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Operation and physics of photovoltaic solar cellsan overview
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ABSTRACT- solar energy is considered the primary source méwable energy on earth; and among them, solatiamae has both, the
energy potential and the duration sufficient to ehatnankind future energy needs. Nowadays, dedpiesignificant potential of sunlight for
supplying energy, solar power provides only a \&nall fraction (of about 0.5%) of the global enedgynand. In order to increase the worldwide
installed PV capacity, solar photovoltaic systemsiibecome more efficient, reliable, cost-compatiind responsive to the current demands of
the market. In this context, PV industry in view thie forthcoming adoption of more complex architees requires the improvement of
photovoltaic cells in terms of reducing the relateds mechanism, focusing on the optimization @f pnocess design, as well as, reducing
manufacturing complexity and cost. Hence a camgfoice of materials, a suitable architecture araivgaric distribution, passivation techniques
and the adoption of a suitable numerical modelingukation strategy are mandatory. This work is pdra research activity on some advanced
technological solutions aimed at enhancing the ewiwn efficiency of silicon solar cells. In pattar, a detailed study on the main concepts
related to the physical mechanisms such as geoeratid recombination process, movement, the callecif charge carriers, and the simple
analytical 1D p-n junction model required to prdpeinderstand the behavior of solar cell structubeilitionally, the theoretical efficiency limits
and the main loss mechanisms that affect the paeioce of silicon solar cells are explained.

Keywords-Electric field, electron-hole pair, energy bandd{ solar cell, passivation technique, photovoltfiect, p-n junction
diode.

RESUMEN- La energia solar es considerada la principal fudatenergia renovable en la tierra y tiene tanfitincial energético como
la duracion suficiente para satisfacer las necdsilanergéticas futuras de la humanidad. Hoy ea giesar del importante potencial de la luz solar
para el suministro de energia, proporciona soldnatcaion muy pequefia (de aproximadamente el 0,864 demanda mundial de energia. Para
aumentar la capacidad fotovoltaica instalada em ébdhundo, los sistemas fotovoltaicos solaresmiebemas eficientes, confiables, competitivos
en costos y sensibles a las demandas actualeed=do. En este contexto, la industria fotovoltagcpuiere la mejora de las celdas fotovoltaicas
centrandose en la optimizacion del disefio del pmaesi como en la reduccién de la complejidadgsb de fabricacion. Por lo tanto, una eleccién
cuidadosa de materiales, una arquitectura adecuania distribucién geométrica, técnicas de pasivaegi la adopcion de una estrategia de
simulacion de modelado numérico adecuada son icipokbles. Este trabajo es parte de una actividadhdestigacion detallada sobre los
conceptos principales relacionados con los mecasidteicos, como el proceso de generacion y reauahiin, el movimiento, la coleccion de
portadores de carga y el modelo analitico simplenitenes p-n 1D requerido para comprender adecuamttaral comportamiento de las estructuras
de las celdas solares. Ademas, se explican loefde eficiencia tedricos y los principales mesrans de pérdida que afectan el rendimiento de
las celdas solares de silicio.

Palabras clave-€ampo eléctrico, par de orificios de electronesidas de energia, células solares IBC, técnica dgvpaion,
efecto fotovoltaico, diodo de unién p-n.

1. Introduction most important and plentiful sources of renewable
Nikola Tesla said that “the sun maintains all hurifan energies. This star is about 4.6 billion years with
and supplies all human energy”. The sun furnishiggs w  another 5 billion years of hydrogen fuel to burniti

energy all forms of living, start from the photoflyesis lifetime. This characteristic gives to all livingeatures a
process; plants absorb solar radiation and corivietb sustainable and clean energy source that will vmotout
stored energy for growth and development, thus anytime soon. In particular, solar power is therany
supporting life on Earth. For this reason, the isuihe source of electrical and thermal energy, produced b
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directly exploiting the highest levels of the iriaed
energy from the sun to our planet. Therefore, satargy
offers many benefits such as no-releasing greemhous
gases GHG;) or other harmful gases in the atmosphere.

It is economically feasible in urban and rural saread

evenly distributed across the planet. Moreovert ass
mentioned above, solar power is also essentidihitie,
a reason why it is close to being the largest sowifc
electricity in the world by 2050. Besides, mosttioé
energy forms available on earth arise directly fribmm
solar energy, including wind, hydro, biomass anskiio
fuels, with some exceptions like nuclear and gaothé
energies.

