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Resumo

As tecnologias de energia renovavel tém sido cada vez mais importantes na inevitavel transigao do
nosso nivel atual de dependéncia dos combustiveis fésseis. Com o aumento da capacidade instalada
em todo o mundo reduzindo o custo da energia fotovoltaica, este método de conversao de energia é
considerado uma tecnologia fundamental para alcancar a neutralidade de carbono até 2050. Neste
sentido, a célula de Emissor Passivado e Contato Traseiro (PERC), que até 2020 ocupava 85% da
capacidade mundial instalada, foi estudada e comparada com a Tecnologia de Heterojungao (HJT).

Através da instalacdo destes médulos e da andlise do seu desempenho, foi possivel concluir que
o HJT apresentou em média 1,88% maior eficiéncia que a tecnologia PERC. Apesar deste melhor
desempenho, varias simulagdes de instalagao foram realizadas para comparar a situagao ideal em que
cada tecnologia deve ser implementada, uma vez que estes médulos apresentam custos de aquisicao
diferentes.

Concluiu-se que nos casos em que existam limitagdes relacionadas com a poténcia instalada ou ex-
ista uma area limitada, devem ser instalados médulos HJT. Estes retornarao mais lucro em longo prazo,
apesar de ambas as tecnologias se tornarem lucrativas em curto prazo. Em casos com investimento
limitado, médulos PERC devem ser instalados. Estes resultardo num melhor investimento independen-

temente do tempo considerado para a analise.

Palavras-chave: Emissor Passivado e Contato Traseiro; Tecnologia de Heterojuncao; de-

sempenho; eficiéncia; custos; lucro.






Abstract

Renewable energy technologies have been increasingly important in the inevitable transition from
our current level of dependence on fossil fuels. With the increasing installed capacity around the globe
reducing the cost of photovoltaics, this energy conversion method is considered a mainstream technol-
ogy fundamental to achieving carbon neutrality by 2050. In this regard, the Passivated Emitter and Rear
Contact (PERC) cell, which by 2020 occupied 85% of the installed capacity worldwide, was studied and
compared with the Heterojunction Technology (HJT).

Through the installation of these modules and an analysis of the output performance, it was possible
to conclude that the HJT displayed an average of 1,88% more efficiency than the PERC technology.
Despite this better performance, several installation simulations were computed to compare the opti-
mal situation in which each technology should be implemented since these modules displayed different
acquiring costs.

It was concluded that in cases in which there are constraints related to the installed power or there
is a limited area, HJT modules should be installed. These will return more profit in the long run, despite
both technologies becoming profitable in the short term. In cases where there is a limited budget, PERC
modules should be installed. They will turn out a better investment independently of the time considered
for the analysis.

Keywords: Passivated Emitter and Rear Contact; Heterojunction Technology; performance;
efficiency; costs; profit.
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Chapter 1

Introduction

With the continuous development of society, people consume more energy. As more attention has
been drawn in recent years to environmental protection and adopting pollution-free energy conversion
methods, solar has become increasingly important in the inevitable transition from our current depen-
dence on fossil fuels.

As can be seen in Figure 1.1, solar power has been increasing signi cantly over the last years, while

hydro had not improved and wind power has not seen its capacity value increased as much.

Figure 1.1: Power capacity distribution of the 3 biggest renewable sources per year [1].

Analyzing the distribution of capacity over the globe, Asia and North America have contributed signif-
icantly to the increase of installed capacity. In contrast, Europe has maintained approximately its values

from the early 2010s, as displayed in Figure 1.2.



Figure 1.2: Solar capacity distributed per region [1].

After acknowledging the importance of solar in the energetic transition, it is required to look into the
numbers that re ect the cost of implementing this energy conversion method. Levelized cost of electricity
(LCOE) measures lifetime costs divided by energy production. As expected, with higher development,

costs have been reducing dramatically over the last ten years, as displayed in Figure 1.3.

Figure 1.3: levelized cost of electricity (LCOE) in USD/kWh [2].

With the continuous development of technology, increasing installed capacity and lower costs of
energy conversion, photovoltaic is seen as a mainstream technology that is fundamental to achieving

carbon neutrality by 2050.



