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Summary

Crystalline-Si (c¢-Si) solar cells are the most common solar cells in the photo-
voltaics (PV) market, which occupy approximately 90% of the total market.
Several advanced structures have been proposed to improve c-Si solar cell per-
formances, such as passivated emitter and rear cell (PERC), interdigitated back
contact (IBC), tunnel oxide passivated contact (TOPCon), and heterojunction
with intrinsic thin-layer (HIT) solar cells.

The c-Si solar cell performance can be evaluated by numerical simulations in
semiconductor devices. Numerical simulations help improve cell performance by
varying the cell parameters or testing new schemes with reduced durations and
costs, which are unavoidable problems in experiments. Furthermore, numerical
simulations provide insights into the physical properties of the device, which are
difficult to evaluate while performing experiments. These merits render numerical
simulations effective for evaluating c-Si solar cell structures.

In this study, the evaluations of advanced c-Si solar cell structures are dis-
cussed with new schemes for improving cell performance or for optimization of
cell designs. The cell structures of PERC, IBC, and TOPCon are focused upon
in this study, which are potential candidates for use in the PV market. These cell
structures are evaluated, and the cell designs that improve the cell performances
are understood using numerical simulations.
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Chapter 1
Introduction

1.1 Overview of crystalline-Si solar cells

A \
>
(&)
c TOPCon
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Year

Figure 1.1: Roadmap of ¢-Si solar cells [1]

Crystalline-Si (c-Si) solar cells are the most common solar cells in the pho-
tovoltaic (PV) market, which occupy approximately 90% of the total market
share [2]. In the PV field, the most important factor is the improvement of cell
efficiency, which is the ratio of output power to the input light energy. In the c-Si
PV field, the cell efficiencies are improved mainly by refining the cell structures,
as shown in Fig. 1.1.

The most common cell structure is called “Al-BSF”[1]. However, this Al-BSF
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structure reached its performance limit, and further improvements to increase the
output power have been the goal for the PV market.

Table 1.1 summarizes the latest records of the single-junction solar cell effi-
ciencies [3]. From this data, it can be seen that Si (crystalline cell) has the second-
highest cell efficiency following GaAs (thin-film cell). Accordingly, Si-based solar
cell is considered to be the first candidate of the PV industry.

Table 1.1: Cell efficiencies of single-junction solar cells under the global AM1.5G
spectrum at 25 °C [3]

Classification Cell efficiency [%]
Silicon

Si (crystalline cell) 26.7+£0.5
ITI-V cells

GaAs (thin-film cell) 29.14+0.6

InP (crystalline cell) 24.2+0.5

Thin-film chalcogenide
CIGS (Cd-free) 23.3540.5
CdTe 21.0+0.4
Amorphous / microcrystalline

Si (amorphous) 10.2+0.3

Si (microcrystalline) 11.9+0.3
Perovskite

Perovskite 20.9£0.7
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1.2 c¢-Si1 solar cell structures

Currently, there are some new cell structures in the ¢-Si PV field. The conventional
structure is called “ AI-BSF” (see Fig. 1.2 for the structure), which has a simple
structure that forms the pn junction at the front side and p*-diffusion at the rear
side by Al paste melting during the annealing process. This Al-BSF structure
has been widely popular for decades because of its simple process and satisfactory
performance [1].

However, the AI-BSF cell reached its limit and cannot yield higher perfor-
mance. Furthermore, improved cell structures have been researched and devel-
oped. The most prevailed one is the passivated emitter and rear cell (PERC) [4],
which formed passivation layers at the rear end of the cell. The passivation layer
has a suppressed surface recombination velocity and a higher light reflectance,
which improves the comprehensive cell performance. Another such structure is
the interdigitated back contact (IBC) [5]. In this structure, all the electrodes
are concentrated at the rear side to avoid light shading at the front side, which
enables absorbing of all the light. There is a c-Si solar cell structure that forms
a heterojunction with a-Si (amorphous-Si), which is called heterojunction with
intrinsic thin layer (HIT) [6]. In this structure, the heterojunction with the a-Si
layer suppresses the recombination loss. The relatively new cell structure is the
tunnel oxide passivated contact (TOPCon) [7], which forms a thin tunnel layer to
passivate the electrode.

The advantages and disadvantages of these cell structures are summarized

I Silver

n*-emitter

p*-BSF
Aluminum

Figure 1.2: Structure of Al-BSF cell
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Table 1.2: Features of advanced c-Si solar cells

PERC: Passivated Emitter and Rear Cell [4]
- Improved rear-side internal light reflectance

Advantages - Suppressed rear-surface recombination
- Relatively easier manufacturing process
Disadvantages | - High internal resistance by the restricted contact
IBC: Interdigitated Back Contact [5]
Advantages - No front-side shading by electrodes

- Large recombination loss at the pn-junction interface
Disadvantages | - Restricted carrier collection
- Complex manufacturing process

HIT: Heterojunction with Intrinsic Thin-layer [6]

- Excellent passivation by amorphous-Si
Advantages ) . .
- High robustness against the ambient temperature

) - Low carrier mobility of amorphous-Si
Disadvantages : .
- Transparent conductive oxide is necessary

TOPCon: Tunnel Oxide Passivated Contact [7]
-Suppressed contact recombination

Advantages
& - 1D-carrier transport

Disadvantages | - No additional to light issues

in Table 1.2. Each cell structure has its own features, and characterization can
improve the cell performance; however, it can also result in degradation of some
parts. The details of each cell are discussed in the following sections.

These structures have their own advantages and disadvantages, and studies on
these structures have been conducted for decades. The main focus of these studies
has been to improve cell efficiency; however, studies on process developments,
installations, and operations have also been conducted. Most types of cells are
already in the mass-product phase, and new developments for these cells are
expected.

Currently, the highest c¢-Si solar cell efficiency is over 26%, obtained with
the combination of IBC and HIT structures called heterojunction back contact
(HBC) [8]. Figure 1.3 shows the HBC structure, wherein the front-side passivation
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and the rear-side emitter and BSF are designed by amorphous-Si. The full-area
light absorption by removing the front-side electrode (feature of IBC) and strong
passivation by amorphous-Si (feature of HIT) produced the highest performance
in the single-junction c-Si field. Consequently, this HBC structure has led to
improvements in c-Si solar cells, which resulted in cell efficiency first exceeding
25% [9,10], then over 26% [11], and now reaching 26.63% [8].

 AVAVAVAVAVAVAVAVAY
/ \

Passivation c-Si /al-Si
\ 7

L 7

\ //
ﬁVletaI

Figure 1.3: Structure of the HBC cell
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1.3 Other solar cells

In addition to c-Si solar cells, various other types of solar cells have been widely
researched.

Currently, the most focused type of solar cell is “ perovskite ” solar cell. The
first perovskite solar cell was reported in 2009 [12], which had a cell efficiency of
3.81% at that time. However, its cell efficiency has been rapidly increasing in this
decade, reaching over 20% in 2019 [3]. The main advantage of perovskite solar
cells is the extremely simple manufacturing process that includes spin-coating,
dripping, and annealing [13]. The advantage of such a simple process is expected
to significantly enhance the application of solar cells.

In the thin film technology, the Cu(In,Ga)(Se,S)s (CIGS) solar cell has been
researched [14] extensively. The main advantage of this technology is the high cell
conversion efficiency (current efficiency of 23.35% [15]) that is close to that of the
Si-based technology.

There are several combined cell structures, which are called “tandem ” solar
cells. By stacking multiple different types of solar cells, cell performance can be
improved to an extent that cannot be reached with a single solar cell. One of
these structures is “ smart stack, ” which has a cell efficiency of over 30% [16].
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1.4 Solar cell simulation

Solar cell simulation is one of the solutions to evaluate, design, or propose cell
structures. Simulations have several advantages over experimental methods, such
as reducing time and costs incurred to evaluate cell performance, visualization
of the internal regions of the device that are difficult to observe in experiments,
testing new materials or structures, and precise control of the condition. Table
1.2 summarizes the advantages and disadvantages of performing simulations. A
solar cell device usually has a multi-dimensional structure; thus, the simulation
that is performed to understand such a structure should also correspond to it.
The free 1D solar cell simulator “PC1D” has been used as the de facto
standard to evaluate the fundamental properties of solar cells [17], which is useful
for understanding cell physics. However, as advanced solar cell structures have
appeared, multi-dimensional solar cell simulation modeling has become important
for developing, evaluating, and optimizing solar cells. Several studies have been

Table 1.3: Advantages and disadvantages of semiconductor device simulation

- Reducing time and costs
Advantages . Visu'alization of de.vice internal physics
- Testing new materials or structures
- It excludes the uncertain errors of the conditions
- Precise modeling is necessary
Disadvantages
& - Physics that cannot be modeled cannot be considered
Experiment Modeling Simulation
*Device structure - J-V performances
Parameters -QE

J-V performances *Mapping

Figure 1.4: Flow of modeling and simulation
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conducted to model and evaluate solar cells [18-20], mainly targeting advanced
solar cell structures of PERC, IBC, and SOI solar cells. However, there are more
prospective solar cells including TOPCon and HBC that are being developed
and studied; thus, further development of solar cells by numerical simulation is
necessary.

Figure 1.4 illustrates the flow of modeling and simulation. The simulations
that are able to closely represent the experiment are necessary to render the
results reliable; therefore, the fitting of the J-V performances to the experimental
values is performed. The modeling precision will determine the reliabilities of
following the simulation results. Further, simulations in which the cell structures
or parameters are varied were performed to obtain the J-V performances, QE,
mapping, and so on.

Currently, the renewable energy source occupies approximately 20% of the
total energy source, and PV is the main source of renewable energy. The demand
for renewable energy has been increasing; thus, the development of PV will be
very important in the future. From the viewpoint of applications, simulations
including modules are also performed [21]. Module-based simulations are desired
because solar module is the actual operation form of solar cell, which is composed
of numerous solar cells. The solar cell device is the most important part of PV
operations; however, simulation of the solar cell device is necessary to improve the
total PV performance.

In this study, reports on the development of ¢-Si solar cells by numerical sim-
ulations are reviewed. The contents include PERC designs with bifacial scheme,
IBC front designs with bifacial scheme, and TOPCon designs for tunnel dielectric
material selection.
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1.5 Thesis structure

In this study, the improvements in c-Si solar cell performance with these new
structures have been discussed. In Chapter 2, the fundamental physics of c-Si
solar cells is introduced. In Chapter 3, the simulation and modeling methods
are summarized. The PERC, IBC, and TOPCon cell structures are discussed in
Chapters 4, 5, and 6, respectively. In Chapter 7, the conclusion of this thesis is
summarized.



Chapter 2
Physics

2.1 Fundamentals of crystalline-Si solar cells

Solar cells are composed of p-n junction diodes. When light is illuminated at
diodes, the electron-hole pairs are generated if the illuminated light energy is larger
than the band-gap energy of the material (1.1 eV for Si). The generated minority
carrier will be separated when the carrier reaches the depletion-region by the
electric field and generates the voltage inside the cell. This is called “photovoltaic

N

Ec
Ey
h'l'
n-region depletion- -region
9 region p-reg

Figure 2.1: Photovoltaic effect diagram
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effect,” and the mechanism is shown in Fig. 2.1.

To obtain the power as much as possible it is important that incident light
is absorbed as much as possible, the optically generated carrier recombination is
suppressed as much as possible, and the internal resistance is low. The important
cell performances are obtained from the I-V characteristic: short-circuit current,
open-circuit, and maximum power. The short-circuit current corresponds to light
absorption and carrier generation; absorption of more light improves it. The open-
circuit voltage corresponds to the carrier recombination and diode quality; the

/
&SC Pmax

\"

VOC

Figure 2.2: I-V characteristic of solar cells

FHE]

Recombination Resistive
component component

Figure 2.3: Equivalent circuit of solar cells
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suppressed recombination and superior diode quality improves it. The maximum
power is affected by carrier generation, carrier recombination, and internal resis-
tance. The internal resistance should be suppressed for larger maximum power.
Figure 2.3 shows the equivalent circuit of a solar cell. The higher values of short-
circuit current, open-circuit voltage, and shunt resistance, the smaller is the value
of series resistance.