Solar cell also called photovoltaic (PV) cell isizally
a technology that convert sunlight (photons) diygnto
electricity (voltage and electric current) at thenaic
level. This can be obtained through the photowoltai
effect, process in which two dissimilar materia€liose
contact produce an electrical voltage when striydigiht
or other radiant energy. Essentially, solar cellse a
composed of two different types of semiconductars:
n- and a p-type that are joined together to cragpen
junction. By joining these two types of semicondust
an electric field is formed in the region of thagtion as
electrons move to the positive p-side and holesarov
the negative n-side. This field causes negativearged
particles to move in one direction and positivdtaiged
particles in the other direction, thus, producing a
electrical voltage. On the other hand, PV energig
also a renewable, versatile technology that candeel
for almost anything that requires electricity, freamall
and remote applications to large, central powercsts.
PV can be friendly and a great alternative to Battse
steady growing energy-demand in the entire globe by
producing clean electric power which also redutes t
negative greenhouse effecGHE). This work presents
a concise review of the basic physical principhest t
characterize the method of function of solar cellides.

Initially, a general report on a research activty
some advanced technological solutions aimed at
increasing the conversion efficiency of siliconasatells
made in the photovoltaic industry since the middithe
20th century is introduced. Furthermore, a desonpbf
the most used architectures of solar cells and an
explanation of the main process-related to the fate
is presented.

All these concepts support the comprehension of the
working principle of silicon solar cells. Secondign
analysis on the collection of charge carriers bpgip-n
junction and a review of the set of the basic equatthat
describe the ideal properties of semiconductoradmsyin

the drift-diffusion approximation is also included.
Subsequently, the simple 1D diode model is first
discussed in order to analytically derive the ideahr
cell illuminated 1-V characteristics in order to
complement the explanation of the physics mechanism
related to the solar cell operation.

2. Development of PV technology systems
Photovoltaic technology is one of the foremost ways
to harness solar energy. A PV cell consists ofectrécal
device made out of certain semiconductor matesiath
as Silicon, that exhibit a particular property kmoas the
bulk photovoltaic effecfThe PV effect is a process that
causes the absorption of photons of light and selea
electrons, and when these free electrons are eahtan
electric current is obtained. In other words, th¢ P
system directly converts sunlight (photons) into
electricity (voltage) without any intermediary. 1954
the scientists Daryl M. Chapin, Calvin S. Fullenda
Gerald L. Pearson built the first modern silicorsdx
photovoltaic cell at Bell Laboratories in the Unit8tates,
registering an efficiency of about 6% [3]. Thisgaount
invention defines a new era for the current andréut
developments in the PV industry by offering advgeta
that include technical and environmental parameters
taking as a reference the positive and negativesssf
conventional fossil-fuel power plants. By the edi®60s,
laboratories started developing the first silicolascells
to power space satellites. These applications were
extremely expensive devices, unsuitable for tenegdst
use. The first vast oil crisis, which occurred dgrihe
1970s, gave a first important boost to the pronmotb
photovoltaics as an alternative energy-generatioogss
for terrestrial use. Consequently, solar cellsasdeand
development experienced growing interest. As altresu
solar cells began to quickly increase their energy-
conversion efficiency (see figure 1) and the insesaf
the volume of cells produced for terrestrial use te a
significant reduction in solar cell manufacturirasts.
Therefore, in the late 1970s and 1980s, the deedlop
PV systems were focused on terrestrial applicatiand
the first thin-film solar cell based on copper-dude/
cadmium-sulphide junction amounted to an efficiefmgy
above 10%.
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FigUre 1. Evolution of conversion efficiehcy for differenﬁgs
of solar cells since 1975. Taken from www.nrel.gav/

In contrast to this invention, in 1975 R. Schwartz
initiated research of a new architecture known ackb
contact solar cells, considered an alternative t
photovoltaic cells, featuring both a front and reantact
[4]. In 1985, the University of New South Wales
(UNSW) built crystalline silicon d-Si) solar cells and
reached efficiencies above 20%, and in 1999 thatpdt
a new record of 25%, considered the world highest
efficiency [16], [25]. The structure was als&si-based.