1.1 Motivation

The performance of a photovoltaic (PV) module is strongly dependent on ambient conditions (e.g.
irradiation, ambient temperature, wind, etc.) and different losses occurring in the solar cells. These
losses are related to the increased temperature in the cell and associated to the recombination effect.
Solar radiation is absorbed in the cell and increases the module temperature, reducing ef ciency. Ideally,
the temperature coef cient should be very low, resulting in a minimal power output decrease with higher
temperatures.

Regarding recombination, each electron-hole pair that is not collected reduces the ef ciency value.
In the past century, several technologies were improved and are currently in use to lower both the
recombination losses and the temperature coef cient. In 2020, 85% of the market share was occupied
by the passivated emitter and rear contact (PERC) technology [3] due to the low cost of manufacture and
high ef ciency. However, this photovoltaic cell displays a high-temperature coef cient and light-induced
degradation (LID). As usual, the market is constantly looking for improvements in the technology used.
Interest has risen around the heterojunction (HJT) cell due to the lower temperature coef cient, lower

recombination rates and the fact that it is a natural bi-facial cell.

1.2 Objectives

This work aims to study, analyze and compare the performance of two different technologies of
photovoltaic modules, one using an HJT cell and the other a PERC cell. Parameters such as the current-
voltage and power-voltage characteristics, irradiance, temperature and module ef ciency will be used to
compare the performance of the modules. After gathering and analysing the collected data, an economic

analysis will be performed and conclusions about project feasibility and payback time will be taken.

1.3 Thesis Outline

This dissertation is divided into seven chapters which are described as follows:

» Chapter 1 - Introduction to the subject of the master dissertation is done. The motivation, objectives

and thesis outline are presented;

« Chapter 2 - A review of state of the art is conducted. It is explained how to reach a basic cell
starting from a microscopic structure, and it is displayed the equivalent circuit of a solar cell. Basic

parameters and external factors that describe and affect the solar cell's performance are exposed.

« Chapter 3 - Review of fundamental layers for the progress of solar cell and presentation of the two

cell technology used,;
« Chapter 4 - Description of the system design - from solar panels to data acquisition;

¢ Chapter 5 - Analysis of the experimental data is performed,;



« Chapter 6 - Economical analysis of project examples;

¢ Chapter 7 - Conclusions and suggestions for future work are made.



Chapter 2

State-of-the-art

2.1 From Microscopic Structure to a Basic Cell

2.1.1 Microscopic Structure

A silicon atom has fourteen electrons, displayed in the following con guration:
1s225?2p%3s23p?
It is possible to observe that in the outermost layer-valence-, there are four electrons. When a silicon
crystal is formed, these four valence electrons will bond with four valence electrons from the neighboring
silicon atom. Due to this electron sharing, the valence band contains eight electrons and becomes
complete. Electrons are trapped, and the atom is in a stable state.

These electrons must acquire suf cient energy to move to the conduction band. This energy amount
is called bandgap energy, and in the case of silicon, itis 1.12 eV.

When a photon containing enough energy reaches an electron of this valence band, it moves the
electron to the conduction band, leaving a hole in its place. This is the principle behind the creation of
an electron-hole pair. Note that electrons are negatively charged, and a hole, representing a place with
no longer a negative charge, is a positive one.

In order to obtain an electrical current, a potential difference between the two zones is required. This
is achieved by doping, i.e., introducing foreign elements to change electrical properties. This way, two
layers are created: p-type and n-type layer.

A p-type layer has an excess of positive charges concerning pure silicon. Boron is the dopant used
to create this region. Its electrical con guration is:

1s22s?2pt
This means that it has three valence electrons. These valence electrons will bond with the four silicon
atom valence electrons, but the absence of one extra electron in the boron atom will create a hole. This
way, the p-type region has an excess of holes.

An n-type layer is characterized by having an excess of negative charges concerning pure silicon.

Phosphorous is the material used to create this region. Its electrical con guration is:



1s22522p%3s23p°

This means that it has ve valence electrons. One extra electron is available when these valence elec-
trons bond with the four valence electrons available in the silicon atom. This way, the n-type region has
an excess of electrons. In Figure 2.1, the excess of electrons on the N side is visualized by the green

lled circles, while the P region displays holes through the green circles without lling.

Figure 2.1: P and N doping.

