nite number of
monochromatic solar cells withE,, > E ¢, we obtain:

VA —Es””q(Eg) 1 ; (1.24)
C

This value corresponds to the maximunV,. that can be obtained by a re-
versible process that makes use of all solar photons with energy larger than
Eg-

Thermalization loss: in a single junction solar cell, the charge carriers which
are excited beyond the bandgap thermalize to energy levels closep This
causes an irreversible loss process that decrease Yhe below the Carnot
limit. The resulting value is
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E Tc + kac E
Te

v/, max 15 In

(1.25)

The second term represents the increase in energy of charger carriers at the
band edge due to their thermal energy.

Etendue expansion loss: this additional thermodynamic loss is associated
with the increase in solid angle between the photons emitted from the solar
cell and the incident photons from the sun. If the etendue of the emitted
photons ('out) from the solar cell is larger than the small etendue of the inci-
dent photons of the sun (i, ), entropy will be produced since the directional
order of the photons is decreased. The loss can be expressed by

KoTe | Tin (1.26)

out

etendue — max
Voc - Voc +

Nonradiative loss: nonradiative recombination losses or parasitic optical
losses in the solar cell induce thermalization of charger carriers in the de-
vice, which produces thermal losses and is written as

KpT
Vor::onrad — Voectendue + % |an|éED g (2.27)

Where QLEP is the external LED quantum e ciency of the device de ne via

LED J([Jad

LED —Jéad + g (1.28)
Here, we distinguish between the saturation current(®® that leads to emis-
sion of one photon per injected electron from the saturation currentj™d
that does not lead to photon emission.

The losses pointed out here make it clear why the theoretical limit is still
far away. Even though some factors can and have been reduced/minimized, like
unwanted re ection, parasitic absorption and non radiative recombinatiot?, the
e ciencies achieved so far are still behind the practical limit. In light of this,
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many researchers have looked for alternatives to overcome these limits: hot carrier
conversiort®, quantum con nement'’, multiple exciton generatiort®, up and down
conversiort®. However, there is another technology that has been the hope of
researchers for the past few decadéstandem solar cells.
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1.6 The Silicon Solar Cell Technology

Since its beginning, silicon solar cells dominated the photovoltaic (PV) technology.
Over the last twenty years, the silicon solar cells have been constantly improved,
aiming to more e cient devices, up to the point where solar energy is considered
the most promising among all the renewable energies. Part of this success can
be ascribed to a constant reduction in the costs of monocrystalline silicon (c-Si),
today below Q25%watt, which is gradually drifting away the PV market from
the multicrystalline (multi-Si) technology (cheaper, but less e cient). In parallel

to the cost's reduction, the development of contact passivation further advanced
the progress of c-Si solar cells over multi-Si. The vast majority of commercially
manufactured c-Si solar cells, commonly called Al-BSF (aluminum back surface
eld) solar cells, are processed with only ve main fabrication steps (texturing;
front phosphorus di usion; silicon nitride, SiN,, deposition; screen printing and
co- ring of the metal electrodes). This simplicity is a result of the fact that many
of the processes and materials combine to enact multiple functions in the device.
This simplicity in manufacturing has enabled low cost, high throughput production
at the expense of device performance. An evolution of the Al-BSF technology is
represented by the PERC (passivated emitter and rear cell) con guration. PERC
devices are manufactured in a similar way to the Al-BSF cell but with rear-surface
passivation (often aluminium oxide, AlQ) and localized aluminium BSF contacts
(typically de ned by laser ablation of the AlOy layer). The addition of the passi-
vation layer at the rear suppresses surface recombination, thereby increasing the
device voltage relative to the full-area AlI-BSF cell. For this reason, PERC cells
have a higher e ciency potential. Figure 1.13 summarizes the fabrication process
of AI-BSF and PERC solar cells.
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Figure 1.13: Fabrication process of Al-BSF and PERC solar cells