In 1994, the National Renewable Energy Laboratory
(NREL) from Colorado, U.S.A, built a solar cell leds
on indium-gallium-phosphide/gallium-arsenide tandem
junction that exceeded 30% efficiency. Until theéela
1990s, solar cell innovations continued to be ohiiced,
pushing up the photovoltaic industry and the relate
manufacturing processes. Consequently, PV resaarth
developments of solar cell systems were notablyig
interest in North America, Europe, and Asia. Tofiram
this, the world total installed PV power systemd &99
outstripped the 1 GW, defining a renewed beginifiimg
the public discussion of solar energy, bearing indm
essential aspects such as the environment antirtiee

highest reported value to date for this promisiagkb
contact architecture [46]. Furthermore, at the@2D16
Yoshikawa et. al from Kaneka Corporation built an
interdigitated back contact (IBQ}Si-based solar cell,
obtaining the world’s highest conversion efficienafy
26.33% [49]. Additionally, it is important to higght
that this kind of back contact-back junction (BC}Bdlar
cell structures are recognized by the many advastag
over the conventional PV cells, but more complex
configuration implies specific fabrication processad
higher costs. Anyhow, point contact cells haversh@a
pledging performance, thus representing a potential
architecture to optimize by the extensive studyiedr
out in this work [6]. It is worth mentioning, theach of
these innovations have contributed significantlyttie
worldwide record growth of the photovoltaic market
during the last years. Silicon is the second moghdant
element in the Earth’s crust (about 28%) after exyg
and it is also a non-toxic material and represents
fundamental component in the microelectronic ingust

As silicon solar cells have shown satisfactory
properties in creating an electric charge when segdo
sunlight, it has led the PV industry for more thiamthree
decades and is still improving. Actually, this \athle
semiconductor material offers a reliable technoltgt
can easily achieve a large-scale deployment [43].

However, the key to accomplishing this objective is
based on the understanding of the device operatidn
the reduction of the related loss mechanism, fogusin
the optimization of the process design, increashmg
conversion efficiency, as well as, reducing mantufidcg
complexity and cost.

3. Solar cell architecture
3.1 Conventional solar cells
A conventional solar cell structure is simply based

change, economy, health and the common welfare. Ina semiconductor p-n junction diode that operateteun

particular, at the end of 2011, the world-wide atisd

solar illumination as sketched in figure 2. Whenlgint

capacity of solar PV systems has reached more thanstrikes the surface of a semiconductor, a certaitiqn

69,000 megawatts (MW), representing 0.5% of global
electricity demand. Accordingly, photovoltaics niew,
after hydro and wind power, the third most importan
renewable energy source in terms of global installe
capacity [32]. Afterwards, many laboratories and
companies continued developing silicon photovoltaic
cells, achieving new conversion efficiency recoods
approximately 25% as in the case of SunPower &
Panasonic in 2014 [35], [36]. Over the same yda, t
Australian National University designed an intergitpd
back contact (IBC) solar cell featuring point cat$aon
the rear side achieving an efficiency of 24.4%, the

of photons is transmitted and, then, absorbed tim¢o
semiconductor material, thus giving rise
photogenerated electron-hole pairs, while the redsiis
reflected from the surface. Some of these photogésd
charge carriers are separated by the internal-ipuilt
electric field of the p-n junction before they redane
and, then, they are collected at the cell termjnihilss
contributing to the cell output current in the ertd
circuit [28], [48]. On the other hand, one of thejar
disadvantages founded in this type of architeciwitbe
shading losses effect caused by the presence afl met
(front contacts) on the top surface of the sol#irvaleich

to



prevents light from entering the solar cell. Thadihg
losses are determined by the transparency of tpe to
surface, which, for a planar top surface, is defias the
fraction of the top surface covered by metal. The
transparency is determined by the width of the hietes
on the surface and on the spacing of the metad.lifa
important practical limitation is the minimum lingdth
associated with a particular metallization techgglid 2],
[21], [38].

In table 1 there is a summary of some of the latest
published manufacturing data®@8i solar cells and their
certified efficiency records.