2.1.2 PN Junction

When the two regions are together, diffusion starts to occur, as displayed in Figure 2.2. This is a
process where carriers from both sides start to spread evenly across the space, from high concentration

spots to less concentrated ones.

Figure 2.2: Formation of the PN junction.

After some electrons from the N side and some holes from the P side cross the middle section, they
recombine and cancel each other.
This recombination creates a zone where carriers are depleted of charge. This is called the depletion

region and is displayed in Figure 2.3.



Figure 2.3: Formation of the depletion region-1.

The boron and phosphorus ions are exposed, creating an electrical eld. Note that this happens
because, previously, boron accepted one electron, meaning that it would turn into B , and identically,
phosphorous gave one electron, turning into P* . This way, B will block the passage of electrons, and

P* will block the passage of holes, as displayed in Figure 2.4.

Figure 2.4: Formation of the depletion region-2.

2.1.3 Basic Cell

When the photons from the sunlight with greater or equal energy than the band gap strike the de-
pletion region, they create an electron hole pair. This pair will only exist for a length of time equal to the
minority carrier lifetime, before they recombine. If this pair is collected, meaning that the separation of
the electron and the hole occurred due to the electric eld and are able to reach the electrodes, they will
generate a voltage difference at its terminals. If connected to a load, this process will generate a current,

as displayed in Figure 2.5.



Figure 2.5: Composition of a basic cell and demonstration of collection and recombination effect [4].

In case of recombination, where the electron hole pair is not collected, energy is lost and is converted
into heat. Defects, impurities and dangling bonds (unpaired electrons) at the surface of the semiconduc-

tor promote recombination and lowers the cell ef ciency.

2.2 Theoretical Model-Equivalent Circuit of Solar Cell

A solar cell can be modeled as a current source in parallel with a diode and a shunt resistance, in

series with a resistance, displayed in Figure 2.6.

Figure 2.6: Equivalent circuit [5].

I v represents the light generated current, | p represents the current due to recombination, Rs rep-
resents the the loss on the contacts on the surface and back of the solar cell and the resistivity of the
material. Lastly, Rg, takes into account the effect of leakage of the solar cell edge. Metal bridge leak-
age takes place at the micro-cracks and scratches, meaning that the current passing through the load
is partially short circuited [6]. Making use of Kirchhoff's circuit laws, it is possible to obtain the current
equation in relation to the voltage differential, shown in the following expression:

V+IRs

I = IpV ID Th (21)
S|



By the Shockley ideal diode equation, I can be expressed as:
Ip = Is(e™r 1) 2.2)

In the previous equation, |s represents the reverse saturation current, Vp represent the voltage
across the diode, n the ideality factor, measuring how close the diode's behaviour is to an ideal one and

Vr the thermal voltage, further developed in:

kT
"7 g
n = 1 if the diode behaves like an ideal one and this component in negligible in the equation, but
usually its value is between 1 and 2. T is the temperature in kelvin and k is the Boltzmann's constant,
which is approximately 1:98 10 23 J/K and q is the elementary charge which equals 1:6 10 ° C.
AtT =25 C,Vr 0.026 V.

The characteristic equation can be further developed as:

Vp

V + IR
=1y lg(e"c 1) ——2° (2.4)
Rsh
Finally, replacing Vp for V + IR g, the output current of the solar cell is expressed as:
+ V + IR
=1y ls(e = 1) ~ TS (2.5)
Rsh

Achieving the nal form, it is now possible to trace the cell current-voltage (I-V) characteristic, and
based on this last one, the power-voltage (P-V) curve. An example of a typical I-V and P-V curve is

displayed in Figure 2.7.

Figure 2.7: 1-V and P-V curves.

When the solar cell is open circuited, the voltage value is maximum, designated by Voc, and the
current across the cell is zero. When the cell is operated in short circuit, the current is maximum,

designated by I sc, and the voltage is zero.



The point in which the solar cell outputs the maximum power is know as the Maximum Power Point

(MPP). This is the ideal operation point of the cell. The power at MPP can be expressed as:
Pmpp = Vinpp I'mpp (2.6)

To measure the quality of the solar cell, the Il factor, FF, relates the maximum power and the product

of the Voc and I sc.