A relatively simple passivating contact device design is that of the silicon het-
erojunction cell (SHJ), which takes the doping outside of the c-Si absorber and
places it within the contact structure in the form of n- and p-doped a-Si:H layers.
The SHJ device architecture, like the AI-BSF cell, bene ts from a conceptually
facile fabrication procedure: a thin Im of intrinsic a-Si:H is sandwiched between
the silicon wafer and the doped a-Si:H layers in order to passivate surface defects,
resulting in high operating voltages. A transparent conductive oxide (TCO; typ-
ically sputtered indium tin oxide, ITO) provides lateral charge transport to the
screen-printed metal ngers and acts as the anti re ective coating (ARC). Figure
1.14 shows the fabrication process of SHJ. The most critical performance limi-
tation of this design is parasitic absorption in the front TCO and a-Si:H layers,
spurring research into alternative materials and device designs. One solution to
this problem is to place all of the contacts on the rear side of the wafer in an inter-
digitated back contacted (IBC) architecture. Alongside the increase in fabrication
complexity, the transferal of the front contacts to the rear side of the cell places
stricter requirements on both the electron and hole contact resistivities owing to
their relative reduction in surface area. In addition, since the vast majority of
excess carriers are photo-generated at the front of the wafer, high bulk lifetimes
and state-of-the-art surface passivation is necessary to achieve the long di usion
lengths needed to maintain a high quantum e ciency.
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Figure 1.14: Fabrication steps of a SHJ.

27
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1.7 Perovskite

The evolution of organic-inorganic lead halide perovskite solar cells (PSCs) be-
gan its notable journey in 2005 in the Peccell Technologies Inc. laboratory at
Toin University in Yokohama, Japan. There, graduate student Akihiro Kojima
joined the research group lead by Tsutomu Miyasaka to examine the possibility of
using halide perovskites as a sensitizer on mesoporous Ji€ectrodes for liquid
electrolyte-based dye-sensitized solar cells (DSSE) At that time \perovskite"
generally meant metal oxides having perovskite structures, i.e. a crystal with
chemical formula ABXg, in which A and B are cations and X is an anion. In an
ideal cubic structure, the B cation has a 6-fold coordination, surrounded by an
octahedron of anions, and the A cation has a 12-fold cubooctahedral coordination.
The cubic unit cell of such compounds is composed of A cations at cube corner
positions, B sitting at the body-centre position, and X occupying the face-centred
positions (g. 1.15).

Figure 1.15: General perovskite unit cell. A and B are cations, while X is an anion.

The perovskite mineral was rst discovered by Prussian mineralogist Gustav
Rose in 183% in a piece of chlorite rich skarn. It was composed of CaTiland
named after the renowned Russian mineralogist Count Lev A. Perovsky (1792-
1856). Many inorganic metal oxides were found to have the perovskite structure,
BaTiO3, PbTiO3, SrTiO3, etc., but these compounds did not show good semicon-
ducting properties that would make them good candidates for photovoltaic (PV)
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applications. However, a class of halide perovskites containing a halide anion in
place of the oxide anion, exhibits semiconducting properties that are desired for PV
applications. In 1893, Wells et al. studied the synthesis of lead halide compounds
from solutions including lead halide and cesium, CsPXX =1, Br, Cl) 23, ammo-
nium (NH,4)?4, or rubidium, RbPbX3?%. Later, in 1957 M ller found that CsPbCl;
and CsPbBr, have the perovskite structuré®?’.

It was Weber*25, that discovered that the organic cation methylammonium
(CH3NH3NH3™) replaces C3 to form CH3;NH3;MX 3 (M = Pb, Sn, X =1, Br) and
reported the rst crystallographic study on organic lead halide perovskite (g.
1.16). From then on, it was Miyasaka's encounter with Kojima's supervisor, Dr.
Kenjiro Teshima, which triggered the start of perovskite photovoltaics. The rst
perovskite-based solar cell utilized CENH3PbX; (X = Br, I) as sensitizer on a
TiO, mesoporous electrode used in conjunction with a lithium halide-containing
electrolyte solutiort!. Hypothesizing that the perovskite would perform the duty
of a quantum dot sensitizer, perovskite was deposited via spin coating, with a
solution molarity such to obtain the thinnest layer of nanocrystalline material,
similar to a DSSCs. In 2009 the group managed to report a fabricated PSC with
an e ciency of 3:8%8. This was the beginning of an incredible story that has now
reached a certi ed e ciency of 252%'2.

Figure 1.16: Di erent cation and anion combinations.