The main cell performance parameters of a solar cell are Jg¢ (short-circuit cur-
rent density), Voc (open-circuit voltage), F'F' (fill factor), and n (cell efficiency).
Each parameter corresponds to the optical, recombination, resistive, and total cell
performance, respectively. Here, the F'F' and n are determined by

P
FF = ——me_ 2.1
IscVoc (2.1)
Pmal’
= . 2.2
=" 22)

where P,,,, is the maximum power obtained from the solar cell and P;, is the
input light energy of the solar cell.

12
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2.2 Diode equation

The diode equation is expressed as follows:

[ =1, (et —1). (2.3)

This equation is the sum of the electron current at the depletion-region/neutral p-
region and the hole current in the depletion-region/neutral n-region. The equation
contains the ideality factor n and saturation current I, which determine the diode
properties. The ideality factor expresses the extent to which the diode is similar
to the ideal diode; n = 1 is ideal, and n is between 1 and 2. For silicon, it is
known that n is almost 1, which is generally used to derive the saturation current
density Jy. The saturation current expresses recombination in diode. A larger I
means that the recombination loss is also larger; thus, smaller [ is favorable.

When light is illuminated and carriers are generated, the photocurrent appears
in this equation.

=TIy (e —1) — L, (2.4)

The recombination parameter Jy can be separated in each recombination mech-
anism [22]. To determine Jy, Jsc and Voo are used with some assumptions of

I, = Isc and n = 1. At the open-circuit condition, the diode equation is ex-
pressed as
Voc
JSC = Jo . (6 kT — 1). (25)
Voo . Voo . .
Here, e #7~ — 1 can be approximated as e #7 . Therefore, the Jy is determined
as
Jsc
Jo=—po (2.6)
e kT
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PHYSICS 2.3 Light absorption

2.3 Light absorption

Light absorption affects how much light current the solar cell receives. To improve
this, the surface reflectance should be lower, light shading should be avoided, and
internal light reflectance should be higher.

Front-surface light reflectance is the most important problem for light absorp-
tion, and anti-reflection coating and texturing are its solutions. The textured
surface scatters the incident light at the interface and increases the optical path

---T W WAV

Flat Textured

Figure 2.4: Optical path of the textured and flat surface situations
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Figure 2.5: Reflectance with anti-reflection coating and texturing [23]
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PHYSICS 2.3 Light absorption

length; thus, more light absorption is expected inside the bulk region (see Fig.
2.4). The anti-reflection coating adopts a SizN, thin film to suppress light re-
flectance, and the texturing increases the light path length inside the cell [23].

Another light loss is the shading effect caused by the front contacts (see Fig.
2.6). The front-side contacts shade the regions below; thus, light absorption will
be small and proportional to the front-side contact area. Furthermore, shrinking
the front-side contact area is effective in increasing light absorption; however,
too small contact area will increase internal resistance, which is the trade-off
between light absorption and internal resistance, and should be considered. Some
advanced solar cell structures consider these problems. The point-contact solar
cells of PERC and IBC adopt the rear passivation layer, which has a higher
light reflectance, and the IBC removed all front-side contacts to obtain all the
illuminated light as its characteristic.

Contact

Figure 2.6: Light shading by the front contact
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PHYSICS 2.4 Carrier recombination

2.4 Carrier recombination

Carrier recombination is the most important problem in solar cells. There are two
types of recombination: direct and indirect (see Table 2.1 and Fig. 2.7 for details).
Direct recombination occurs when the electron and hole recombine directly, and
the auger and radiative recombination are classified. The indirect recombination
occurs through the defect level between the conduction and valence band, that is,
when both the electron and hole are captured at the defect level they recombine.
This indirect recombination is known as Shockley-Read-Hall (SRH) recombina-
tion, and it occurs at the bulk region and cell surfaces. The indirect recombination
that occurs at cell surfaces is separately classified as “ Surface recombination. ”
Most advanced solar cell structures aim at reducing carrier recombination-related
losses by passivating the cell surfaces.

Table 2.1: Types of carrier recombination in c-Si solar cell

Name Type Location and situation
Bulk SRH | Indirect recombination Bulk region
Auger Direct recombination | Heavily-doped region (emitter)
Radiative Direct recombination High-injection situation
Surface SRH | Indirect recombination Cell surface region

E. O
1 E;
Ey Eyv
Direct recombination Indirect recombination

Figure 2.7: Mechanism of direct and indirect recombination
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PHYSICS 2.4 Carrier recombination

2.4.1 Passivation

Passivation is a major solution to reduce the recombination loss. The surface
recombination velocity (SRV) becomes high because the cell surfaces have many
unbonded atoms called “ dangling bonds. ” Passivating by dielectric thin films is
effective in reducing SRV drastically in the order of tens of centimeter /lower [24].
There are several materials of passivation layers, for example, SiOs, SigNy, Al;Os,
and so on; however, the choice of the material should consider the fixed charge in
the dielectric films. Figure 2.8 shows the fixed charge effect for the passivation.
To suppress the minority-carrier surface recombination, the fixed charge in the
passivation layer must have the same charge sign because this fixed charge pushes
free carriers back from the surface. Moreover, the opposite charge sign of the fixed

Electron Hole

p-Si ({ ) '%;Si ] \X

Figure 2.8: Fixed charge effect for the passivation

1/

p-type bulk p* BSF

Figure 2.9: Mechanism of BSF by the band diagram
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PHYSICS 2.4 Carrier recombination

attracts free carriers; thus, the surface recombination increases. It is known that
SiOy and SigNy exhibit positive, and Al;Oj3 is the negative charge; thus, they are
suitable for n-base and p-base passivation, respectively [25].

The effective SRV strongly depends on the surface doping concentration, and
the heavier doping concentration increases the effective SRV for both the p- and
n-type bulks [26,27].

Another passivation method is field-effect passivation, wherein the BSF region
is representative [28,29]. As shown in Fig. 2.9, the BSF forms the slope of the
band structure, which pushes the minority-carrier back to the bulk region and
suppresses recombination. The Al-BSF solar cell forms the BSF region with rear
Al-contact firing processes [30,31], and high-temperature firing prompts Al-paste
to melt to the bulk region as the Al™ acceptors. The higher temperature makes the
Al diffusion deeper and heavier, which leads to stronger field-effect passivation.

18



PHYSICS 2.4 Carrier recombination

2.4.2 Bulk lifetime

The bulk lifetime determines the rough cell performances. Increasing the bulk
lifetime as much as possible is important to achieve higher performance, which is
strongly dependent on the wafer processes. For the crystalline Si bulks, there are
two ways of Czochralski (Cz) and Float Zone (FZ) as the silicon crystal growth
for the high-efficiency solar cells [32]. It is known that using FZ-grown Si bulk
shows a higher lifetime and better performance than Cz-grown Si bulk; however,
the Cz-grown Si bulk is mainly used for high-efficiency silicon solar cells [33].

The choice of the bulk type determines the lifetime, and the n-type bulk is
much higher than the p-type bulk, which is a major advantage of this method
[34,35]. For Cz-grown Si bulks, the bulk lifetime of n-type bulk is about 10
times higher than that of the p-type bulk material [36,37]. The lower lifetime of
Cz-grown p-type bulk comes from the formation of boron-oxygen (B-O clusters
during the Cz-grown process in which O atoms enter the bulk [34]. Today, the p-
type bulk that deactivated B-O clusters are being researched [38], which provides
a high bulk lifetime close to the n-type bulk on the p-type bulk [39].

The SRH lifetime in the bulk region has a doping dependency, which is ex-
pressed as

) = T

where 7,/ is the SRH lifetime, N is the doping level, and 7y and N, are the param-

(2.7)

eters [40]. The heavier doping decreases the SRH lifetime as it is well known.
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PHYSICS 2.4 Carrier recombination

2.4.3 Direct recombination

The auger recombination and the radiative recombination are classified in direct
recombination. The mechanism of the direct recombination is shown in Fig. 2.10.
The auger recombination is caused by the three carriers: one electron-hole pair and
another electron, where the electron-hole recombination gives energy to another
electron and excites it. The radiative recombination emits the recombination
energy as the light, which is the key mechanism in LED light emitting diodes [41].
The radiative recombination depends on the excess carrier density; therefore, the
high injection level increases the radiative recombination rate; however, it is also
known that a high injection level can affect it to decrease because of the Coulomb
attraction effect between electrons and holes [42]. The radiative recombination
rate R,.q 18 expressed as follows:

Ryqa = B(”p - n?,eff)v (28>

where B is the proportionality factor of the radiative recombination coefficient
and n; .fs is the effective intrinsic carrier density.

The possibility of direct recombination depends on whether a semiconductor
material is a direct or indirect bandgap material. Si is an indirect bandgap semi-
conductor [43]; thus, direct recombination, especially radiative recombination, is
not likely to occur. The auger recombination can be the recombination loss part

EC lz EC
Ey Ev

Radiative recombination Auger recombination

Figure 2.10: Mechanism of the radiative and the auger recombination
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PHYSICS 2.4 Carrier recombination

for Si solar cells, at the high-injection level or the heavier doped condition [44].
This is because the auger recombination requires one electron—hole pair and an-
other electron to occur, and the high-injection level and the heavier doping provide
more carriers. The auger recombination rate R4, is expressed by an equation
that includes the rate of electron pair and another electron process (eeh process)
Reen; the rate of electron pair and another hole process (ehh process) R.pp; and
auger recombination coefficients of C,, and C), for both the electron and the hole,

Rauger - Reeh + Rehh = Onn2p + Opnp2' (29>

The auger lifetime is determined for both the high-injection level and the low-
injection level, as

1
wugerhi = High — injection), 2.10
Tauger,h (Cn +Cp)An2( g J ) ( )
1
Taugerli = 75— (LOW — injection, n — typesilicon), (2.11)
CrNGop
1
Taugerii = A5 (Low — injection, p — typesilicon), (2.12)
CPNdop

respectively. where An = n —ng = p — py, and ng and py are the thermal
equilibrium concentrations of electrons and holes, respectively, [44].
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PHYSICS 2.5 Solar cell resistance

2.5 Solar cell resistance

The resistive component in solar cell affects mainly F'F'. This resistive component
is strongly affected by the cell structures; the point-contact scheme of PERC and
IBC shows some degradation. There are some solutions, such as enlarging the
point-contact area to avoid resistive components; however, this may weaken the
characteristics of the point-contact scheme; therefore, the advantages of it can
be smaller. TOPCon; Tunnel oxide passivated contact avoided this problem by
adopting the full-rear contact at the rear side with the carrier selective by the
tunnel oxide [7].

The resistive component in a solar cell can be derived from the I-V charac-
teristic, the series resistance Rg, and the shunt resistance R, as shown in Fig.
2.11. Each Rg and Ry, are calculated by the tangent line trend of the [-V curve
at the open-circuit or the short-circuit point, respectively.

¢~ Ran=AVA

_~Rs=AViDI
>V

I

Figure 2.11: Series resistance Rg and shunt resistance R, in I-V characteristic
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2.6 Quantum efficiency

The quantum efficiency is the solar cell device analysis method against the light
wavelength. This quantum efficiency aims to reveal the cell response against the
wavelength of the contribution of light to the cell performance for each wave-
length. There are two quantum efficiencies, EQE and IQE. The EQE includes
both the optical and the recombination effects, while the IQE includes only the
recombination effect and excludes the optical effect. The EQE and the IQE are
expressed as follows:

Ihe
EQF = —— 2.1
EQE
IQF = . 2.14
R (214)

where [ is the current, ¢ is the elementary charge, h is the Planck’s constant, ¢
is the speed of light, A\ is the wavelength of the light, I, is the intensity of the
illuminated light, S is the light illuminated area, and R, is the light reflectance
at the wavelength. As the definitions express, the IQE always shows a higher
value than the EQE because the IQE only expresses the recombination loss. The

IQE

\

EQE

Quantum Efficiency

Wavelength

Figure 2.12: External Quantum Efficiency (EQE) and Internal Quantum Effi-
ciency (IQE) graphs
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PHYSICS 2.6 Quantum efficiency

maximum values of both EQE and IQE are less than 1, the minimum values are
beyond 0, and the higher values are preferred, which means smaller losses.