3.2 Advanced solar cells

During the last thirty years, the PV research
community has been focusing their efforts on oping
the solar cell design and performance, with thenmai
scope of achieving highest efficiencies while redgc
typical loss mechanisms and production costs. is th
way, innovative cell designs have been studied and
developed, stating that the best concepts so édoased
on monocrystalline wafers [48]. Silicon-based duites,
which feature the highest conversion efficienciee
classified into three main groups:
Passivated Emitter Rear Locally diffused (PERL)
solar cell.
Silicon Heterojunction solar cell (SHJ).
Interdigitated Back Contact solar cell (IBC) (also
called back contact-back junction solar cell (BC-
BJ)).
In the following sections a short review of thesels
of solar cells is presented.
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Figure 2. a) Three-dimensional (3D) view of a conventional
solar cell featuring front and back contacts.
b) Two-dimensional (2D) cross-section of a conwamdl solar
cell. Taken from [26], [33].
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3.2.1 Passivated Emitter Rear
diffused (PERL) solar cell
The Passivated Emitter Rear Locally diffusedlar
cell integrates two important concepts that minenise
recombination centers on the top and bottom obthar
cell. Substantially, the key features of PERL celis
listed as follows, the top surface of the solad ¢zl
textured by using inverted-pyramid structures and
covered by double-layer anti-reflecting coating @GR
which significantly reduces the top surface reftattas
well as the amount of carrier recombination. Thenfr
metal finger grids are defined by photolithography
technology to be very thin therefore minimising atet
shading loss. Both inverted-pyramid texturing aimeb f
metal fingers decrease the optical losses whictriboie
to a higher current for the solar cell (see figd)e
Conversely, at the rear side of the cell, a selecti
emitter technique is applied (heavily phosphortfsisiéd
regions underneath the metal contacts) whilsteseof
the top surface is lightly diffused to keep exagtléhblue
response” (absorbing the short-wavelength photons).
This can mitigate both contact resistance and
recombination at the rear while keeping a good
electrical contact. PERL solar cell uses micrditegues
to produce cells with efficiencies. approaching 25%
under the standard AM1.5 spectrum [16], [30], [47].

Locally



Tabla 1. Performance parameters of certifie@i solar cells.

(*da: designated area, *ta: tatala, *ap: aperture area)

Device Areacni]  Voc[mV] JsdmAlcm? FF[%] n[%] Reference
Kaneka IBC HI” 180.43 (de 744 42.2 83.¢ 26.2  [49]
Panasonic IBC HI 143.7 (da 74C 41.¢ 82.7 25.€ [35]
SunPower IB( 153.5 (ta 737 41.: 82.7 25.z  [42]
Kaneka SH 151.9 (ap 73¢ 40.¢ 83.t 25.1 [39]
Fraunhofer ISE TOPC« 4.0 (da 71¢ 42.1 83.2 25.1 [34], [41]
UNSW PERL p-type) 4.0 (da 70€ 42.7 82.¢ 25.C [16],[47]
Panasonic HI 101.8 (ta 75C 39.t 83.2 24,1  [37]
EPFL MoOx SH 3.9 (ap 72t 38.€ 80.4 22.5  [40]
IMEC PERT n-type! 238.9 (ta 69t 40.2 80.t 22.5  [44],[45]
Trina solar mono-Si PER@{  243.7 680 40.5 80.3 22.1  [42]
type,

finger “inwerted” pyramids a) Front contact b)

1 fingers 1

oxide

rear contact

Figure 3. Structure of a high-efficiency PERL Solar cell.
Reprinted from [13].

3.2.2 Silicon Heterojunction (SHJ) solar cell

The Silicon Heterojunctiosolar cell is a structure
made out of two different silicon-based semiconduct
materials. One of these materials is applied bmdayer
between silicon and metal. This technigue commonly
considers the deposition of a thin amorphous silige
Si) layer, demonstrating an evident increment efadpen
circuit voltage Voc with no need of an expensive
patterning process. SinaeSi has a wide band-gap layer,
Voc is enhanced and the high surface recombination in
active metal contacts is lessened. A schematictaio-
dimensional cross view and a band diagram ofypiaal
silicon heterojunction (SHJ) solar cell are illas&d in
figure 4. The latest performance record for the
heterojunction silicon-based-&i) concept has reported
an open circuit voltage value &f: = 0.74V and a
conversion efficiency equal ip =25.6% [42].

TCO

. p’
aStH> ia-SiH

Ay c-Siwafer
n-type

=—oia-SiH
TCO

n*
a-Si:H ™

| Back contact

Figure 4. a) Two-dimensional (2D) cross section of a silicon
heterojunction (SHJ) solar cell. b) Correspondingnd
diagram in dark at equilibrium. Reprinted from [3[3]8].