Some major milestones that radically changed the structure include the work
of Michael Lee in 2012, at the time Ph.D. student in Henry Snaith's group at
Oxford, where the rst version of highly e cient, long term durable perovskite
solid state solar cell with 1% e ciency was presented®. The aim of the work
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was to solidify the perovskite sensitized solar cell with a spin coated layer of
an organic hole transporter (HTM), Spiro-OMeTAD (2, 2', 7, 7'-tetrakis(N, N-
dimethoxyphenylamine)-9, 9'-spiro-bi uorene). Snaith et al. demonstrated that
perovskite absorber of hundreds of nanometers on the surface of an insulating
mesoporous AlO; sca old can transport charges through its surface, substituting
the previously employed TiQ (g. 1.18). The electronically inert Al,O3 served as

a base for the formation of perovskite absorber increasing its surface area and thus
aiding in increased absorption. Indeed, a cell using this material exhibited higher
voltage and PCE, a sign of the long di usion length of carriers in the perovskite.
This new concept of solar cell substantially di ered from the idea of DSSC and
was de ned as meso-superstructured solar cell (MSSC) (g. 1.17).

Figure 1.17: The meso-superstructured cell presented by Lee etAltop), the
chemical structure of Spiro-OMeTAD (bottom).
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Figure 1.18: The di erent charge transport mechanisms between the perovskite-
sensitized TiO, solar cell (left) and a non injecting AbO3; based cell (right). A
representation of the energy landscape is shown below, with electrons shown as
solid circles and holes as open circkés

The next step was to move away from the requirement of a mesoscopic oxide
layer. The perovskite material was found to have ambipolar transport characteris-
tics, i.e they are able to transport electrons and holes to their respective selective
contacts. Hence, the mesopores could now be lled with perovskites directly and
only a capping layer was required. These devices produced e ciencies closer to
15%°. Hereafter, the perovskite absorber layer made the mesoporous oxide com-
pletely obsolete and a planar architecture with the absorber sandwiched between
ETL and HTL was realized®. After that, Liu et al. proved that vacuum deposition
was an alternative to deposit perovskite from solution, by co-evaporating methy-
lammonium iodide and PbC} on a compact TiO, to form a 300hm thick perovskite
with 15:4% e ciency solar celf!. These two works de ned the perovskite as per
today, a thin Im technology.
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From there on, following studies have managed to bring the e ciency of PSC
above the 25% threshold and the main reason is due to their extremely favourable
physical and chemical properties. Due to the ionic nature of perovskite crystals, the
absorption edge wavelength (band gap) can be freely modi ed by mixing | and Br
or Br and Cl, forming mixed halide solid solutions ranging from 1:2 2:8eV3233,
When iodide is added to the perovskite structure, the absorption exhibits a con-
stant red shift from the edge wavelength of 550m for pure bromide, to  830hm
for pure iodide** (g 1.19).

Figure 1.19: Depiction of the shifting absorption edge according to di erent I/Br
content in the perovskite solution. Pure iodide perovskite (number 1) is dark
colored and has a lower bandgap,35eV. Pure bromide (number 7), on the other
hand is light colored as its absorption stops at 550n3°.

The strong edge wavelength and the broad at absorption behaviour at shorter
wavelength re ect the excellent optical properties useful for visible light optoelec-
tronics®®. Density functional theory (DFT) of the standard perovskite absorber,
CH3NH3Pbl; (MAPDI 3) with 1:55eV, shows a highly symmetric and therefore di-
rect bandgap, where the strong contribution of the halide p-p electronic transitions
from valence band (VB) to conduction band (CB) contribute to the exceptionally
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high optical absorption coe cient of the material (10°cm 1) (g 1.20) 37:38:39.40.41
Moreover, the unique defect properties of perovskite generate trap states that exist
either within the bands (VB and CB) or exist as shallow traps near the CB and
VB4, Carriers trapped in shallow defects can be detrapped easily and can con-
tribute to current generation. This defect tolerance is re ected by the large carrier
di usion lengths, measured over the photoluminescence (PL) lifetime, which range
from 1 m (polycrystalline Im g. 1.21) 3 to over 100m (single crystalf*.

Figure 1.20: Absorption coe cients of di erent semiconductor materials. MAPDbk
is highlighted in red™.