The shorter wavelength light is absorbed at the solar cell front-side region,
and the longer wavelength light is absorbed at the deeper region of the solar
cell; thus, the quantum efficiency at the shorter wavelength expresses the front-
side property and the longer wavelength expresses the entire device property.
Viewing the quantum efficiency enables us to understand where in the device is
the dominant factor in cell losses.

Longer
Shorter g
wavelength
wavelength - -
i i light is
light is
absorbed at
absorbed at
the cell
the cell I .
entire
surface )
region

Figure 2.13: Relationship between light absorption and wavelength
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PHYSICS 2.7 Temperature

2.7 Temperature

Higher temperatures degrade the cell performances. The Vo and FF perfor-
mances degrade as the temperature rises [45], where the diode saturation current
density Jp and the ideality factor n are the causes.

The adoption of a heterojunction like HIT [6] is one of the solutions against
high temperature that suppresses degradations. It has been reported that het-
erojunction prevents F'F' degradation at high temperatures [46]. In other words,
heterojunction stabilizes the diode ideality factor n, which is related to the resis-
tance performance.

In general, the solar cell performances were evaluated at the room temperature
of 25 °C.

25



Chapter 3
Simulation

3.1 Technology computer-aided design

The technology computer-aided design (TCAD), is a CAD software that aims to
evaluate the semiconductor device performance and semiconductor process prop-
erties. Utilizing TCAD software for evaluating semiconductor device properties
has several advantages: 1). reducing time of avoiding semiconductor processes,
which take a long time, 2). reducing the cost of avoiding semiconductor pro-
cesses, which cost drastically, and 3). visibility of device internal physics that is
difficult in the experiment. In this thesis, Sentaurus TCAD software provided by
Synopsys, Inc. [47] was used for the solar cell simulations.

For semiconductor device simulation, several equations are solved, including
the Poisson’s equation, the electron and hole current equations of continuity with
the self-consistency. Poisson’s equation and the electron and hole current equa-
tions of continuity are as follows [50].

esV2¢ =q(n —p+ Nj) — Ny), (3.1)
In = qunnE + ¢D,Vn,
Jp = quppE — qD,Vp.

Here, ¢ is the elementary charge, €g is the semiconductor permittivity, ¢ is the
electrostatic potential, n and p are the electron and hole carrier densities, respec-
tively; N and N are the ionized donor and acceptor densities, respectively; mu,,
and mu,, are the electron’s and hole’s mobilities, and D,, and D, are the diffusion
coefficients. These equations are derived from Maxwell’s equations, and are the
fundamental equations for the device simulations.

The actual device simulations are modeled by setting each component of
the equation, such as the mobility model, carrier generation, and recombination
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SIMULATION 3.1 Technology computer-aided design

model. For Si solar cell simulations, the carrier generation comes from the light
generation of electron-hole pairs, and the recombination model includes the SRH,
auger, and radiative recombination.

The solar cell simulation is composed of an optical simulation that calculates
the carrier generation by light illumination and an electrical simulation that cal-
culates the carrier transport and carrier recombination, and the outputs are the
[-V curve, the quantum efficiency, or the mapping data of the cell physics. The
light illumination is solved by the optical solver, and there are several solvers that
have their advantages and disadvantages. The general solver is ray tracing [48],
which enables solving the multi-dimensional optical problem. Another solver is
transfer matrix method (TMM) [49]. It can solve only the 1D-optical problem;
however, it enables the consideration of the thin film effect, which is useful for
calculating the interface light reflectance that is composed of multiple thin film
layers.

Figure 3.1 shows the simple flow of the solar cell simulation.

>4 IQE

k)

Qo

& EQE

5

2
Optical simulation Electrical simulation 3

g

Wavelength g
I-V curve

Quantum efficiency

Figure 3.1: Flow example of solar cell simulation
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3.2 Solar cell modeling

The solar cell simulations are modeled by activating several physical models, in-
cluding the carrier mobility model, carrier recombination model, optical model,
and contact model. The fundamental modeling of ¢-Si solar cells is reviewed [51],
in which the simulations in this thesis are based on this.

3.2.1 Carrier mobility

The carrier mobility modeling is referred the literature [52]. This mobility model
considers the difference of the dopant, and in this thesis, the phosphorus dopant
as n-type doping is applied for the modeling. The carrier mobilities of both the
electron and the hole against the impurity concentration at room temperature
(300 K) is expressed as

Hmaz — Hmin . H1 (3 4)
L+ (N/Nyega)®t 1+ (N/Nyeg2)*2

The parameters of the expression are listed in Table 3.1. The model included four

W= Mmin +

effects: lattice, donor, acceptor, and electron-hole scattering.

Table 3.1: Parameters of the Klaassen’s mobility modeling for each dopant of
Arsenic, Phosphorus, and Boron [52]

Parameter As P B
Pmaz [cm?/Vs] 1417.0 1414.0 470.5
min [cm?/Vs] 52.2 68.5 44.9

w1 [em?/Vs] 43.4 56.1 29.0

Nyegp [em™] | 9.68x1016  9.20x10%  2.23x10"7
Nyeps [em™3] | 3.43%102  3.41x10%  6.160x10%
a 0.68 0.711 0.719
s 2.0 1.98 2.0

28



SIMULATION 3.2 Solar cell modeling

3.2.2 Carrier recombination

The carrier recombination modeling is introduced in Chapter 2, in which the SRH,
auger, and radiative recombination are included in the simulations.

The auger recombination coefficients, which include the temperature depen-
dence, are modeled as [47]

Co(T) = (Appn + Ban(T/300) + Can(T/300)*)[1 + Hpexp(—n/No,)],  (3.5)
Cyp(T) = (Aap + Bap(T/300) + Cap(T/300)*)[1 + Hyexp(—p/Noy)]-  (3.6)

Where, the coefficients of the equations are listed in Table 3.2.

The radiative recombination coefficient of B,qoq = 4.73 x 1071° cm3 /s was used
for the simulation [51].

For the SRH recombination, the bulk lifetime or surface recombination velocity
is determined for each simulation condition. The information will be listed in each
section.

Table 3.2: Coefficients of the auger recombination coefficients both for electron
and hole [47]

Carrier | Ay [em®/s] By [ecm®/s] Cy4 [cm®/s] H Ny [em™]
Electrons | 6.7x1073  2.45x1073  -2.2x1073% 3.46667  1x10'®
Holes 7.2x107%2 4.5x1073  2.63x107%?  8.25688 1x10'8
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3.2.3 Bandgap narrowing

The bandgap narrowing represents the bandgap deformation by the impurity dop-
ing. The bandgap narrowing model of Schenk’s proposed model is well used [53],
and in this study, the table data of this model from the literature are used for
the modeling [19]. Figure 3.2 shows the bandgap deformation as a function of the
impurity doping concentration. The donor exhibits a larger bandgap deformation
at a higher doping concentration.
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Bandgap Deformation [meV]

Figure 3.2: Bandgap deformation as a function of the impurity doping concentra-
tion [19]
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3.2.4 Complex refractive index

The complex refractive index includes the real part of n and the imaginary part of
k. This n-k data as a function of wavelength represents the light response of the
material. For silicon, the n-k data of Green’s report [54] are commonly used. The
n-k data of the Green’s report is shown in Fig. 3.3. The higher value of k at the
shorter wavelength and the small value at the longer wavelength represents the
absorption of short wavelength light at the surface region, and longer wavelengths
require longer optical path lengths to absorb well. The relationship between the
absorption coefficient o and the k value is expressed as [47]

47
= L. 3.7
=7 (37)

n-k value

NVAlUE we—
. k-vall:le —

1 i 1

03 04 05 06 07 08 09 1 11 12
Wavelength [um]

Figure 3.3: N-k data of the Silicon [54]
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3.2.5 Free carrier absorption

Free carrier absorption is a phenomenon in which the free carriers in the bulk re-
gion absorb light, which inhibits carrier generation [55]. This phenomenon worsens
the carrier generation, and the effect increases at the carrier-rich condition, which
corresponds to the heavier doping. The free carrier absorption is modeled as the
coefficient a4 which is expressed as

apca = 2.6 x 10780\ + 2.7 x 107 ¥pA2. (3.8)

This expression is widely used [56], where apca affects the quantum yield and the
ratio of the number of absorbed photons to the number of generated carriers. The
quantum yield 7¢ is determined by the total absorption oy, the original quantum
yield value nge, and apca, as in [47]

OFCA

na = nae(l — (3.9)

Aot
The smaller a4 improves the quantum yield, and more electron-hole pairs will
be generated.

Electron-hole pair i y A

is generated Free carrier
(Carrier generation) ./absorbs light
O (FCA)

L ]

Figure 3.4: Mechanism of the free carrier absorption
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3.2.6 Contact modeling

The contact modeling includes the contact type of Ohmic or Schottky, the carrier
recombination velocity at the semiconductor/contact interface, and the contact
resistivity. Generally, Ohmic contact is necessary for semiconductor device oper-
ations, and the charge neutrality and equilibrium are assumed, as follows [47].

no —po = Np — Na, (3.10)
nopo = N7 54 (3.11)

The recombination velocity at the contact interface affects the carrier currents,

= qua(n — no), (3.12)

T
Jp - = —qup(p — po). (3.13)
where v,, and v, are the electron’s and the hole’s recombination velocities. A high
recombination velocity of 10° - 107 cm/s is defined for the contact interface, which
is important for the contact functions and increases the carrier recombination at
the contact regions.

For the contact resistance modeling, the distributed resistance is often used.
The distributed contact resistance value is in the milli-order with the Qcm? unit.
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3.2 Solar cell modeling

3.2.7 Summary

In summary, the fundamental solar cell modeling is summarized in the Table 3.3.

Table 3.3: Fundamental device simulation modeling for ¢-Si solar cell

Type

Physics

Electrical

Carrier mobility

Carrier recombination

Bandgap narrowing

Ohmic contact

Optical

Carrier generation

Complex refractive index

Free carrier absorption

Quantum yield
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3.3 Illumination spectrum

The light spectrum that is generally used for solar cell performance evaluations
is “AM1.5G.” AM1.5G means “ Air Mass 1.5G,” the definition is the light
illumination by the solar with the 48.2 angle from the vertical direction (defined
as AM1.0) [57]. The AM1.5G spectrum (see Fig. 3.6) considers the scattered
light, and only the direct light is referred to as AM1.5D.

A
vAg
<] >
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Figure 3.5: Definition of air mass [57]
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Figure 3.6: AM1.5G spectrum (the weighted spectrum reduces the number of
data)
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The ground-surface reflected light should be considered for bifacial solar cells
[58]. A bifacial solar cell absorbs both illuminated light and ground-surface re-
flected light. The reflectance of the illuminated light at the ground surface is
mentioned as ”albedo” . The albedo differs by region or season (for example, the
snow cover provides a high albedo of near 1), and the albedo of 0.2 is observed
for most regions and seasons [59]. The utilization of the ground-surface reflected
light will increase the photocurrent of the photovoltaic cells, which is one of the
methods to improve cell performance.
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Chapter 4
PERC Solar Cells

4.1 Characterization of PERC solar cells

Passivated emitter and rear cell (PERC) is one of the most advanced and common
c-Si solar cell structures [1]. PERC is characterized by the formation of a passiva-
tion layer on the rear side, as shown in Fig. 4.1. This passivation layer has several
effects on the cell performance, which are as follows: 1) The suppression of SRV
at the rear contact area will improve the open-circuit voltage. 2) A higher light
reflectance will result in a higher short-circuit current. 3) The restricted contact
area increases the internal resistance and degrades the fill factor (the details are
illustrated in Fig. 4.2) [60-62].