Pmpp
FF= __mp 2.7
Voc Isc @7

The objective is to make the area formed by the Py, as close as possible to the square formed by

Voc and Isc. The FF is displayed in Figure 2.8.

Figure 2.8: Fill factor.

Solar cell ef ciency, , represents the amount of energy from the sun that can be converted by the
cell. It is expressed by the ratio of the maximum output power and the incident power, given by the solar

irradiance, G, multiplied by the cell area.

Pmpp
= __MPP_ 2.8
AceII G ( )

10



2.2.1 Temperature and Irradiance

Like other semiconductor devices, solar cells are sensitive to temperature. The effects of increasing

temperature can be shown in Figure 2.9.

Figure 2.9: Changes in I s¢c and Voc regarding temperature [7].

As it can be seen in Figure 2.9, higher temperatures severely reduce Voc while slightly increase I sc .
The open-circuit voltage decrease is related with the temperature dependence of Is. The reverse

saturation current, | s, can be expressed for one side of the p-n junction as

Dn?

Is = qA
SqLND

(2.9)

, in which D is the diffusivity of the minority carrier given for silicon as a function of doping, L is the
minority carrier diffusion length, Np is the doping and n; is the intrinsic carrier concentration given for
silicon.

Many of the parameters presented in the above equation have some temperature dependence but,

n2, as shown in equation 2.10, displays cubic dependency
3=2 — 3 E
(Mmemp)*exp — =CT exp — (2.10)

, in which h and C are constants, Eg is the band gap energy and me and my, are the effective masses
of electrons and holes respectively.
Substituting these equations back into the expression for Is and assuming that the temperature

dependencies of the other parameters can be neglected:

_ D 3 Ec
ls = qALN . CT exp T (2.11)
Displaying the open circuit voltage equation:
Voc k—TIn Iﬂ (212)
q I's
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It can be seen that a exponential increase in the reverse saturation current will cause a decrease
in the open circuit voltage. The temperature sensitivity of Voc for silicon is about -2.2mV/ C, while
the temperature sensitivity of 1sc is 0.6mA/ C [8]. These results explain the power decrease that is
obtained when the cell temperature starts to raise.

Although solar irradiance is commonly thought as of being independent of temperature, these two pa-
rameters are correlated. With an increase in irradiance comes an increase in heat generation Assuming

a constant cell temperature, the short circuit current is expressed as:

G
Isc(G) = a'éc (2.13)

, in which G is the solar irradiance and G' is the irradiance under the STC reference, 1000 W=m? and
a module temperature of 25 C. | is the short circuit current under STC conditions. As previously
stated, it can be seen in the following gure that higher irradiance values represent an increase of the

short circuit current.

Figure 2.10: Changes in I-U curve, | s¢c and Voc regarding irradiance.
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2.3 Silicon Nitride and Aluminium Oxide - Multifunctional Dielec-

tric Layers Crucial for the Progress of Silicon Solar Cells

The achievement of high ef ciencies for silicon solar cells is highly dependent on carrier recombina-
tion reduction at cell surfaces. Thermally grown silicon dioxide (SiO,) has been used in laboratory tests
and has proven to display excellent passivation properties [9]. Despite this, it requires high processing
temperatures (> 900 C), long processing time, can severely degrade the minority lifetime and does not
provide ef cient re ection reduction due to the low refractive index. Traditional anti-re ection layers can
be deposited, but surface recombination is not provided.

Similar problems arise with introducing a Back Surface Field (BSF), which only displays moderate
surface passivation.

The solution to obtain reliable high-ef ciency cells was found on low-temperature-processed dielec-

tric layers, providing surface passivation and good optical and surface protection properties.

2.4 PERC- Passivated Emitter and Rear Contact

2.4.1 Silicon Nitride Layers for Solar Cells

From an optical perspective, the power output is directly related to the amount of incident light ab-
sorbed by the cell. Silicon nitride acts as an anti-re ection coating, allowing more light to penetrate the
cell, resulting in superior ef ciency.

Defects at the silicon surface are caused by the interruption of the crystal lattice periodicity, and
as a result, unpaired electrons appear. These are called dangling bonds and generate a high local
recombination rate. Passivation, i.e., minimizing surface recombination, is a prerequisite for achieving
high-ef ciency cells. This is achieved by combining two effective mechanisms: chemical passivation by
intrinsic hydrogen and eld-effect passivation via xed insulator charges [10].