To summarize, the key factors that justify superior performance and high e -
ciency of PSCs are the following: 1) high optical absorption coe cient that enables
the use of thin Im, 2) long carrier di usion length and suppressed recombination
due to defect tolerance, 3) well balanced charge transfer. In PV applications, qual-
ity number 2, leads to generation of high voltage (1 1:2V)*°. The open circuit
voltage (Vo) of all types of solar cells su ers from a large thermal loss because of
its band gap energy Ey). However, PSC can harvest light more e ciently due
to their high E4 and the high V.. is maintained even under weak light intensity.
Indeed, it is the ability to collect light e ciently in the blue part of the solar
spectrum that allowed PSC to be implemented in tandem solar cells successfully.
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Figure 1.21: Photoluminescence measurement of a polycrystalline perovskite Im
according to Stranks et af®.
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1.8 Tandem Solar Cells

The idea behind a tandem solar cell is to employ two active absorber materials to
make better use of the solar spectrum. Since absorption is a threshold mechanism
and one material can only absorb photons with energy above thelty, having
multiple active layers that can absorb dierent parts of the solar spectrum is
convenient. For this reason, the tandem solar cell is composed by two or more
sub-cells, and each sub-cell must be complementary in the absorption of light,
avoiding competitive absorption. The ideal tandem architecture is obtained when
there is minimum to no absorption overlap between the materials of the solar
cell, meaning that each sub-cell can e ciently harvest di erent wavelengths of
the incoming light. There are dierent ways to fabricate a tandem solar cell:
mechanically stacked four-terminal (4T) where top and bottom cell are operated
separately, and 2-terminal monolithic tandem (2T) (g. 1.22). In this work, we
present solar cells built following the latter con guratiorf®.

Figure 1.22: Diagram of the 2T and 4T tandem solar cefls

From an electrical point of view, a 2T tandem solar cell can be described
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as two single junction solar cells that are connected in series. This implies that
the resulting V,. is the sum of the respective top and bottomV,.'s, whereas the
nal Js. will be limited by the solar cell that produces the lowest current. This
last point highlights immediately a major problem of tandem solar cells: current
matching. If either the top or the bottom cell produce less current than the other
cell, that current is lost, leading to power loss and lower e ciency than the device's
potential. 2T tandems require also compatibility between every processing step
with all preceding layers and interfaces, making this con guration more challenging
to develop.

Indeed, parasitic absorption between the di erent materials must be consid-
ered. For example, two main re ection losses occur at the front transparent elec-
trode and the smooth surfaces. To address these problems it is possible to deposit
quarter length anti re ecting coatings like LiF or MgF,*84° at the top of the tandem
solar cell, and use textured surfaces to enhance light trappitfg Parasitic absorp-
tion originates from photons that are absorbed in any other layer apart from the
active material: the di erence between EQE curve and absorbance spectrum can
be used to experimentally characterize this type of los$és The primary parasitic
absorption occurs at the transparent electrode (TCO) and it is induced by free car-
rier absorption. This implies that a lower carrier concentration in the transparent
electrode will mitigate parasitic losses, but this increases the sheet resistance and
corresponding electrical loss. Solutions to this problem usually involve thinning
down the TCO® or moving to an electrode with lower carrier concentration but
large carrier mobility: going from the common Indium Tin Oxide (ITO) to Indium
Zinc Oxide (1ZO). Despite the complex realization, the tandem architecture has
the best potential to reach high practical e ciencies and lower levelized costs of
electricity. This, thanks to fewer substrates and transparent contacts, compared
to the 4T counterparts®®%*, which require more layers and are also more costly to
produce.

The most intuitive structure of a tandem solar cell envisions a top cell composed
of a material with a wide bandgap in order to harvest light in the blue end of the
solar spectrum, in combination with a bottom cell made of a low bandgap absorber
to collect the red end (g. 1.23). In this way the highly energetic photons at
short wavelengths are e ciently absorbed, generating high voltage and reducing
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thermalization losses, leaving the bottom cell to absorb the transmitted low energy
photons of the near infrared (NIR).

Figure 1.23: Thermalization loss and belov&, loss of a) a single junction solar
cell with E4 of 1:55eV and d) dual junction tandem solar cell with 18eV E; top
cell and 11eV E; bottom cell*’.

Candidates for the bottom cell are Silicon (Si), Copper Indium Gallium Se-
lenide (CIGS), Cadmium Telluride (CdTe), etc. solar cells. The ideal bottom
cell in a tandem con guration requires good response in the NIR light (for good
current matching) and good passivated surface to compensate the small bang gap
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and V,.. Currently, the best candidates lie in the Il1I-V semiconductors category.
However, these materials are too expensive for terrestrial application. Therefore,
silicon heterojunction (SHJ) solar cells represent the most promising candidates
for e cient 2T tandems °34°, However, the SHJ is unstable at temperatures above
200 C, limiting the upper tandem technology to low temperature processes. To
this end, perovskite solar cells (PSC) are perfectly suitable as top cells. Owing
to their high e ciency, cheap processing, and tunable bandgap, this material has
shown promising results as top cell in a 2T tandem con guration reaching record
e ciencies of 29:15%' with various deposition techniques. Additionally, PSCs can
now be deposited on textured surfaces with solution based processes, such as spin
coating (g. 1.24), while still achieving respectable certi ed e ciencies of 25%
and lowering their fabrication cost even mor&.