These advantages and disadvantages are in the trade-off relationship, which
means that there is an optimized open contact area. There have been some studies
on this [63-66]; however, this trade-off is affected by several parameters, such

Silver

n*-emitter

p-base _ Passivation

p*-BSF
—Aluminum

Figure 4.1: p-PERC solar cell structure [4]
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as the bulk resistivity, bulk lifetime, contact resistivity, and SRV at passivation
layers. The resistive problem of the PERC issue increases at high resistivity
bulk, which shows a higher bulk lifetime and is important for increasing the cell
output power. Furthermore, the choice of bulk type of p- or n-type determines
the minority-carrier at the bulk region, and the mobility of the minority-carrier
also affects the resistive components.

Higher light reflectance
/

|
/ Lower SRV
Rear passivation

Longer carrier transport

O Higher light reflectance improves Jg
O Lower SRV improves V.
& Point-contact degrades FF

Figure 4.2: Effect of passivation layer in PERC
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4.2 Bifacial PERC (PERC+)

Bifacial PERC, also called as 'PERC+’ [67], is an advanced PERC structure that
absorbs the rear-side illuminated light. The annual output yield is expected to
increase by approximately 25% from the conventional PERC by combining the
bifacial module [67]. The concept of the bifacial PERC is illustrated in Fig. 4.3.
The advantages of the bifacial PERC are as follows: both-side light absorption
increases the photocurrent; lower usage of the rear Al (or Ag) paste, and improved
Voc performance for deeper diffusion of Al-BSF (for p-type) [67]. For bifacial
PERC designs, rear-side light absorption can affect the optimized design because
rear-side light illumination generates carriers mainly at the rear-surface, which is
on the opposite side of the emitter, and a longer carrier transport is necessary.
Therefore, the effect of the bulk lifetime or bulk resistivity will increase, and the
rear surface recombination becomes more dominant in the cell performance.
There is a simulation report for the bifacial PERC solar cell obtained by vary-
ing the rear contact area [68]; however, the bulk resistivity or bulk doping type
also affects the cell performance significantly. In this study, we report on bifacial
PERC solar cell designs [69]. The optimum cell designs are evaluated for different
illumination conditions, bulk properties, and rear passivation qualities.

AMAVVAAA  AAAAVAA
i a-— =

Conventional PERC Bifacial PERC (PERC+)

Figure 4.3: Concept of the bifacial PERC solar cell
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4.3 Bifacial PERC solar cell designs

In this section, the results from our study on bifacial PERC solar cell designs are
presented in [69]. The section is composed of the simulation modeling, its results,
and discussion.

4.3.1 Simulation modeling

In this study, bifacial PERC solar cell designs were designed and evaluated un-
der four illumination conditions: the monofacial/front-side, bifacial /front-side,
bifacial /rear-side, and bifacial /double-side, as illustrated in Fig. 4.4. The monofa-
cial /front condition corresponds to the usage in the conventional standard module,
and the bifacial/double condition corresponds to the bifacial module. To evalu-
ate the front- and rear-side cell properties, the bifacial/front and bifacial /rear
conditions were simulated.

— Monofacial - Bifacial N\ g:ﬁ;,
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Figure 4.4: Bifacial PERC solar cell simulations for four illumination conditions
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4.3 Bifacial PERC solar cell designs

The parameters and variables used in the simulations are listed in Table 4.1.

Table 4.1: Parameters and variables of modeling

Parameter Value
Bulk thickness 180 pm
Emitter profile 100 Q/sq [67]

BSF profile 65 2/sq

Rear passivation stack

Al,O3 / SisNg = 10 nm /80 nm (p-type)
SiOs / SigNy = 10 nm / 80 nm(n-type)

Front electrode coverage

5%

Internal light reflectance

80% (Front)
65% (Si/Metal)
87.1% (Si/Al,O3 (SO2) (w/o brass)) [67]
92.5% (Si/A1,03 (SO,) (w/v))

SRV wvalue

1,000 cm/s (Front)
10% cm/s (Si/Metal)

Contact finger resistivity

4.5 pQdem (Front) [51]
20 uQcm (Rear) [67]

Contact finger distributed resistance 22.5 m{cm?
Variable Value
Bulk resistivity ppui 2,1, 0.5 Q-cm
Rear pitch distance W, o, 100, 200, 350, 700, 1,400, 2,800 pum
Rear passivation SRV Syeqr 1-100 em/s
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The simulation results and the front (or rear-surface) light reflectances are
shown in Figs. 4.5 and 4.6, respectively.
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Figure 4.5: Simulation modeling of bifacial PERC with monofacial/front condition
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Figure 4.6: Front- and rear-surface light reflectances
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4.3 Bifacial PERC solar cell designs

A comparison of the experimental results of bifacial PERC [67] are shown in
Fig. 4.7 and presented in Table 4.2, The comparison shows that the modeling

results agree well with those obtained in the experiments.

Current Densit

Figure 4.7: J-V curves of modeling for comparison with the experimental result

of bifacial PERC

Table 4.2: J-V parameters of modeling for comparison with the experimental

result of bifacial PERC

Monofacial/Front =—+—
Bifacial/Front =———
BifacialllRear .

0 0.

1 02 03 o|_4
Voltage [V]

0.5

‘ Condition ‘ n (%] ‘ Jsc [mA /cm?] ‘ Voc [mV] ‘ FF [%] ‘ Rg [Qcm?]

Monofacial ffront |, 39.7 664 79.7 0.65
(Experiment)

Monofacial /front 21.0 39.7 663 80.0 0.66
(Simulation) (£0.0) (£0.0) (-1) (+0.3) (+0.01)
Bifacial/front 20.8 39.5 664 79.1 0.82
(Experiment)

Bifacial/front 20.7 39.5 663 79.1 0.83
(Simulation) (-0.1) (£0.0) (-1) (£0.0) (40.01)
Bifacial /rear 16.5 31.4 658 79.6 0.82
(Experiment)

Bifacial /rear 16.5 314 657 80.0 0.84
(Simulation) (£0.0) (£0.0) (-1) (+0.4) (40.02)
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4.3.2 Bifacial PERC: Monofacial/front

The cell efficiencies of the p- and n-type bifacial PERC under the monofacial /front
condition are shown in Fig. 4.8. The effect of rear passivation SRV for each bulk
of p-type, p-type (w/o BO), and n-type is studied, and a suitable bulk condition
for any passivation conditions is provided. For p-type bulk, the bulk resistivity
that corresponds to the higher bulk lifetime is the most appropriate, that is, a pg
of 2 Q2-cm. The p-type bulk provides a lower lifetime; thus, the lifetime of this bulk
type is much more important than the internal resistance. However, in the p-type
bulk without BO, suitable bulk resistivity changes at the rear passivation SRV of
10 cm/s, and a higher bulk lifetime of 2 Q-cm should be selected for smaller SRV
conditions, and a lower bulk resistivity of 0.5 Q2-cm should be selected for greater
SRV conditions. This different trend from the p-type bulk is due to the overall
higher bulk lifetime, which makes the rear passivation SRV dominant to the cell
performance. Therefore, a smaller SRV, wherein there is almost no recombination
loss suppressing bulk recombination is effective; however, at a greater SRV of the
rear passivation that is dominant to the cell loss, improving the internal resistance

p-PERC
n-PERC (w/o BO)
225 ——————— ———— 225 T — i R
o p-PERC (on\BO) o
X - a ‘\o~‘ X i
= - =i, = !
5 - § Dy 5 L
Q215 N- Q 215¢
Q Q g
2 o I
=2 =21f '
D o |
O 205 O 5l n-PERC/pg=2 Q-cm ==
p-PERC PS=2 Q-cm ==t - n-PERC/ps=1 Q-cm === b
Ps=1 Q-Cm == [ n-PERC/pg=0.5 Q-cm —ﬂ-—l
- ps=0.5 Q-cm === - + p-PERC(w/0 BO)/pS:0.5IQ—cm — '
1 10 100 1 10 100
Rear Passivation SRV [cm/s] Rear Passivation SRV [cm/s]
(a) p-PERC (b) n-PERC

Figure 4.8: Cell efficiencies of p- and n-type bifacial PERC under the monofa-
cial/front condition
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component should be selected.

In contrast, for n-type bulk, a bulk resistivity of 1 {2-cm is suitable for any SRV,
even the overall highest bulk lifetime situation. Here, the minority carrier of n-
type bulk is the hole, which provides approximately 1/3 carrier mobility compared
to the p-type bulk of the electron, and the lower bulk resistivity that corresponds
to the heavier doping decreases the carrier mobility. PERC is the point-contact
scheme, and the longer carrier transport is the bottleneck of the performance,
especially for higher resistivity and smaller carrier mobility. The adoption of the
heavier n-type doping is not effective for the point-contact scheme because of these
phenomena, and the higher bulk resistivity will increase the internal resistance;
therefore, a medium bulk resistivity value of 1 Q-cm is suitable.

The comparison of the p-type (w/o BO) and n-type shows that the rear passi-
vation SRV of 30 cm/s is the branch point of the bulk selection. An SRV smaller
than 30 cm/s renders the n-type the most appropriate and a value greater than
30 cm/s makes p-type (w/o BO) bulk the optimum one. This bulk switching is
due to the carrier mobility effect, as both the bulk types provide sufficient life-
times. For the lower SRV condition, suppressing the bulk recombination loss is
important, and for the higher SRV condition, improving the carrier transport by
the lower bulk doping is better.

In summary, the above discussion optimizes the bifacial PERC performances at
monofacial condition usage. At the lower bulk lifetime condition that corresponds
to the p-type bulk, increasing the bulk lifetime is the best solution. However, at
the higher bulk lifetime condition that corresponds to the p-type (w/o BO) and
n-type bulks, the rear passivation SRV determines the cell designs; the smaller
SRV condition that increases the bulk lifetime to suppress the recombination loss
is the most appropriate; however, at the greater SRV condition, the recombination
loss is not avoidable and improving the carrier transport should be considered.
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The cell designs considering the rear pitch distance are shown in Figs. 4.9 and
4.10. The rear contact pitch distance is the most important design for PERC,
and the suitable pitch distance is affected by the bulk resistivity and the rear
passivation SRV. At a greater SRV, a longer pitch distance increases the effect of
rear SRV; thus, the shorter pitch distance is favorable. Furthermore, regardless
of the rear SRV, the carrier transport problem becomes larger when the pitch

23 T T T T T
n-PERC/ p-PERC (w/o BO)/
25F pbulk=1 9'cm Pbulk=0'5 Q-cm

N
N

N
e

Cell Efficiency [%]

20.5 : Srear=1 cm/s === i R ¢
Srear=10 CM/S =t
Srqar:100 crp/s ——

20 t
500 1000 1500 2000 2500

Rear Pitch Distance [um]

Figure 4.9: Effect of the rear pitch distance for p- and n-type bifacial PERC under
the monofacial /front condition
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1 10 100

Rear Passivation SRV [cm/s]

Figure 4.10: Suitable pitch distance of p- and n-type bifacial PERC under the
monofacial /front condition
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distance is longer; therefore, the adoption of the n-type bulk will make it sensitive
to the pitch distance.