3.2.3 Interdigitated Back Contact solar cell (IBC)

This architecture is also known back contact-back
junction solar cell(BC-BJ) and consists of a design
where both metal contacts are located on the bottiom
the c-Si wafer, simplifying the cell interconnection at
module level. These characteristics of IBC cellsoal
allow boosting the solar cell conversion efficiemcglue
to the absence of front contact shadowing lossefsct,
this is the opposite case of traditional PV cellbere
metal grids at the front surface are the main caise
electrical shading losses and an attenuated shotiitc
currentdsc. Since back contact-back junction cells are an
evolution of conventional solar cells, they offeamy
other advantages as the possibility of coplanar
interconnection and low series resistance, duehéo t
facility of making much larger metallization covgeaon
the rear side. Nonetheless, some critical parasstest
be kept in mind. Usually, carriers are generateat tee
top surface because most energetic photons arebalso
almost immediately within the first microns of tivafer.
Subsequently, since BC-BJ has the junction on ¢he r
side of the cell, charge carriers have to travelugh the
whole substrate to reach their respective collactio
centers, avoiding recombination. With regards tis, th



back contact-back junctiosolar cells are very sensitive

to recombination mechanisms such as SRH in the bulk

and at the interfaces [23]. These process can aceuto
an inadequate passivation (i.e. a way to supptess t
defects present in the crystal lattice) on thetfeord back
surfaces, and also because of a low effectivelifatkme
Teulk, &S Well as, a high surface recombination veloaity
front surface. Basically, the cell structure hathimetype
andp-type sides alternating on the bottom of the sabestr
and they are represented by the BSF and emittengg
respectively. These regions are responsible fgciohg
the charge carriers selectively, by directing etatt into
the BSF and holes into the emitter. Consequently,
collected carriers must flow through their corrasgiog
metal-point contacts located just below the n-tspéd p-
type regions in order to extract power from thede¥, as
illustrated in figure 5.

Anti-reflective
Sunlight coating layer (ARC)

MAVWWWWAAVM

h e .

| ot ¢-Si (n-type)
electron-hole  p" e

pair |

BSF (n)

&
FSF(n%)

emitter (p)

T Metal back contacts (Al) T

Figure 5. Schematic of a simple single-junction back contact
solar cell structure, where the photogeneratiogiedtron-hole
pairs is exhibited. Re-designed from [29].

4. Solar cell operating principle

The working principle of a silicon solar cell isSeal
on the well-known photovoltaic effect discoveredthg
French physicist Alexander Becquerel in 1839 [13. A
described in section 2 this effect generates actrae
field at the junction of two materials in resportse
electromagnetic radiation (photons). It is wortttimgp
that the PV effect is closely related to the phiatcteic
effect which was explained by Albert Einstein ir059

Basically, he assumed that photons are quantum

energy which are present in light, and this en&gyven
by the following expression,

E=h-v @
Where,h is Planck’s constant andis the frequency of
the light. This scientific explanation granted Eais the
Nobel Prize in Physics in 1921 [2]. Accordinglyeth
photovoltaic effect takes places in a solar cedtracture
based on two types of semiconductor materials dhat
joined together to create a p-n junction diode tipatrates
under solar illumination (see figure 5). Essentiathe
PV effect is described by three basic process:

1. Generation of charge carriers (electron-hole
pair) due to the absorption of light When sunlight hits
the semiconductor surface, a portion of photons is
transmitted and, then, absorbed into the material
producing photo-generated electron-hole pair; wthke
rest is reflected.

2. Separation of the photo-generated charge
carriers in the junction. The electron-hole pair is
separated by the internal built-in electric fieldtloe p-n
junction before they recombine.

3. Collection of the photo-generated charge
carriers at the terminals of the junction. The charge
carriers are extracted from the solar cell withceleal
contacts, thus contributing to the output currenthe
external circuit. Finally, the chemical energytaé tharge
carriers is converted to electric energy. At thignp as
electrons have passed through the circuit, they wil
recombine with holes at a metal absorber interfase,
sketched in figure. 6 [48].

5. Device physics of solar cells
5.1 Semiconductor model equations

Once the electron-hole pairs are generated dueeto t
light absorption process, they move around inshde t
crystal lattice and before recombining they sholodd
collected in order to extract power from the PM.c&he
way these electrical currents are generated is thuthe
transport of the electron-hole charges. Therefbeewell
known Drift-Diffusion (D-D) model transport is the
appropriated mechanism to describe the operation of
charge carriers in the substrate under the infleenaf
light and/or electric field, thus leading to a \aion from
the thermal equilibrium conditions. Basically, tBeD
approximation consists in the solution of a sefioé
basic equations which derive the ideal propertids o
semiconductor devices includiigisolar cells.
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Figure 6. Schematic of a very simple solar cell model.