Due to the high refractive index and the superior surface passivation, silicon nitride layers are applied

in silicon solar cells.

2.4.2 Al,O3- Based Rear Surface Passivation Scheme

Rear surface passivation was improved with the introduction of aluminium oxide as a charged dielec-
tric. This innovation became the basic element of the industrial PERC (Passivated Emitter and Rear

Contact) device.
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Figure 2.11: Rear surface passivation scheme [11].

Fixed negative charges present in the Al,O3 Im are attracting holes to form an accumulation layer
on p-type silicon [12], and this effect is illustrated in Figure 2.11. This positively charged layer results in
a recombination decrease [11]. Also, the ow of electrons along the rear surface in the direction of the
highly recombinative base contacts is suppressed. Due to these advantages, Al ;03 has a high potential

for increasing solar cell ef ciency [13].

2.4.3 Al,O3/ SiNy- Stacks for PERC Solar Cell

When incident light is not absorbed, it reaches the back structure that supports the module and
energy is converted into heat, raising cell temperature and decreasing ef ciency.

The combination of aluminium oxide and silicon nitrite provides passivation and creates a mirroring
effect for incident light [14], enhancing its absorption within the solar cell.

For these two mentioned reasons, the combination of these two layers on the back of the cell is
fundamental to boost the ef ciency of photovoltaic cells. Together with a layer of silicon nitrite on the

front, the PERC cell is completed and displayed in Figure 2.12.

Figure 2.12: PERC cell scheme.

Although some improvements were made and higher ef ciency was achieved, this technology still

presents light-induced degradation.
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2.4.4 LID - Light-Induced Degradation

Besides challenges in process technology, stability issues due to light-induced degradation have
been a critical challenge for high ef cient p-type solar cells. This LID can happen due to the boron-
oxygen (BO) effect and Light and elevated Temperature-Induced Degradation (LeTID).

Under the light exposition effect, O, may diffuse across the silicon lattice and create complexes with
boron acceptors. The boron-oxygen complexes create their energy levels in the silicon lattice and can
capture electrons and holes, which are lost for the PV effect.

This effect happens when the panel is rst exposed to sunlight and results in an instant decrease in

ef ciency, as can be seen in Figure 2.13.

Figure 2.13: Ef ciency decrease related with LID.

The second process, as the name indicates, relates severe degradation of ef ciency with high tem-
perature and, if not controlled, can lead to losses of more than 10%ejative -

Engineers have been trying to solve these inef ciency issues, and a solution was found. In contrast
to conventional PERC, Hanwha Q CELLS' Q.ANTUM technology reliably suppresses both LID due to
BO defect formation and LeTID in modules manufactured [15].

It is possible to conclude that with the insertion of an anti re ection coating made of Silicon Nitride
on the front of the cell, together with the creation of passivation and a mirroring effect on the back and
solving LID related inef ciencies, PERC is one of today's market competitor for high-ef ciency mass

production cells.

2.5 SHJ - Silicon Heterojunction Cell

As discussed in the previous paragraphs, high-ef ciency solar cells can be obtained by implementing
surface passivation layers that severely reduce recombination losses. This is achieved by the implemen-
tation of dielectric layers such as Silicon nitride (SiNy), Silicon Oxide (SiO;), aluminium oxide (Al,O3)
or intrinsic hydrogenated amorphous silicon.

The use of the rst three layers have already been described and some of these are applied at PERC
cells. Sanyoinvented heterojunction with intrinsic thin layer (HIT) cell technology in the early 1990s and

bene ts from using intrinsic hydrogenated amorphous silicon layers to obtain higher ef ciency.
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2.5.1 SHJ Cell Technology

The concept of a diode using a heterojunction formed by amorphous silicon layers and crystalline
silicon was initially proposed in 1974. However, it was only commercialized by Sanyo 18 years later.

The term heterojunction comes from the formation of the junction of semiconductors with different
bandgaps. This is veri ed in the cross sectional view of SHJn, in Figure 2.14, where a n-type Silicon

(c-Si(n)) is sandwiched between two amorphous Silicon intrinsic layers (a-Si:H(i)).