Figure 4.9 provides the trend against the rear pitch distance for three different
SRV conditions. The important factor is that the n-type bulk is sensitive to the
rear pitch distance, especially at the greater SRV condition. The n-type bulk
provides poor carrier transport because of the smaller carrier mobility; thus, the
effective SRV will increase compared to the p-type bulk. The suitable rear pitch
distance is shown in Fig. 4.10. The p-type PERC of 700 pum pitch distance is the
best for any rear passivation SRV, and the pitch distance of 1,400 pm is the best
for the higher bulk lifetime condition.
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4.3.3 Bifacial PERC: Bifacial/front and bifacial /rear

The adoption of the bifacial module removes the rear brass to allow the rear-side
illuminated light to enter the cell; however, the contact resistance increases. Fig-
ure 4.11 shows the series resistance comparison between the bifacial/front and
the monofacial /front. As seen from the graph, the internal resistance of the bi-
facial/front condition is significantly larger than that of the monofacial/front,
especially at a larger rear pitch distance. This means the larger rear pitch dis-

2 T T T T T
— L p-PERC/pg=2 Q-cm =—t—
o~ | p-PERC(w/o BO)/pg=0.5 Q-cm =——t—
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S I : :
—
o
(2} L
(0]
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o | P ]
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05 1 1 1 1 1
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Rear Pitch Distance [um]

Figure 4.11: Series resistance of bifacial PERC under the bifacial/front condition
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Figure 4.12: Short-circuit current density of bifacial PERC under the bifacial /rear
condition
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tance will degrade cell performance at the bifacial usage, which the larger pitch
distance is important to increase the rear-side light absorption. Figure 4.12 shows
the short-circuit current density of the bifacial PERC under the bifacial /rear con-
dition. Contrary to the internal resistance, as it is obvious the larger rear pitch
distance of the smaller rear contact area increases the short-circuit current den-
sity. In summary, a larger pitch distance is advantageous for the rear properties
and is disadvantageous for the front properties.

The bifaciality factor, which is expressed by 7car/7front, is useful for under-
standing the cell performances at the bifacial usage. Figure 4.13 shows the bi-
faciality factor of the bifacial PERC. At the smaller SRV condition, a bifaciality
factor higher than 0.8 is expected, and the p-PERC (w/o BO) provides a higher
bifaciality factor. For both p-PERC and n-PERC, a lower bulk resistivity is better
for the bifaciality factor. This indicates that a higher bulk lifetime improves the
bifaciality factor because the rear-side illumination generates carriers mainly at
the rear surface, which is the opposite side from the emitter region. Therefore, the
carriers must move over longer distances compared to the front-side illumination,
and the bulk lifetime is important for collecting carriers as much as possible.
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Figure 4.13: Bifaciality factor of the bifacial PERC
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4.3.4 Bifacial PERC: Bifacial/double

The bifacial/double condition is the situation of the bifacial usage. The albedo of
20% is expected for the situation to evaluate performances.

Figure 4.14 shows the bifacial/double performances of the p-PERC and n-
PERC. A power density higher than 25 mW /cm? is expected by adopting the
bifacial scheme, which corresponds to a cell efficiency of approximately 25% un-
der monofacial conditions. Regardless of the advantages and disadvantages of
adopting the bifacial scheme discussed above, which provides a trade-off regard-
ing the rear contact pitch distance, a similar discussion of the monofacial/front
can be applicable. The rear passivation SRV of 30 cm/s is the key value also in
the bifacial/double condition, where the smaller SRV makes the n-PERC and the
greater SRV makes the p-PERC (w/o BO) suitable.

The cell designs of the bifacial PERC at bifacial /double are shown in Figs. 4.15
and 4.16, respectively. Compared to the cell designs of the monofacial /front (Fig.
4.9), the dependence against the rear pitch distance is larger and the performance
at a larger rear pitch distance degrades more than the monofacial/front condition.
This indicates that the internal resistance increase causes a disadvantage over the
advantage of the improved short-circuit current density; this is because at a larger
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Figure 4.14: Cell efficiencies of p- and n-type bifacial PERC under the bifa-
cial/double condition
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pitch distance, the increase in short-circuit current density does not decrease the
rear contact area much even if it increases the internal resistance significantly.
The suitable pitch distance is almost the same as the monofacial /front condition,
that is, a pitch distance of 700 um for p-PERC and 1,400 pum for the higher bulk

lifetime condition.
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Figure 4.15: Effect of the rear pitch distance for p- and n-type bifacial PERC
under the bifacial /double condition
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4.3.5 Conclusion

The bifacial PERC solar cell designs for four illumination conditions are discussed
by considering the bulk effects of resistivity, lifetime, and rear passivation SRV.
The suitable cell designs are almost the same between the monofacial /front and
bifacial/double conditions. The rear passivation SRV value of 30 cm/s is the key
value that determines the suitable bulk type, the smaller SRV makes the n-type,
and the greater the SRV, improves the p-type (w/o BO). By adopting the bifacial
scheme, a power density larger than 25 mW /cm? is expected, and the rear contact
pitch distance of 700 pym for p-PERC and 1400 pm for the higher bulk lifetime
condition are favorable.
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Chapter 5
IBC Solar Cell

5.1 Characterization of IBC solar cells

Interdigitated back contact (IBC) solar cells concentrate both the emitter and
BSF regions at the rear side. Furthermore, IBC facilitates non-contact shading
at the front surface, thereby enabling absorption of all light and increasing the
photocurrent.

The concentration of both p™- and n*-regions at the rear side causes unique
IBC problems: increased carrier recombination at the p*- / n'-interface regions
[70] and electrical shading [71,72]. These problems must be considered while
designing IBC solar cells.

p* (FFE)

p* (Emitter)
_n* (BSF)

n-base

y 2

/ N\ //
Passivation \ Silver

Figure 5.1: n-IBC solar cell structure [5]
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5.2 Front diffusion in IBC solar cells

IBC solar cells concentrate both the emitter and BSF regions on the rear side.
However, the front side contributes to the cell performance in terms of front-side
doping, wherein FFE and FSF are known [73]. These have different effects on
solar cells for the carrier transport view, as shown in Fig. 5.2.

The problem of electrical shading arises from the shrunk emitter area and the
worse emitter carrier collection. There are a few ways of solving this problem;
for example, using the rear emitter overlap scheme [74-76]; however, this emitter
overlapping scheme has the potential to increase the leakage current [70] in some
situations [76]. One method of solving the electrical shading is the formation of
FFE. The FFE eases the electrical shading problem caused by the shrunk emitter
area, which has poor carrier collection, by enhancing the lateral-direction carrier
transport of the minority-carrier at the floated emitter region. The FFE has a
bipolar structure [77] that collects holes above the BSF region, and the collected
holes are pumped as the majority-carrier to the region above the FFE, where the
carriers are re-injected and then collected to the emitter at the rear side [78]. This
FFE will work effectively as the emitter area at the rear side is small, and it is
reported that the FFE can be preferred over the FSF [73].

Another FSF scheme simply pushes the minority-carrier back to the rear side,
which enhances the vertical-direction carrier transport. The FSF scheme is a
common method used for designing IBC solar cells [78]. Furthermore, the entire

p* (FFE) n* (FSF)

/ n-base n-base

Enhanced carrier transport Carrier push back

| 7— | |, I 7= | |’|
/1 [4 / — /

p* (Emitter) n* (BSF) p* (Emitter) n* (BSF)

Figure 5.2: Front floating emitter (FFE) and front surface field (FSF) in n-type
IBC solar cell
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cell performance is significantly affected by the design of the rear side [79]; the
large emitter area is preferred, and the IQE drops in the BSF region.

To achieve better performance, optimization of the front diffusion profile is
important for both FFE and FSF. In a study on optimization of the front diffusion
profile [80], it is reported that the FFE provides higher Jgo as compared to the
FSF, especially for the higher front SRV condition. In this study, the optimization
of the front diffusion profile of IBC solar cells was conducted by applying the
bifacial scheme to the cell [81].
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5.3 Bifacial IBC solar cell designs [81]

In this section, the results from our study on bifacial IBC solar cell front designs
are presented in [81]. This section is composed of the simulation modeling, its
results, and discussion.

5.3.1 Simulation modeling

Figure 5.3 shows the simulations of the bifacial IBC solar cell with three illumi-
nation conditions: bifacial/front, bifacial /rear, and bifacial/double. In this study,
the n-type IBC solar cell has been investigated.

Bifacial

é h |:|n-3i
AAAAAAAA AMVYAAAA | Ble-s

[—— ]y EE——— Emm———— | [ ]Aros

\ Front Rear Double ) []Aae

Figure 5.3: Bifacial IBC solar cell simulations for three illumination conditions
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Table 5.1 summarizes the modeling parameters in this study. The fundamental
parameters are obtained from the previous study on bifacial IBC [82], and the
detailed process parameters are described in the literature [83].

Here, the IBC solar cell has a multidimensional rear structure; thus, 3D mod-
eling is appropriate. However, considering the simulation time and convergence,
2D modeling is used in this study with three confinements: the rear electrode
area is increased to include the busbar area, the difference in the contact struc-
ture is expressed by the contact resistivity, and the effect of the rear emitter
and BSF structure is expressed by the emitter-BSF pitch surface recombination
velocity [70]. The bold characters in the table correspond to these confinements.

Table 5.1: Modeling parameters

Parameter ‘ Symbol ‘ Value
Bulk property [82] n-type Cz-Si
Bulk resistivity [82] Pemitter 1 Q-cm
Emitter profile [82] Pemitter 60 Q/sq
BSF profile [82] PBSF 100 ©/sq
Bulk thickness [83] Ttk 170 pm
Periodic width of cell [82] Weetr 2,200 pm
Emitter width [82] Wemitter 1,650 pm
BSF width [82] Wgsr 530 pm
Emitter-BSF pitch width [82] Witeh 10 pm
Bulk lifetime [44] Toulk 5 ms
Front surface reflectance [23] Flat surface with texture R-T random scattering
Ryront 85% (R front)
I Ray 80% (Ray)
Internal light reflectance Rrcartmons) 90% (Ryearmoney)
Rycarvi 80% (Ryear(vi))
S pront Cs/1 x 10" cm/s (Spront)
L . Semitter 2,000 cm/s (Semitter
The surface recombination velocity [26,27] Spsr 500 cm?s E Spsr) )
Sp'itch 40,000 CIII/S (Spit(‘,h)
Contact resistivity Peontact 15 mQcm?
Electrode width [82] Welee 60 + Ween x (800(busbarwidth)/17,500(busbarpitch)) pm
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The result of the simulation is shown in Fig. 5.4. Furthermore, the front-
and rear-surface light reflectances are shown in Fig. 5.5. The rear-surface light
reflectance is calculated by the TMM optical solver with an 80 nm thick SizNy
passivated condition.

2.2 mm

n-type Si 1 Ohm-cm
170 pm thickness

—— N
— ;/-
DopingConcentration (cm”-3)

-2.340e+19 -5.007e+15 -8.381e+11 1.090e+15 5.095e+18
[ Bl _—— I

Figure 5.4: Bifacial IBC solar cell simulation modeling
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Figure 5.5: Front- and rear-surface light reflectances

o8



IBC SOLAR CELL 5.3 Bifacial IBC solar cell designs [81]

The J-V characteristics of the three conditions are shown in Fig. 5.6. Fur-
thermore, the J-V parameters are compared to the experimental results [82] listed
in Table 5.2. The comparisons prove that the modeling results agree with those

obtained from the experiments.
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Figure 5.6: J-V characteristics of the three conditions

Table 5.2: J-V parameters of modeling for the comparison with the experimental
results of bifacial IBC

‘ Condition ‘ Jsc [mA /cm?] ‘ Voo [mV] ‘ FF %] ‘ n (%] ‘

Monofacial 39.6 658 78.6 20.4

’ (40.0) (-2) (-0.3) | (-0.2)

Bifacial/front 393 658 8.7 20.3
(+0.3) ’ '

Bifacial /rear ({_3(4)111) 686 81.0 19.0
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The additional simulation that evaluated the bulk lifetime effect is shown in
Fig. 5.7. It is difficult to determine the bulk lifetime accurately, and it can affect
the cell performance. The simulation results show that a bulk lifetime of higher

than 1 ms is sufficient to ensure the performance. The results also support the
reliability of the modeling.
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Figure 5.7: Cell efficiencies obtained under the three conditions against bulk life-
time
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5.3.2 Bifacial IBC: Bifacial/front

Figure 5.8 shows the cell performances of bifacial IBC under the bifacial /front con-
dition against front doping of both FFE and FSF. In this case, as a comparison,
the non-front doping condition with the S0 of 10 cm/s is plotted as a dashed-
line. The entire performance is improved by the adoption of the FFE scheme;
however, only the F'F' performance of the FSF scheme is better. The character-
istic of the Jg¢o improvement by the FFE scheme is observed, which leads to an
improvement in Voo and n as a consequence. The difference in the maximum cell
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Figure 5.8: Cell performances of bifacial IBC under the bifacial/front condition
against front doping
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efficiency is approximately 0.5%, with nprr = 20.85% and nrgr = 20.31%.