Figure 1.24. SEM cross sectional image of a solution processed perovskite layer
deposited on top of textured silicon.

The SQ theory applied to the tandem cell tells us that an e ciency as high as
46% is achievabl®, which is not too far away from today's certi ed device¥. For
perovskite/silicon tandems, e orts are being put into reaching and overcoming the
30% mark, be it carefully tuning the thickness and choice of interlayers or through
compositional engineering of the top cell. PCSs used in the current generation
of tandems have been put under the spotlight for their sub optimal performance
when compared to the state-of-the-art single junction solar cellsV,. values are

200mV lower in tandem devices than the best performing singe junction céfls
and the Fill Factor (FF) too is lower in the latter con guration compared to the
rst one. If tandem cells could reach the same technological advancement as other
mature manufactured photovoltaic technologies, which have achieved cell e cien-
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cies that are around 85% of their respective SQ limits (such as Si and GaXs}hey
would achieve e ciencies above 36%. This can be feasibly achieved by pairing wide
bandgap (165 1:8eV) PSC with Si. Unfortunately, experimental results show
that for an absorber with a bandgap of I75eV, with a theoretical maximum cur-
rent density of 22mA=cm?, the highest recorded value is 19.7mA=cm?57:58:59,
Coupled with aV, of 1:41eV®%6! and a FF of 0.83 operating at 92% of its detailed
balance e ciency limit %28 we would obtain a PSC top cell of 232% e ciency.
Which would then lead to a possible tandem e ciency of 32%'.

To push the e ciency of PSCs, the key is obtaining a stable wide bandgap
perovskite, though researchers have been obstructed by the aforementioned prob-
lems: intrinsic instability, degradation, phase segregation. However, there is also
another route to increase the power output of photovoltaic devices while relying
on the more performing lower bandgap perovskites: bifacial tandem solar cells.
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1.9 Bifacial Solar Cells

In the bifacial tandem, the rear electrode is transparent, enabling di used and
re ected light to enter the device. This is opposite to conventional (monofacial)
tandems, where the rear electrode consists in an opaque layer of metal. All the
light components other than direct light, such as the di used or re ected light, are
conventionally de ned with the term albedo. Similar to the direct light, even the
albedo can be exploited for power generation, paving the way for new technology
to push the device e ciency highef*®>. The concept of a bifacial solar cell that
exploits the direct and albedo light is well established in silicon photovoltaié&®68
and crystalline silicon (c-Si) bifacial solar cells are now entering the photovoltaic
market.

In a perovskite silicon tandem, the bifacial concept o ers the possibility to
further increase the power output by boosting the current generatiéh Indeed,
on a performance level, the major di erence between the monofacial tandem and
the bifacial is the current matching. In the monofacial case, as discussed before,
current matching between perovskite and silicon is required to maximize the power
output of the total cell. Any mismatch would create power losses. In the bifacial
case, instead, we can purposely design a mismatch condition, where the top cell
(perovskite) has a smaller bandgap to generate more current. This would limit the
bottom cell (silicon) due to the competitive absorption. However, thanks to the
bifacial concept, the bottom cell can compensate the lack of photons from the front
with the albedo from the back. In turn, this results in a strong enhancement of the
current output and consequentially the absolute power. Figure 1.25 summarizes
the di erences between the monofacial and bifacial concepts, with the predicted
current generation.

Thanks to the bandgap tuning proper of perovskites, we can go from a bifacial
device heavily limited by silicon, with light coming only from the top, to a bifacial
device now limited by the perovskite when there is light also entering from the
bottom. In contrast, an already perfectly matched solar cell will not show any
Jsc increase even in the presence of albedo. In light of this, what determines the
amount of Js. gain, and consequently the new power output, is the bandgap of
the perovskite solar cell (PSC): a narrow bandgap equates to a higher generated
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current, whereas a large bandgap results in less current. This means that in our
bifacial case, in contrast with the research direction of the tandem communig;

it is actually bene cial to work towards a stable and e cient narrow bandgap
perovskite in order to push back the current matching point and make the best
out of the albedo radiation. More in detail, we can see from simulatioffsthat with
increasing albedo, the optimal bifacial device performance is met at signi cantly
lower bandgaps. In this work, we go over the results obtained from fabricating
perovskite/silicon bifacial tandem solar cells via solution processing. We then
measure such devices with solar simulators in the laboratory and also show data
obtained from outdoor test elds.