Figure 2.14: Cross sectional view of SHJn and SHJp [16].

Using the amorphous layers, surface recombination is suppressed by the chemical passivation of
dangling bonds on c-Si wafer surface. This is possible due to the formation of Si-Si and Si-H bonds [17].
Amorphous silicon layers only provide passivation if they are in contact with intrinsic layers. Intrinsic
means that the layers have not been doped intentionally.

Continuing the analysis of the SHJn cell, displayed on the left part of the Figure 2.14, a p-type
amorphous layer (a-Si:H(p)) is grown on the top, and on the bottom, n-type amorphous layers (a-Si:H(n))
is deposited. These layers are then fully covered with a transparent conductive oxide (TCO), followed by
screen-printing contact metal grids using low-temperature Ag conductive paste. TCO's are required to
enhance the collection of the electron hole pair and are transparent to allow light to enter the cell.

Both n and p-type doped wafers have been used for SHJ cells, but the highest ef ciency was ob-
tained for SHJn cell. It is important to note that the relation of a-Si/c-Si is roughly 1:10000. From the
studies conducted on these materials, n-type wafers display lower recombination rate, lower sensitivity
to metal impurities, and, unlike p-type, are not affected by LID [11]. Adding to these advantages, SHJ
cell assembly is performed at low temperatures (< 250 C), favoring thin wafers for cell production.

This technology was commercialized by Sanyounder patented Heterojunction with Intrinsic thin layer
(HIT). This patent expired in 2010 and opened the way for equipment suppliers and manufacturers to
work with the technology and provide solutions to the market. MeyerBurger is a Swiss company that
used to manufacture machinery required to produce wafers in mass production. After 2010, they started
working on the Heterojunction technology and present today HJT + SmartWire Connection Technology

(SWCT®).
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SWCT consists on the presence of small wire to replace busbars on top and bottom grid of the cell,
as can be seen in Figure 2.15. This technology can increase the ef ciency of the HJT cell by 5,7% due
to the reduced electrical losses, and reduced optical losses (less shading), due to the reduced size in

comparison to the bus bar technology [18].

Figure 2.15: Busbar vs SWCT [18].
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Chapter 3

System Design

3.1 Photovoltaic Modules

3.1.1 PERC

The mono-crystalline 395W panels with reference JAM54S31/MR/1000V from JASOLAR were cho-
sen to study the PERC technology. These panels present a half-cell con guration, meaning that instead
of having 1 circuit, the panel is divided into two parallel ones, halving the current values. Regarding the
Joule loss effect, where the losses are related to the square value of the current, its values drop to 1/4.
There is no reference of the use of any LID suppression technology for this module so it was assumed
as nonexistent.

In Figure 3.1, the electrical parameters at standard test conditions (STC- irradiance of 1000W/m?,
cell temperature of 25 C and an air mass of 1.5 ) of the PV module are displayed. Note that the module
used displays 395W of Rated Maximum Power, corresponding to the values located far to the right in

Figure 3.1.

Figure 3.1: PERC panel datasheet parameters.
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3.1.2 HIT

To study the HJT technology, the mono-crystalline MeyerBurger Glass modules were chosen. It

is important to note that the manufacturer offered this photovoltaic module to the university.

presents a half-cell technology, meaning that the Joule loss effect is decreased to 1/4, and the panel

gathers irradiance from both sides due to the its natural bi-facial con guration.

In Figures 3.2 and 3.3, the electrical parameters at STC of the PV panel are displayed.

Figure 3.2: HJT datasheet parameters - 1.

Figure 3.3: HJT datasheet parameters - 2.

In Table 3.1, the most important parameters in STC are gathered.

Module | Max Rated Power [W] | Ef ciency [%] | Temperature Coef cient [%/ C]
PERC 395 20.2 -0.350
HJT 370 20.6 -0.259

It is important to note that despite presenting 25 W of rated power difference, ef ciencies are very

similar. Regarding the temperature coef cient, it is expected to see a bigger decrease in the PERC

Table 3.1: PERC and HJT STC parameters.

output power with the increase in temperature.

3.2 Location and Connection

After arriving, the panels were mounted on Institute's rooftop. At the time, photovoltaic modules were

very scarce worldwide, and JASOLAR PERC module suffered a delay of two months to arrive. In order
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