For optimization, the FFE has the trade-off that the optimized profile is the
following: the front surface concentration Cs = 5 x 10'® cm™ and the diffusion
depth X; = 1.5 pm are the most appropriate values. Moreover, the FSF shows
that lighter doping, that is, C's = 1 x 10'® cm ™ and a diffusion depth of X; = 0.3
pm are the optimum values. The FFE works as a temporary minority-carrier col-
lector, and the deeper diffusion depth is suitable for collecting carriers. Moreover,
the FSF is the field-effect passivation region; thus, the diffusion depth is not im-
portant. In contrast, heavier front doping causes increased carrier recombination
and is disadvantageous.

This bifacial/front performance composes the main performance in a bifa-
cial/double situation; therefore, the results of this situation are important for
understanding the FFE and FSF characteristics of the bifacial IBC.
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5.3.3 Bifacial IBC: Bifacial/rear

The bifacial /rear performances of the bifacial IBC against front doping of both
FFE and FSF are shown in Fig. 5.9. In contrast to the bifacial/front condition,
the bifacial /rear condition shows different trends against front doping. The most
important factor is that the FSF scheme is better in this situation; however,
advantage of the cell efficiency against the FFE scheme is within 0.1%. The rear-
side illumination generates carriers mainly to the rear side, wherein the emitter
and BSF are concentrated. Therefore, the carrier-transport problem, which is
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Figure 5.9: Cell performances of bifacial IBC under the bifacial/rear condition
against front doping
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important for front-side illumination is less important, and the effect of the FFE
is small. Moreover, the FSF characterization of the field-effect passivation works
generally; therefore, the adoption of the FSF scheme is better in this situation.

The Jsc at the lighter front surface doping is almost equal between the FFE
and FSF schemes. In this case, Voo of the FSF scheme is lower than that
of the FFE scheme, which indicates that the FFE of the temporary minority-
carrier collection region maintains the minority-carriers from recombination and
improves the Voo performance. The F'F performance improves by adopting the
FSF scheme, and consequently, the total performance of the cell efficiency is im-
proved by the FSF scheme.

Similar to the bifacial/front situation, the front doping optimization shows
similar trends in both the FFE and FSF schemes. The FFE shows the optimized
profile of Cs =5 x 10" ¢cm™ and X; = 1.2 ym. Meanwhile, the FSF shows that
a lighter doping of C's = 1 x 10'® cm ™ and X; = 0.6 pum are the best parameters.
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5.3.4 Bifacial IBC: Bifacial/double

The bifacial/double situation corresponds to the usage of the bifacial IBC cell on
the bifacial module. Figures 5.10 and 5.11 show the bifaciality factor and power
density of the bifacial IBC against front doping, respectively. The higher bifacial-
ity factor of the FSF scheme originates from its advantage under the bifacial /rear
condition, and even the FFE scheme bifaciality factor is above 0.9, which is sig-
nificantly higher for the bifacial cells. Because the IBC cell concentrates both the

1 ——t
[x=03um —— )'l 54

0.99 [-X'=0.6 ym —w— 1y
)a:ogum—-— S

098 §:12pm+ LA

097 [ X=15Im —=— ,'/‘/ S
I R

096 F SO|Id. FFE /,I // /

Dash: FSF

Bifaciality Factor
@

i i i il i i I S S S A
1x1018 1x1019 1x1020
Front Surface Doping Conc. [cm'3]

Figure 5.10: Bifaciality factor of bifacial IBC against front doping
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Figure 5.11: Power density of bifacial IBC at the bifacial/double situation against
front doping
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emitter and the BSF, the bifaciality factor is likely to be high compared to the
other cells of the front-side emitter structures.

The power density of 24.4 mW /cm? is available by adopting the FFE scheme,
which is 0.6 mW /em? higher than that of the FSF scheme. The optimized doping
profile comprises the following parameters: Cs = 5 x 10® ¢cm™ and X; = 1.5
pm for the FFE scheme, and Cs = 1 x 10" em™ and X; = 0.3 ym for the FSF
scheme.

The Jy value that expresses the diode quality is shown in Fig. 5.12. The Jy =
Jsc/exp(Voc/Vr) (Vi = kT/q) is calculated in a bifacial/double situation against
the front doping, and a value below 300 fA /cm? is obtained at a lighter surface
doping concentration under 1x10 cm~3. The heavier doping causes a significant
increase in Jy, especially for the FSF scheme. This evaluation shows that the FFE
scheme is much more robust against the front-side carrier recombination, which
indicates that the FFE region collects minority-carriers as the majority-carriers.
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Figure 5.12: Jy of bifacial IBC under bifacial/double condition against front dop-
ing
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5.3.5 Cell structure optimization

The FFE improves the lateral-direction carrier transport; therefore, the wider
the unit cell, the better the FFE scheme works. The shortening of the unit cell
is another solution to avoid the carrier transport problem, in which the FSF
scheme may exceed the FFE performance. Figure 5.13 shows the power density of
bifacial IBC in the bifacial/double situation against the emitter area percentage
for different unit cell widths. Here, the evaluation is performed until the front
surface concentration is less than 1x10' ¢cm™2 because the heavier doping will
increase the recombination loss significantly. Furthermore, the rear contact area
shrinks to maintain the rear contact area percentage; therefore, the maximum
emitter area percentage decreases at smaller W,.; conditions.

The unit cell of width 2,200 pm, which is the value used in the above discussion,
is the best in this evaluation; however, the FSF scheme shows better performance
than the FFE scheme at a smaller unit cell width. One important factor is that
the optimized emitter area percentage is the same between the W,.; of 2,200 um
and 1,650 pym. This means that the optimized emitter area is determined by
other parameters of the emitter and the BSF sheet resistance (or the emitter-
BSF pitch distance) or more. The maximum power density of 24.8 mW /cm? was
obtained by the FFE scheme with W,; = 2,200 um (see Table 5.3). The larger
W.enn minimizes the difference between the FFE and the FSF scheme even at 0.1
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Figure 5.13: Power density of bifacial IBC under bifacial/double condition against
emitter area percentage
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mW /cm? power density performance; however, the FFE scheme provides better

performance than the FSF scheme.

Table 5.3: Optimized cell designs of bifacial IBC for both FFE and FSF schemes

under bifacial/double condition

’ Parameter ‘ FFE ‘ FSF ‘
Ween [pm] 2,200 | 2,200
Wepitter. [] 90 90

X; [pm] 1.5 0.6
Cs [em™?] 3x10' | 1x10'®

| Prge mW/cm?] | 24.8 | 24.7 |
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5.3.6 IQE mapping

The IQE mapping [82,84] is a powerful analysis to reveal the dominant cell loss
parts. In this study, a 950 nm monochromatic light source with an intensity of
25 W /cm? was used to scan the cell. Both the FFE and the FSF cells with the
optimized front diffusion at an emitter area percentage of 75% were used for the
analysis.

Figure 5.14 shows the IQE mapping of bifacial IBC for the FFE, FSF, and
non-front diffusion schemes. The FFE scheme provides a significantly higher IQE
value in the BSF region, which is the key to high performance with the adoption
of the FFE scheme. The FSF scheme shows an increased IQE value, which is
comparable to that of the non-diffusion scheme. In summary, the FFE scheme
improves recombination loss in the BSF region drastically, and the FSF scheme
improves the entire recombination loss.
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Figure 5.14: IQE mapping of bifacial IBC
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5.3.7 Loss analysis

Several loss analysis methods have been proposed. In this study, the power (or
the current) density-based loss analysis is used to reveal the loss components at
the MPP condition [85], and the free energy loss analysis (FELA) [86,87] is used
to obtain the recombination power loss distributions.

The power density-based loss analysis is composed of the optical, recombina-
tion, and resistive loss components. By setting the maximum power density to
29.49 mW /cm? from the theoretical efficiency limit of 29.4% [88] and the AM1.5G
spectrum power of 100.3 mW /cm?, the optical losses of the shading loss Pipading
(zero in IBC solar cell), the imperfect light trapping Pryper fect, the absorbed and
not-generated carriers Ppyongen, the recombination losses of Pspp, Payger, and
Praq, and the resistive losses of Pgepies and Psp,,: are considered. The optical
losses are calculated by the number of photons of each component pr,p.: (in-
put photons), pgscapea (€scaped photons), papsorsed, the electrode shading coverage
SEiee and quantum yield QY as

PShading = (p[nput X SElec)/pInput X 29497 (51)
PImperfect = (pEscaped - pShading)/pInput X 29497 (52)
PNonG’en = (pAbsorbed(l - QY))/pInput x 29.49. (53>

The resistive loss is expressed by Rg and Rgpun: as

Pseries = RSquzppv (54)
VShunt == Vmpp + RSJmpp>
P.S'hunt - V,S?hunt/RShunt' (56)

The ratio of SRH Rggpm, Auger Rauger, and radiative recombination Rpqq
for the entire cell volume to the total recombination are used to express the
recombination power loss Psrp, Pauger, and Prqq. By setting the total loss as
P, Rec)

Prec =29.49 — (Popt + Phres), (5.7)
fV RSRH,AugeT,RaddV X PRec
[ RsrudV + [, RaugerdV + [i, RpaadV

PSRH,Auger, Rad —
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From the above expressions, the loss analysis of bifacial IBC is evaluated, as
shown in Fig. 5.15. Here, the power density is 1.2x by considering rear-side
illumination, and it seems that the rear-side shading is included in the imperfect
light trapping. The main difference between the FFE, FSF, and non-diffusion
schemes appears in the SRH recombination and Auger recombination components.
The FFE scheme of the smaller losses in the BSF region contributes to it, and the
FSF scheme suppresses the entire loss from the non-diffusion scheme.

Another loss analysis of the FELA is used to illustrate the recombination loss
distribution. The FELA uses the free energy of the difference of the quasi-Fermi
energy of electrons and holes AEr = Ep,, — Ep, to express the loss parts. For the
recombination power loss ®g, it is expressed as

cI)R — abs((RSRH + RAuger + RRad) X (EFn - EFp))- (59)

Figure 5.16 shows the FELA recombination loss distribution of bifacial IBC
for both the FFE and FSF schemes. The FFE scheme shows the suppressed
recombination power density at the BSF region, which corresponds to the above
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Figure 5.15: Loss analysis of bifacial IBC
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loss analysis. The emitter region exhibits a smaller recombination loss power
density; however, the surface regions are high-recombination parts.
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Figure 5.16: FELA recombination loss distribution of bifacial IBC
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5.3.8 Conclusion

The optimizations of the front diffusion of bifacial IBC to compare the FFE and
FSF schemes have been performed. The FFE yielded better results in the front-
side and bifacial performances by enhancing the lateral-carrier transport to avoid
the loss of the BSF region. Moreover, the FSF showed better rear-side perfor-
mance by field-effect passivation and carriers pushing back to the rear-side carrier
collection regions. The FFE showed optimized diffusion profiles, and the FSF
showed lighter diffusion profiles to achieve the desired performance.