Figure 1.25: Di erence between a) a monofacial tandem, which collects light only
from the front; b) a bifacial tandem that is able to gather light even from the rear
electrode; c) histogram illustrating the predicted currents.
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INTRODUCTION



Chapter 2
Device Fabrication

We now delve into the device fabrication part, reporting all the steps required to
complete our bifacial solar cell. The device is similar to a 2T tandem solar cell,
since it functions with two photoactive absorber layers connected in series. As
mentioned in the previous chapter, the tandem aims to harvest more e ciently
the solar spectrum than a single junction solar cell, though with an extra twist,
i.e. it can also collect sunlight from the surroundings, albedo, because it has a
transparent electrode on the rear side. Following the fabrication protocol, we rst
report the fabrication processes for the bottom SHJ, then the top perovskite cell.

2.1 The Bottom Cell

Silicon SHJ bottom cells are fabricated on oat-zone double side-textured four
inches wafers (TOPSIL, n-doped, resistivity 1 5 =cm, thickness 250 280m ).

Originally, the silicon wafers are bought double sided mirror-polished. To reduce
the re ection losses induced by the polished surface, the wafers are textured with
random pyramids, a standard procedure in silicon solar cell fabricatiéh The

texturing process is done in alkaline solution. By controlling the alkaline con-
centration, temperature and processing time, we optimized the pyramid size to
accommodate the perovskite top cell and to reduce the re ection los8gs Af-

ter the texturing process, the wafers are cleaned in RCA1 and RCAZ2 solutions.
RCA1 is used to remove organic contaminants, by oxidation of the wafer surface

43
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in a NH4:H,0,:H,0 solution at 75C. The RCA1 oxide layer is then stripped
in a hydro uoric acid HF solution. After RCAL1, RCA2 is used to remove metal
contaminants, again by oxidation of the wafer surface in a HCI:#D,:H,O solution
at 75 C. Finally, a second HF solution is used to remove the RCA2 oxide layer.

The clean and textured wafers can now be moved in the PECVD/PVD cluster,
the Octopus2 from Indeotec. Firstly, we passivated the silicon surfaces by deposit-
ing 8nm thick layer of amorphous intrinsici silicon on both sides of the wafers,
using SiH, as gas precursor. Subsequently, we depositeaht of n and 13 m of p
doped amorphous layers on the top and bottom, using a mixture of SjHPH; and
SiH,: TMB gases, respectively. Secondly, we deposited via RF magnetron sputter-
ing, the recombination junction (RJ) on the top and the bottom contact on the
rear. For the RJ, we sputtered 16m of ITO (Vital Thin Film materials { 97%
In,03 3% SnQ), while for the bottom contact 150hm of ITO. For these deposi-
tions, the base pressure is 1 10 °Torr, 1356Mhz RF source, 0QW=cn¥ power
density, in an Ar/O, atmosphere (8% O, content) and the process pressure is
1 10 3Torr. The ITO sputtering is done with the use of masks to de ne the re-
combination junction ( 1cm?) between the bottom and top cell. For each wafer,
we fabricated seven bottom cells.

Figure 2.1: Complete structure of the SHJ bottom cell of our bifacial tandems.
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The bottom SHJ cell of our bifacial tandem is now complete (g. 2.1) and as
a nal step we annealed the wafers at 20C for 5 min to recover the sputtering
damage of the PVD on the amorphous layers.
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2.2 The Top Cell

The top cell fabrication consists in the deposition of the perovskite and the inter-
mediate layers that are necessary to make the bifacial functional. The perovskite
top cell is in p-i-n con guration. Therefore, the rst layer deposited on the RJ
is 1/am of nanocrystalline NiQ, as the hole transport layer (HTL) via RF sput-
tering (Angstrom EvoVac sputtering tool). The process is done at base pressure
of< 1 10 ®Torr in pure Ar atmosphere with no intentional heating or cooling
of the substrate. The target, 99% NiO Plasmaterials, was sputtered at power
density 1:97W=cn? and 1356MHz RF source.