(D Absorption of a photon leads to the generatibnam
electron-hole pait.)2 Normally, the electrons amdes will
recombiné. 3 Electrons and holes can be separgtéldebn-
type and p-type materials) 4 The separated elestcan be
used to drive an electric circuit) 5 After the ¢lens have
passed through the circuit, they will recombinehwiitoles.
Taken from [48].

5.1.1 Poisson equation

(4)
()

Jn = qupné + qD,V,
]p = ‘I.UpnéT + quvp

whereu,andu, are the electron and hole mobilities, and
D, and D,are the electron and hole diffusion
coefficients, respectively. The first terms ontight side

of equation (4) and equation (5) represent thet drif
currents, whereas the second terms denote diffusion
currents approximation. The mobility and diffusion
coefficients are related through the Einstein reteship,

as follows,

KT KT
D, = ﬂn? ande = [lp?

(6)
For the case of solar cell devices, the simulator
estimates charge distribution and transport meshai

according to the well known Drift Diffusion (D-D)
Model.

5.1.3 Continuity equations
In order to define the complete set of semiconducto

Poisson equation describes the electrostatics by equations, two more expressions are required. Tlhsse

relating the divergence of the static electricdi€lto the
charge densitp:
V-g=Vip =1 @)

where p is the electrostatic potential and e is the

material permittivity. The charge density in a
semiconductor device is given by,
p=qlp—n+Ny —Ng) ®3)

where n and p are the electron and hole densitiws,
Nj and N; are the densities of ionized donors and
acceptors, respectively.

5.1.2 Drift-Diffusion transport model equations
It is widely known that the electrical current floma
semiconductor device is generated by the transport
electrons and holes. This is possible through e t
basic drift-diffusion (D-D) transport processestsFiof
all, drift mechanism takes place when applyinglaatac
field & across the semiconductor, whereas diffusion
transport process is driven by a concentrationigrad
Accordingly, the total current densities of eleogo
and holes denoted bjs,and]p are defined as,

equations associate the divergence of the current
densities to the generation and recombination rHtdee
related charge carriers. Besides, they take intowrd

the law of conservation of charges. Under steadtest
conditions, the electron and hole continuity ecuregican

be defined as,

1
;v']ann_Gn
1
EV']P=Rp_Gp

(7)
(8)

where G represents the optical generation rate of

electron-hole pairs an®, andR, are the recombination
rates for electrons and holes respectively. Foifaumly
doped semiconductor; band-gap, electric permtivit
mobility and diffusion coefficients are independeit
position. Therefore, the equations (2), (4), (8).and (8)
represent the base for obtaining the reduced versio
semiconductor equations.

6. 1D p-n junction diode model

An ideal PV cell illuminated-V characteristics and
output dark can be easily solved, from the setjof&ons
already presented in the previous section 5.1adlueve
this, it is mandatory to adopt a simple pbn junction
diode model for a silicon solar cell featuring anstant
doping in then- andp-type regions, and a blunt doping



step transition, as well as additional

assumptions [31].

simplified

6.1 Electrostatics of the p — n junction

As already explained a conventional solar cell is
simply formed by the well-knowmp-n junction. It
consists of a simple union of two oppositely doped
silicon blocks that allows the operation of the idey
aggregating all carrier transport (e.qg., drift alifusion
effects) as illustrated in figure 7. Theype block has a
large number of free electrons negatively charged.
Meanwhile,p-type block has also a big amount of free
holes positively charged. Both charged carriersane
freely through the semiconductor material. When two
pieces ofn-type andp-type doped semiconductors are
brought into contact, electrons diffuse from thgioa of
high concentrationnftype side) to the region of low
concentration [-type side), due to the concentration
gradient between the two types of material. SiryiJar
holes diffuse fromp-type side ton-type side. As a
consequence, the electrons diffusion current frioemt

(FSF) and the bottom region calleack surface field
(BSF). The junction is at the back by the injectimh
Boron in the emitter region. On the other handjriéf b)
the p-n junction is in equilibrium. It shows a ctard
Fermi level Eg, thus causing the band bending of the
conduction energy bariet and the valence bartd.