The unit cell effect was evaluated, and it was observed that the smaller unit
cell made the FSF better. However, the larger unit cell of 2200 ym was the best in
the evaluation. The FFE scheme of the rear emitter area of 90% was the optimum
design.

The IQE mapping showed that the FFE scheme avoided the BSF region loss
significantly, and the FSF scheme improved the entire cell recombination perfor-
mance. The loss analysis revealed that the FFE scheme suppressed the bulk and
auger recombination from the other methods, which corresponded to the FELA
recombination power density distributions.
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Chapter 6
TOPCon Solar Cells

6.1 Characterization of TOPCon solar cell

Silver

n*-emitter

p-base _~ Tunnel oxide

I v

—+ Aluminum

Figure 6.1: p-TOPCon solar cell structure [7]

TOPCon provides full- Point-contact needs longer
contact area carrier-transport

Figure 6.2: carrier-transport of TOPCon and the point-contact

Tunnel oxide passivated contact (TOPCon) is a newer advanced c-Si solar cell
structure that was proposed in 2014 [7]. This TOPCon structure is expected to
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be the next major innovation after PERC [89,90]. The feature of TOPCon solar
cells is the carrier selective contact realized by the tunnel oxide; thus, only the
majority-carrier can pass the tunnel oxide.

TOPCon solar cells solve the problem in PERC of the increased internal resis-
tance by the restricted contact area, wherein the full-area tunnel oxide provides
1D-carrier transport and reduces carrier transport length as compared to the mul-
tidimensional carrier transport in partial contact structures, such as PERC (see
Fig. 6.2) [90]. By the TOPCon’s 1D-carrier transport and the carrier selective
contact provided by the tunnel dielectric layer, it succeeded in being compatible
with both the high Vpe (recombination part) and F'F' (resistive part). However,
the lack of a rear passivation layer with a higher internal light reflectance may be
slightly disadvantageous in terms of the optical performance.

There is an 'i-TOPCon’, implying ’industrial-TOPCon’, which the rear point-
contact scheme has adopted [91]. This i-TOPCon is a combination of the PERC
technology and the TOPCon technology, which exhibited 24.58% cell efficiency.

The carrier tunnel at the Si/dielectric layer is determined by the thickness
of the dielectric layer; the thinner dielectric layer passes both the majority- and
the minority-carrier currents, and the thicker dielectric layer inhibits both the
majority- and the minority-carrier currents; therefore, the optimization of the

n*-emitter

Tunnel oxide

p*-layer

/ \Passivation
Aluminum

Figure 6.3: i-TOPCon solar cell structure [91]
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dielectric layer thickness is important (see Fig. 6.4).

Furthermore, the carrier tunnel is affected by the tunnel parameters: the ef-
fective masses, the Si/dielectric interface band structures of both the electron and
the hole, and relative permittivity. This carrier-tunnel is based on the direct tun-
nel model that Schenk proposed [92]. The model aimed at reducing the CPU time
with an effective calculation method, which the model application has introduced
in [93,94].

Il i | | |

Proper

sismimmbsmdnnlen oo nin

Too thick

Il Tunnel oxide [l Rear thin-Si film
c-Si substrate Rear electrode

l Majority-carrier current 1 Minority-carrier current

Figure 6.4: Carrier selective contact regarding the thickness of tunnel oxide
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6.2 Carrier tunnel in TOPCon solar cells

The carrier tunnel is a key mechanism in TOPCon solar cells. The Si/dielectric
interface has different band offsets between the electrons and the holes, which
provides carrier selective contact. The important parameters of direct carrier
tunneling are the dielectric constant, band offsets at the Si/interface, and effective
masses. These parameters are unique material values; thus, the selection of the
tunnel dielectric material is an important factor to be considered while designing

TOPCon solar cells. The typical and prospective dielectric material’s parameters
are listed in Table 6.1.

Table 6.1: Tunnel parameters of Si/dielectric interface

Parameters Symbol Si02 SigN4 A1203 TiOQ Hf02
Relative permittivity €ox 3.9 [47] 7.5 [47] 9.1 [47] 12 [99] 22 [102]
Electron tunnel mass | m./mg 0.40 [95] 0.50 [95] 0.41 [96] 10 [99] 0.11 [103]

Hole tunnel mass mp/mo 0.32 [95] 0.41 [95] 0.36 [96] 0.8 [99] 0.29 [104]
Electron barrier [eV] @, 3.1 [95] 2.1 [95] 2.9 [97,98] -0.22 [100] 2.1 [102,103]
Hole barrier [eV] D), 4.5 [95] 1.9 [95] 3.4 [97,98] 2.2 [100] 2.6 [102,103]
Fixed charge Positive [90] Positive [90] Negative [90] Negative [101] Positive [105]
EVacuum--- -------------------------------------------------------------
0 3.1eV
4.05eV de
216V 296V 2,056V
EC_E_ ______ [ Y. JE I — e ——————— z-Q-ZZ_ey ______ e
I/ VA . N R FoT
Silicon 1.9eV
346V 2.20eV 263 eV
456V Si.N - I
3Na L TiO, HfO,
Al,O,
Sio,

Figure 6.5: Band structure of Si/dielectric interface

7



TOPCON SOLAR CELLS 6.2 Carrier tunnel in TOPCon solar cells

Note that the tunnel parameters of many dielectric materials are not deter-
mined strictly, and there are differences between reports [106,107]; however, the
parameters used in this study are cited from the latest articles as much as pos-
sible. The tunnel parameter of Si is the DOS effective mass m¢, which is 1.18
for electrons and 0.81 for holes [108]. The Si effective mass mg;, which is 0.19 for
electrons and 0.16 for holes, was used [47].

The prospective materials of HfO, are called as ’high-«’ dielectrics [109], which
are generally used in CMOS devices. They find applications in solar cells as the
tunnel layers are not studied extensively, and they have the potential of improving
the cell performances.
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6.3 Carrier tunnel modeling [92, 94]

The carrier tunnel modeling is necessary to evaluate TOPCon solar cells. In this
study, the tunnel modeling proposed by Schenk et. al. [92], which it is generally
mentioned as ”Direct Tunneling Model,” is used. Here, the summarization of the
modeling from the literature [92,94] is provided.

The model introduces the transmission coefficient (TC) I'(E) to reduce the
calculation time of the device simulation with sufficient precision. The electron
tunnel current is expressed as follows:

0 Eps(d)—-Ec(d)-E
_ qm}}kBT GXp[ knT ]+ 1
Jn = W/@ dET(E) x ln{ ERM(O)fEc(d)—E . (6.1)

exp| = | +1

where ¢ is the elementary charge, mg. is the conductivity mass, kp is the Boltz-

mann constant, Erg(d) is the substrate Fermi energy at the semiconductor/oxide
interface, Fpr(0) is the gate Fermi energy, Fc(d) is the conduction band energy
at the semiconductor/oxide interface, and T is the temperature. The equation
assumes the independent particle approximation, incoming and outgoing states
as plane waves, and the trapezoid shape barrier and parabolic E(k) relation in
the barrier region are approximated for the 1D solution of TC. For I'(E), it is
expressed as follows:

[(E) = #Q(E), (6.2)

and then g(F) is

2 mgk oA P
9(B) =7 m;kg (Bil, Aig — Ai,Big)?
mi\ikj«“ (BigAil — AigBi})?
mparms; oA N2 (63)
Nem2 epke (Bi,Aig — At Big)
0" Yoz ?
2m?2 krkg;
—A‘):;Lowmz % (BigAig — AigBig)*},
MMg;
with
. . (I)B—E . . ‘I)B—i—qFoxd—E
Aig=A Aig=A . 4
io z( o ), iq z( ho.. ) (6.4)
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®p is the barrier height for electrons, and my;, m,,, and mg; are the effective
electron masses for metals, oxides, and semiconductors, respectively. kg and kg;
are the momenta in the electrodes, and A; and B; are the Airy functions. \g and
hO,, are expressed as follows:

h@ox
)\0 - qFoxa (65>
282 172
q h Fo:c 1/3
hO,p = (—=) /7. .
0. = (4) (0:6)

The model includes the image potential with a simple approximation of a
straight continuation of the band edge. This approximation allows errors only at
the edges of the barrier. Here, the image potential is expressed as follows:

q n
E -
im () 167€, ; fufe)” (6.7)
k) ko 2k ko '
X + -+ .
nd+x dn+1)—x d(n+1)

Here, ki and ko are

€ox — €M €ox — €95
b = €ox T EM =L k= €ox T €5i 6.8
The approximation with image force for barrier lowing is the effective solution.
Introducing I'(E) with image force reduces more CPU time than that reduced
using the Schrédinger equation. The barrier potential is mapped as a trapezoid

with the following equation:

Stra(E) = Sim(E). (6.9)
Here, S;,q(E) and S;,,(F) are expressed as follows:

2 [Dy(E)— E1Y?  [®(E)+qF,.d— E]"”
Stra (E) - 5{ [Tox} - [ ﬁ@om (610)
X © [CI)B (E) + qFoxd - E]}

2my, [
S (B) =\ 52 [ de O A ik T B @ —F (6.11)
z(E)
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21, (E) are the turning points that can be expressed in the carrier energy as
follows:

CI)B + qFo:CQ:l,r + Ezm (xl,r> - E-, (612)

Finally, ®y(£) is approximated by three energy values of E; (j = 0,1,2),
which is expressed as follows:

- Op (Ey) — Pp (Ep)
Pp (E) = O (Eo) + (Ey — Ey) (B4 — E»)

(I)B (El) — (I)B (EQ)

_ (El — EO) (El — E2) (E — EO) (EQ — E)

(B — Eo) (B1 — E)
(6.13)

The above discussion focused on electrons; however, this model can be applied
to holes. The input parameters listed in Table 6.1 determine the carrier tunnel at
the Si/oxide interface.
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6.4 Evaluation of tunnel dielectric materials [110]

The evaluation of tunnel dielectric materials for TOPCon solar cells is performed
[110]. The fixed charge of tunnel dielectric materials will affect the cell perfor-
mance, and suitable and non-suitable materials are determined by the bulk doping
type. Thus, the combination of the bulk type and the tunnel materials must be
studied.

6.4.1 Simulation modeling

The evaluation is based on the experimental results of TOPCon solar cell, which is
the highest cell efficiency result at the rear-side carrier selective contact structure
[111] (the detailed information is available in our previous study [112]). Table 6.2
presents the simulation modeling settings.

Here, the Si/dielectric interface SRV of 100 cm/s is determined to obtain a
well-matched simulation result, and its value corresponds to the reported SRV

value of the suitable bulk and dielectric material combination of approximately
500 cm/s [113].

Table 6.2: Numerical simulation settings in this study

Parameters SValue

Cell periodic width [mm] 1.4 (with periodic BC)

Bulk thickness [pm)] 200 [111]

Emitter profile [Q/sq] 140 [111]

Rear thin-Si profile Cs =1 x 10 ¢cm~*/Thickness = 20 nm
Front electrode coverage [%) 1.1 [90]

Front property Flat surface (SizNy/Al,O3 passivated) with texture R-T data and random scattering [23]
Internal light reflectance [%)] 90 (Front), 85 (Rear),

SRV value (Si/front (rear) surface) [cm/s] | 500 (front), 10° (Rear)

SRV value (Si/tunnel dielectric) [cm/s] 1,000

Contact resistivity [mQcm?] 1 [90]
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Figures 6.6 and 6.7 show the structure and modeling of TOPCon solar cells,
respectively.