After the deposition, the NiO, is passivated with a carboxylic acid to reduce
the surface defecte. Next, the perovskite precursor solution was prepared for
spin coating deposition. The perovskites utilized in our bifacial cells contain three
cations: cesium (Cs), fomamidinium (FA) and methylammonium (MA). For an-
ion we have iodide (I) and bromide (Br). We prepared perovskite compositions
with di erent band gaps, that means we utilized di erent ratios of | and Br for
each precursor solution, while keeping the cationic part the same. To prepare
1.68 M solutions we mixed 38mg of caesium iodide (Csl, Alfa Aesar), 48mg
of methyalmmonium bromide (MABr, Greatcell), 389ng of fomamidinium iodide
(FAI, Greatcell), lead bromide (PbBr,, Sigma Aldritch) and lead iodide (Pbb, Alfa
Aesar) in 1, 646nl solution made of dimethylformamide (DMF) and dimethylsul-
foxide (DMSO) (4:1 v/v). The solution was stirred until complete dissolution of
the precursors. Depending on the desired bandgap we mixed Pland PbBr,
accordingly, see table 2.1.



2.2. THE TOP CELL 47

Bandgap (eV) | Pbl, (mg) PbBr, (mg)
1.59 1198 73.4
1.62 1107 154
1.65 1000 236
1.68 922 293
1.70 829 367

Table 2.1: Pbb/PbBr , quantities used to obtain the perovskite solution with
desired bandgap.

For the perovskite Im formation, 751 of perovskite precursors is spin coated
on the bottom cell substrate. An initial 600pm step is maintained for &, suc-
ceeded by another at 200@m for 54s, followed by a last step at 700pm for 8s.
Between these last two, there is as3ramp that gradually brings the speed from
2000pm to 7000pm. During the acceleration phase, we steadily drop 300 of
anisole as solvent quencher. This process is used to extract the low boiling point
solvents DMF/DMSO from the perovskite solvates, allowing the crystallization on
the textured bottom cell. Finally, the forming Im is allocated onto a hot plate
at 100 C for 10 minutes. With this spincoating technique we are able to achieve
micrometer-thick perovskite that covers entirely the silicon pyramids (g 2.2). The
whole process is done in the nitrogen lled glovebox.
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Figure 2.2: SEM cross sections of a perovskite layer deposited via spincoating on
top of textured silicon.

After the perovskite layer is formed, we transferred quickly the bifacials to
another glovebox where we deposit the electron transport layer (ETL) stack com-
posed of lithium uoride (LiF) (1 nm, 99:85%, Alfa Aesar) and Gy (20nm, >
99.95% NanoC). The two are thermally evaporated in an Angstrom EvoVac evap-
oration system without breaking vacuum in between (base pressutel 10 Torr,
evaporation rate of 01A=s for LiF and of 0:2A=s for Cso as measured by quartz
crystal monitors, quartz crucibles, no intentional heating or cooling the substrate
holder). From there we transfer the cells to the Picosun cluster for thermal atomic
layer deposition (ALD) of 20hm of SnQ, bu er layer. The bu er layer is required
to protect the perovskite from the sputtering damage of the top electrode (see be-
low). The ALD-SnOy bu er layer is deposited with a thickness between 18 20nm
(134 cycles). We used Tetrakis(dimethylamino)tin and kD as precursors, with N
as the gas carrier.

After the bu er layer deposition, the bifacials are again exposed to air when
they are then prepared and masked to de ne the active for the top electrode
deposition. We carefully aligned manually the front transparent conductive oxide
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(TCO) with the recombination junction de ned by the ITO previously deposited
with the PVD. As top electrode we sputtered 110m indium zinc oxide on top
of the bu er layer in an Angstrom EvoVac sputtering system (base pressure

1 10 ®Torr) with RF power of 42W (90% In,O3/10% ZnO, 999% Plasmaterials,
source to substrate distance is 1dn). To functionally contact the top and bottom
transparent electrodes, we evaporated silver contacts, on the front and afterwards
on the rear of our bifacials. To provide light absorption from the rear side, we do
not to cover completely the rear TCO. For this reason we use the same shadow
mask for the front and the backside of the cells (g. 2.3). We employ 356

of Ag to create the bus-bars and ngers to gather the generated charge carriers.
The two depositions are both done with an Angstrom EvoVac thermal evaporator
(base pressure 1 10 8T orr) with a rate of 2:5A=s as measured by quartz crystal
monitors. Lastly, we deposit 95m of MgF, as antire ection Im evaporated with
the same previous system (Plasmaterials; 99:9%, 1A=s as measured by quartz
crystal monitors, base pressure 1 10 8Torr). Our bifacial tandem top cells are
now complete ( g. 2.4) and can now be measured with an in house solar simulator.
Figure 2.5 summarizes all the device fabrication process.