Depletion region
p-type w n-type
i I °
® ;.Q. * *i @ ®
00 + +i® @ ® [
Neqgative ion Positive ion
_ %
Wp 0 Wn

Figure 8. Simple solar cell schematic showing a 1D p-n

doped to th@-doped region creates a charge imbalance in junction. The junction is ik = 0, W is the width of the

then-type side, leading to a positively charged region
that side (see figure 8). Likewise, the holes diibn
causes a negative charge in phype side. This leads to
the creation of an electric field that opposesdiffeision
transport, thus resulting in an equilibrium sitoati

Electron Diffusion —-

Hole Dif_fus_,ion —

Figure 7. Sketch of a 3D p-n junction semiconductor diode.
Re-designed from [20].

The transition region between the n-type and p-type

of the semiconductor material, where the electelcfE

is present, is known as tldepletion regior{(denoted by
W), since it is depleted of free carriers (i.e. &lmes and
holes swept by thé& electric field) [18], [22]. With
regards to the energy band diagrams, the main ptace
are illustrated in figure 9 a) where a structuramfi-type
interdigitated back contact (IBC) crystalline silicsolar
cell is sketched and features two phosphorus diffiss
(n+) to create the top region knowsfemnt surface field

depletion region, where&s, andW, represent the edges of the
depletion region [27].

In figure 9 c) the Fermi energy level splits inteot
guasi-Fermi energy levels when the solar cell isking
in a maximum power point. This is a consequendbef
excess concentration of carriers generated byrteesan
illumination. A small gradient of the quasi-Fermieggy
levels drives electrons to fall (as balls) to &€ Whereas
holes rise up (as bubbles) to the right side. This
directional flow of electron-hole carriers is dodhe fact
that, electron density is several orders of mageitu
higher than hole density on the left (n+ regioanhd the
opposite happens on the right side (p+ region$hasvn
in figure 9 d). In terms of energy bands, the Fdawels
E f of two separated p-and n- doped regions aferdit.

Instead, the p-n junction in equilibrium shows a
constant Fermi level, thus causing the band bending
the conduction energy band EC and the valence gnerg
band EV (see figure 9 b)). From figure 9 b), the
electrostatic potential difference across the jionct
known as the built-in potential jO, can be exprdsze

qpo = Eg— E; — E; 9)

whereE,; = E; — E, is the energy band-gap between
the conduction and valence band edgesrel & can be
derived from the Boltzmann expressions of the free



carrier concentrations for non-degenerate doped
semiconductors at thermal equilibrium, assumingttie
dopants are fully ionized [5]:

Ec—E

ng = Np = Ncexp (— CkT F) (10)
Ep—E

Po = Ny = Nyexp (— FkT V) (11)

where NC and NV are the effective densities okestat
of the conduction and valence bands, respectividig.
electrostatics of the p-n junction is defined byisBon
equation see equation (2).

7. Carrier Recombination Mechanisms

As discussed in section 4, generation and
recombination of charge carriers are fundament#héo
operation of several optoelectronic semiconductor
devices such as solar PV cells. Moreover, it isiafito
know that both processes take place continuousligen
crystal structurec-Si, where electrons and holes are
created and then annihilated. On top of this, under
equilibrium conditions, they are equal, and catiemsity
Is constant. The recombination r&eper unit time and
volume can be defined as the difference between the
recombination rat® and the generation raf

U=R-G (12)

The generation of the electron-hole pair is origgda
when a piece of semiconductor is illuminated bightl
pulse with photon energy bigger than the band gap
energy; enhancing the transition of electrons fritwe
valence band to the conduction band, leaving holes
behind in the valence band. In order to reachtibemal
equilibrium in the system, the reverse process @alsst
occur, the excess electrons in the conduction akd
recombine with holes and the energy is releasdtian
may recombine before they contribute to the cabigct
current. These losses are frequently classifiedrdony
to the region of the cell where they take placd,[B3B].

Thus, the most common recombination mechanisms
which contribute to the electrical losses are ledan
both, the bulk and the surface of the wafer. Thst fine
IS an intrinsic recombination process, i.e. theg ar
inherent to the existence of separated energy hafrile
material.

t Back contacts (Al} t

b) FSF () esit) emitter®)
£/ E
S L -
A e
/ alectre Kj
i—u o0 0 'E I:rso :_'_V—
o] / : p*)
N BEELEE ] CL AR e R |
S T
(n) —
C_'O co | ooooo®
holes
d) Ve

\-.__ electron density

\_ |
7

Density [cm™]

/
L/ holes density

Figure 9. Energy band diagrams of a) simulated interdigitated
back contact (IBCh-type (5)c-Si solar cell featuring main
regions such as bulk, FSF, BSF, and emitter. f)ymction in
equilibrium. ¢) maximum power point operation. d@atron-
hole density or concentration in the FSF, bulk @maitter
regions, respectively.
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Figure 10. Sketch of a semiconductor in thermal equilibrium.
Ev represents the valence band energyBnthe conduction
band energy, rdespectively. The electron-hole igaidenoted
by e-h. [18].