Si;N,/ALLO, p-emitter 140 Ohm/sq

1 Ohm-cm Si0,: 14(13.5) A
200 pm

— 1,400 ym —

Figure 6.6: Structure of TOPCon solar cells with the experiment [111]
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Figure 6.7: Modeling of TOPCon solar cells with the experiment [111]
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

The simulation result of TOPCon solar cell modeling is shown in Fig. 6.8 as
the J-V characteristic and is presented in Table 6.3 as a comparison between the
J-V performances and the experimental results.
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Figure 6.8: J-V characteristic of TOPCon solar cells with the experimental con-
dition

Table 6.3: J-V performance of TOPCon solar cells with simulation and experi-
mental [111] results

Dataset Jsc Voe Fr il Jo
[mA/cm?]  [mV] 7] 7] [fA /cm?]
Experiment 41.4 713 83.1 24.5
41.1 714 83.1 24.3
Simulati 34.6
HHHTAton (-0.3) (+1)  (£0.0)  (+0.2)

84



TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

The dark J-V characteristics of the TOPCon solar cell modeling are shown in
Fig. 6.9. Under the short-circuit condition, a dark current of the order of 1x1071°
mA /cm? is obtained.

The above results show that the simulation modeling reproduces the exper-
iment well [7]. The following results discuss the effect of the tunnel dielectric
material and bulk-type selections on the cell performance.
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Figure 6.9: Dark J-V characteristic of TOPCon solar cells with the experimental
condition
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

6.4.2 Dielectric materials and bulk type

Figure 6.11 shows the J-V performances of p-type TOPCon solar cells for different
tunnel dielectric materials against the dielectric thickness. The TiO; TOPCon
shows a different trend because of the negative value of the conduction band
offset that does not work as the carrier selective contact. For other dielectric
materials, the maximum cell performances are almost the same as about 23% cell
efficiency, only the thickness at which the cell performance decreases. This means
that the different dielectric materials only appear as tunnel parameter effects, and
the fixed charge effect does not appear. For p-TOPCon, the bulk lifetime is not
high at 150 s in this study (ppur = 1 Q-cm). Thus, the difference in the SRV at
the Si/dielectric is not dominant in the cell performance.
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Figure 6.11: J-V performances of p-TOPCon for different tunnel dielectric mate-
rials against the dielectric thickness
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

The use of p-type bulk with BO-cluster deactivation [38] was evaluated, as
shown in Fig. 6.12. The trend against the tunnel dielectric thickness is similar
to that of p-TOPCon; however, the cell performance is entirely improved to over
24% for the maximum cell efficiency. One issue is that the maximum cell efficiency
differs between the tunnel dielectric materials, that the Al,O3 with the negative
fixed charge provides a cell efficiency of 24.5%, while other materials provide
approximately 24% cell efficiency. This is because of the fixed charge effect, where
the bulk lifetime improvement makes its effect dominant on the cell performance.
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Figure 6.12: J-V performances of p-TOPCon (w/o BO) for different tunnel di-
electric materials against the dielectric thickness
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

Figure 6.13 shows the effect of the fixed charge. The Al;O3 and SiOy have
negative and positive fixed charges, as shown in Table 6.1. At the p-type bulk
condition, the maximum cell efficiency is almost the same between the Al;Os
TOPCon and the SiO, TOPCon; however, by adopting the p-type bulk without
a BO-cluster, the cell efficiency difference of approximately 0.5% appears.

The results show that selecting a dielectric material under higher bulk lifetime
conditions, including the p- (w/o BO) and n-type bulks, is more difficult than
the p-type bulk of the lower lifetime because both the tunnel parameters and the
fixed charge effect must be considered.
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

The J-V performances of n-TOPCon are shown in Fig. 6.14. TiO, shows a
flat trend, especially for F'F', which is also because of the negative value of the
band offset. For cell efficiency, most materials provides a maximum cell efficiency
of 24.5%. Omne important problem is regarding HfO,, where sufficient cell per-
formance is obtained even at a 3 nm tunnel dielectric thickness, which is not
observed in the p-type bulk. This phenomenon makes n-type TOPCon with the
HfO, tunnel dielectric material because it will drastically ease the control of the
tunnel dielectric thickness.
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Figure 6.14: J-V performances of n-TOPCon for different tunnel dielectric mate-
rials against the dielectric thickness
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

6.4.3 Analysis of carrier tunneling

Research on carrier tunneling on TOPCon solar cells is important to improve de-
vice performance. Figure 6.15 shows the minority-carrier tunnel current density
for both the p-type and n-type bulks. By considering the tunnel dielectric thick-
ness at which the cell efficiency reached its peak, the border minority-carrier tunnel
current density that should be below is determined as Jiynner = 0.2 mA /cm?. The
tunnel current density decreases as the thickness increases; however, an exces-
sively thick tunnel dielectric will also decrease the majority-carrier tunnel current
density, which causes a drop in Jgo and F'F.
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Figure 6.15: Tunnel current density of the minority-carriers against the tunnel
dielectric thickness
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

The estimation of the maximum tunnel dielectric thickness is useful for de-
signing TOPCon solar cells. From the above discussion, the tunnel dielectric
thickness modeling based on the majority-carrier effective mass is verified. Figure
6.16 plots the maximum tunnel dielectric thickness and the approximate function
of it. Here, the maximum tunnel dielectric thickness is defined as the thickness
at which the cell efficiency first drops under 90% of the maximum cell efficiency.
The modeling is determined by the following equation:

tcritical = —13.71n(m67h/m0) + 3.60. (614)

The R? value of the derived model is 0.773, which indicates that the derived model
is reasonable.
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TOPCON SOLAR CELLS 6.4 Evaluation of tunnel dielectric materials [110]

6.4.4 Improvement of TOPCon solar cell performance

The cell performance improvements by varying the bulk resistivity, that is, the
bulk lifetime, were evaluated. The p-TOPCon (w/o BO) with Al,O3 tunnel di-
electric and n-TOPCon with HfO, tunnel dielectric were chosen because they
provided the highest performances for each condition.

Figure 6.17 shows the cell performances against bulk resistivity. The most
dominant parameter is V¢, where the bulk resistivity is strongly related to the
lifetime, and the higher bulk resistivity of the higher bulk lifetime improves cell
performance. The maximum cell efficiency of approximately 24.8% is obtained by
the p-TOPCon (w/o BO) with Al,O3 tunnel dielectric, which is close to the 25%
cell efficiency. However, n-TOPCon with HfO, provides the V¢ of approximately
0.72 V (a significantly higher value), which means it passivates the rear-side con-
tact properly.
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Figure 6.17: Cell performances of TOPCon solar cells against bulk resistivity
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6.4.5 Conclusion

The TOPCon solar cell performances were evaluated for different bulk types and
tunnel dielectric materials. The fixed charge effect that comes from the tunnel
dielectric material selection appears at the higher bulk lifetime conditions of p-
(w/o BO) and n-type bulks. Under this condition, the selection of tunnel dielec-
tric materials is more difficult because both the tunnel parameters and the fixed
charge effect must be considered. The prospective material, HfO,, provides a
much thicker tunnel dielectric thickness limit of over 3 nm. The minority-carrier
tunnel current density must be suppressed below 0.2 mA /cm? to ensure sufficient
contact passivation. The tunnel dielectric thickness modeling is derived based on
the majority-carrier effective mass in dielectric materials, which is expressed as
teritical = —13.7In(me 5 /mg) + 3.60, where the R? value is 0.773. The maximum
cell efficiency of approximately 24.8% is obtained by the p-TOPCon (w/o BO)
with AlyO3 tunnel dielectric by adjusting the tunnel dielectric thickness and bulk
resistivity.
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Chapter 7
Conclusion

7.1 Summary of the research

In this study, the performance improvements of c-Si solar cells were discussed.
Comprehensive studies including PERC, IBC, and TOPCon were performed using
numerical simulations. The following sections summarize the findings of these
studies.

7.1.1 PERC

Outline: The bifacial PERC structure was evaluated for different illumination
conditions.

eThe optimized cell designs, with different types of bulk doping type and quality,
and the optimized contact placement against the rear passivation quality were
revealed.

eThe bulk quality was the most important factor. The use of higher-quality bulk
enabled the resistivity and carrier mobility to influence the cell performances.
eThe illumination condition of the monofacial and bifacial situations did not affect
the optimized cell designs; however, the bifacial situation made the rear designs
dominant and sensitive against it.

7.1.2 1IBC

Outline: The bifacial IBC structure was evaluated for front doping of FFE and
FSF under different illumination conditions.

eThe optimized doping profiles and the FFE scheme provide better cell perfor-
mance.

eThe unit cell determined which of the two schemes was better, the FFE or the
FSF scheme, and the smaller unit cell made the FSF scheme more suitable. How-
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ever, the optimized design revealed that the FFE finally demonstrated higher
performance.

oIQE mapping and loss analysis revealed the loss dominant part and mechanism
of the IBC solar cell.

7.1.3 TOPCon

Outline: The selection of tunnel dielectric materials was studied for different
bulk types.

eThe selection of tunnel dielectric materials was more difficult in the condition
with higher bulk lifetime because both tunnel parameters and fixed charge effect
were dominant.

eThe adoption of AlyO3 for p-type and HfO, for n-type bulks was the best option
for five tunnel dielectric materials. HfO5 in the n-type bulk increased the accept-
able thickness.

eThe majority-carrier effective mass determined the acceptable tunnel dielectric
thickness, which was following the log-scale variation.

eThe higher bulk resistivity was suitable for the TOPCon solar cell, and the p-
type bulk without the BO-cluster produced the highest performance.

The results of the above studies can improve future cell performance in the
PV industry using the provided cell designs.
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7.2 Outlook in the PV field

The increasing demands of renewable energy is significantly expanding the PV
market. The necessary improvements required in solar cells are increased conver-
sion efficiency and reduced costs of manufacturing and installation.

7.2.1 For improving cell performances

Improving the cell performances requires advances in solar cell structures, which
includes proposal of new structures or optimization of the existing structures.
One candidate with the highest c-Si solar cell efficiency adopts HBC, which is
a combination of IBC and ¢-Si / a-Si heterojunction [8]. The highest cell effi-
ciency achieved by a single-junction solar cell is 26.7% [3], which leads to further
improvements in c¢-Si solar cells.

Moreover, the emerging technology of TOPCon provides high performance,
which is rendered by the compatible higher Voo and F'F [7]. The i-TOPCon [91]
process improves the performance of Jso by absorbing incident light from both
sides, which can improve the three main performance parameters of the cell. This
feature makes i-TOPCon another potential candidate in c¢-Si solar cells.

The HBC and i-TOPCon structures will be the leading cell structures in the
near future developments of the PV field. The development of these structures is
complex; thus, simulations become considerably important.

7.2.2 For low costing

Altering a conventional Al-BSF structure requires complex manufacturing pro-
cesses and higher costs. Furthermore, the adoption of higher-quality n- or p-type
bulks without the BO-cluster is also expensive.

The PERC structure is cheaper as compared to other advanced solar cells,
which contributes small additional processes to a conventional Al-BSF solar cell.
Overall, the advances of PERC solar cells can facilitate both, higher performance
and reduced manufacturing cost. The PERC structure is now in increased demand
and will soon be the most commonly used solar cell structure, [1]; thus, PERC
research will continue to be the first topic in the PV field.

Furthermore, the choice of materials is important not only to improve perfor-
mance, but also to reduce costs. In particular, for TOPCon solar cells, the choice
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of tunnel materials is one of the most important factors. Simulations can help in
evaluating and determining the suitable material, which is an important factor.
Summing up the results of process simulations to evaluate the whole manu-
facturing process can provide more information. The optimized process can be
determined by simulation, which can predict the manufacturing costs.

7.2.3 Simulation in the PV field

The solar cell simulation provides a lot of useful information, which includes how
to improve cell performance, optimized cell designs, and the performance of loss
analysis. As mentioned earlier, simulations performed before the manufacturing
stage helps in suppressing the process duration and costs. However, modeling
needs several repetition of the experiments. The simulation results will provide
feedback for realistic manufacturing of solar cells by predicting their features.
Therefore, advances in the PV field require both experimental research and
simulations to improve performance, reduce costs, and for further developments.
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