Figure 2.3: Picture of the front (left) and the back (right) electrodes of our bifacial
tandems.

The scanning electron microscopy (SEM) images of the bifacials, and here
reported throughout this work, were collected at KV accelerating voltage with
30mum beam aperture, using a Zeiss Auriga miscroscope equipped with an in-lens
detector.
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Figure 2.4: Complete structure of the perovskite top cell of our bifacial tandem
solar cells.

Figure 2.5: Diagram summarizing the entire device fabrication process.
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2.3 Measurement Setup

Once the bifacial tandems are completed, we evaluated the performances in \mono-
facial mode", i.e. using only front (top cell side) illumination. This is done as an
initial evaluation of the e ciency of the solar cells, in order to discriminate suc-
cessful devices from failures. To do this, we used a Wavelabs Sinus 220 LED based
solar simulator with AM1.5G irradiance spectrum as our light source and we cou-
pled it with a Kiethley 2400 series SourceMeter to take the J-V measurements.
The data is recorded via a homemade MATLAB based software. The solar cells
are measured from 0:1V to +1:9V at 200mV =sin both forward and reverse scan
directions and the illuminated area, de ned by a laser cut shadow mask, iS0Bcm?.

For stabilized power measurements we use a homemade LabView based software
to track the cell e ciency while it is held at maximum power-point voltage for
10min. To calibrate the Wavelabs we used a Fraunhofer reference solar cell before
each measurement session.

EQE measurements are performed using PV-Tools LOANA equipment. When
measuring bifacial tandem devices, we must light bias the system in order to
separately collect EQE from the top or bottom sub cells. To get a signal out of
the perovskite top cell, we use IR LEDS (93tm) to saturate the silicon's response;
vice versa to obtain the bottom cell data, the tandems are biased with blue LEDs
to saturate the perovskite. To measure in near short circuit conditions for each
case, MPP voltages are applied on the devices. In this way we can integrate the
EQE curve to obtain another take on the photo generated current produced by the
two sub cells and compare the result with thels. recorded via the Wavelabs and
Keithley. All device characterizations have been performed at ambient air with
RH 50% and without any encapsulation.

After recording the device e ciency our tandems in monofacial mode and col-
lecting EQE data and SEM images (where required), we measure them in \bifacial
mode": with light shining on both sides of the solar cell. To achieve this, we have
utilized two di erent solar simulators: Abet Technologies Sun 3000 Class AAA
and Newport Oriel Sol3A Class AAA, both xenon (Xe) arc lamp based. The two
are arranged vertically and pointing towards each other as seen in gure 2.6. In
the middle we use a black coated board as sample holder with and aperturer(#)
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in the centre to allow the solar cell to see both simulators: the perovskite facing
down towards the Abet, the silicon facing up towards the Oriel. During all our
measurements, the Abet is kept xed at 1 sun (10@W=cn?), while the Oriel's
intensity is varied via the use of its dedicated power supply. Calibration of both
solar simulators is done with the Fraunhofer reference SHJ cell, and it is done
before each measurement session. To record the data, we again couple the sys-
tem with a Keithley 2400 SourceMeter and use the same two software to obtain
J-V curves and stabilized power tracking with the same procedure as mentioned
before. In addition, we take J-V measurements at di erent back light intensities,
I.e. the Oriel, to study the e ect of additional rear side illumination on the overall
performance of the solar cell.

Figure 2.6: Photo of our Abet (at the bottom in white) and Oriel (on top in
black) setup to measure the bifacial tandems. The solar cells are places on the
black board in the middle of the two simulators.






	Introduction
	Semiconductor Physics
	Solar Cell Fundamentals
	Characterizing the Solar Cell
	Loss Mechanisms
	Shockley Queisser Limit
	The Silicon Solar Cell Technology
	Perovskite
	Tandem Solar Cells
	Bifacial Solar Cells

	Device Fabrication
	The Bottom Cell
	The Top Cell
	Measurement Setup
	Device Encapsulation
	Outdoor Testing
	Bifacial Stability Characterization

	Results and Discussion
	Monofacial 2T Tandem
	Bifacial 2T Tandem

	Conclusions
	Outlook

	References