Ev

In the substrate of a single-crystal structure bhsic
recombination mechanism is composed by the Radiativ
Shockley-Read-Hall (SRH) and Auger (see figure 11).

The effects of the different recombinations add
together to fghj a total rate of recombinationhe bulk,
as described in equation (13),

Rpuik = (Rrap + Ravcer + Rsru) (13)
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Figure 11. Schematic of the bulk recombination mechanisms
in semiconductors. Taken from [20].

However, there is another important type of
recombination which significantly impacts the
performance of a semiconductor device, and we tefer
it assurface recombinatiarThis type is promoted by the
presence of impurites and  crystallographic
imperfections at the surface, interface or withire t
material causing a high local recombination rateese
defects are denominatethingling bondsand generally
are originated by interruptions to the periodiaifythe
silicon crystal lattice. Essentially, the danglibgnd
occurs when valence electrons on the silicon serfac
cannot find a partner to create a covalent bondh,wit
leaving an abrupt discontinuity of the crystalitat as
exhibited in figure 12 a). As a consequence, daggli
bonds enhance the creation of surface energy stettes
forbidden band-gap, acting as trapping (recomionati
centers for the minority carriers, inducing ®RH
recombination (see figure 12 b)) [22]. In very pure
semiconductors, recombination might be dominated by
surface recombination.
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Figure 12.a) Diagram of dangling bonds (surface defects or
crystallographic imperfections) on a semicondustaface;b)
Sketch of the trapping state centers within thelbgep created

by the dangling bonds. Taken from [48].

It is worth noting that, the presence of dangliogds

or defect (recombination) centers minimizeseffective
lifetime of the excess minority carriers within the
semiconductor, limiting the conversion efficiengyof
the solar cells. For this reason, in order to bdbst
performance and quality of the solar cells, itrigctal to
have a lowsurface recombination velocity &d hence
reduce the number of dangling bonds in the silmgstal
lattice. This can be accomplished in two differeays:

1. First,S can be made low by reducing the trap density
Nst. In semiconductor technology, by depositing a thin
layer of a suitable material onto the semicondusiidiace
can reduce the defect density. Because of this,|#ye
valence electrons on the surface can form covalemds,
such thatNst is reduced. This technique is known as
surface passivatioand it will be discussed in section 8.
2. Secondly, the excess minority carrier concentration
(of electrons and holes) at the surface can becezthy
high doping of the region just underneath the serfia
order to create a barrier. Because of this bartle,
minority carrier concentration is reduced and hethee
recombination rate.

8. Surface passivation techniques

As it was mentioned above, silicon solar cells
efficiency continues being degraded and limitectHmy
recombination losses of photogenerated carriees (i.
electron-hole pairs) that take places at the iate$ and
surfaces of the device. However, currently theeelegsge
research activity focus on the implementation tdaive
processes to minimize the contamination controingur
fabrication and harmful surface defects. In order t
enhance the quality and performance of solar celis,
essential to limit the presence of crystallograptatects
and external undesirable impurities (i.e. danghingds),
while also keeping the surface recombination asdew
possible. This is accomplished by the growth of an
appropriate passivating film on the semiconduaidisse
(chemical passivation), or by immersing the sanle
polar liquids [9], [17], [19]. Surface passivatioris
achieved by the chemical process of depositingira th
layer of a different material on top of a semicartdu
surface, which partially restores the bonding pcity
of the atoms in the silicon crystal lattice [7]},[B.0], [11],
[15], [24]. This leads to a lessened interface ctafensity
of trapsNst and a reduced surface recombination velocity
S at theSisurface [14].

9. Conclusion
Solar PV cells are quite simple devices that canver
sunlight into voltage or electric current by exglay the



capabilities of semi-conducting materials (e@Si) to University of Calabria and the Technological Unargr

absorb light and to deliver a portion ofergy to of Panama (UTP).
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