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Abstract

Interdigitated back contact silicon heterojunction (IBC-SHJ) solar cells have demonstrated 26.6%

world record efficiency by combining outstanding passivation of Si thin film layers with the ab-

sence of front shading contact in the crystalline silicon (c-Si) absorber bulk. Furthermore, this type

of solar cell merges advantages of c-Si with Si thin film technology that allows for adjustment and

tuning of bandgap and Fermi energy in deposited layers, and thus, modifying material properties

that also impact the carrier collection. As heterointerfaces tailor to band offset and potential barriers

for collecting carriers, the transport is described by thermionic emission and tunneling mechanisms.

Moreover, Si thin film layers typically exhibit a defective matrix with characteristic traps and charge

distribution that affect solar cell external parameters. Such phenomena involves the so called trap

assisted tunneling (TAT) together with trap recombinationmechanisms in a complex physical system.

In this work, the effect of TAT mechanisms on IBC-SHJ is studied by means of numerical sim-

ulations based on TCAD Sentaurus. Firstly, the TAT model is implemented as non-local process. It

was found that TAT exhibits a negligible effect on electron collection, but dominates transport mecha-

nisms in case of hole contact. Such an effect depends on band alignment at the doped layer/transparent

conductive oxide (TCO) interface, where band-to-band tunneling in combination with TAT describe

the transport of holes. In particular, TCO carrier concentration in combination with activation en-

ergy of deposited layer allows the collection by either TAT or band-to-band tunneling. In more detail,

the density of traps described typically as dangling bond improves the transport of collecting carriers.

Thus, the collection of carriers is evaluated in terms of energy and trap concentration, demonstrating

that traps with an energy level of 0.5 to 0.7eV over the valence band enhances the FF, and thus, the

solar cell performance.

Finally, the complete model is calibrated by comparing measured with simulated external pa-

rameters from a reference solar cell with and without TAT mechanisms. From this analysis, it is

demonstrated that solar cell external parameters deploys more consistent values for Shockley-Read-

Hall (SRH) recombination associated to bulk lifetime and surface recombination velocity using TAT

model.
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1
Introduction

In response to the increasing global energy demand, photovoltaic installations have increased through-

out the last decade, reaching 402.5GW of total installed capacity and and 97.5 GWp global produc-

tion in 2017 [10]. Taking a closer look at the market, as shown in figure1.1, crystalline silicon (cSi)

dominates the PV power production, having around 90% of the share. This is due to the high tech-

nological development, the material abundance and stability, and a considerably high conversion

efficiency [11].

Figure 1.1: Annual PV production by technology [1].

Regarding cSi cell technologies, there are multiple concepts available in the market, as well as in

the development stage. In figure 1.2a, the market trend for different cell technologies is illustrated,

showing that PERC1/PERL2/PERT3 technologies are expected to dominate the market. However, a

rise in themarket share is expected for back contacted cells and silicon heterojunctions (SHJ). Regard-

ing back contacted cells, interdigitated back contact (IBC) architecture has achieved record results
1Passivated Emitter and Rear Cell
2Passivated Emitter Rear Locally-diffused
3Passivated Emitter Rear Totally Diffused
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2 1. Introduction

[12], [13] due to the absence of front shading. Furthermore, SHJ concepts have demonstrated excel-

lent passivation quality, achieving high values for open-circuit voltage (Voc) and fill factor (FF). Thus,

by combining both configurations in IBC-SHJ, excellent results are achieved. In fact, this configura-

tion holds the world record efficiency for single cell junctions at 26.6% (Kaneka [14].

Moreover, as shown in figure 1.2b, the market is expected to shift towards n-type silicon wafer,

from the conventionally used p-type. Therefore, in this project the focus is on an IBC-SHJ cell, fea-

turing n-type cSi bulk. Additionally, the silicon alloy used for the contacts is aSi, enabling a low

temperature fabrication process.

(a) (b)

Figure 1.2: Worldwide market shares for a) different cell technologies and b) different wafer types

Besides the excellent results reported for such configurations, the fabrication process requires

further optimization so that eventually this cell technology allows the fabrication of cost competi-

tive modules. In order to optimize the design process, it is crucial to reproduce the opto-electrical

behaviour of this configuration by means of modelling.

From a physics point of view, IBC-SHJ configuration exhibits heterointerfaces, in which charge

carrier transport is described by thermionic emission and tunneling mechanisms. Moreover, aSi lay-

ers, typically characterized by a distribution of defects, enable an additional transport mechanism -

trap assisted tunneling (TAT). In addition, the presence of defects involve recombination processes,

such as Shockley-Read-Hall. The combination of these phenomena results in a complex physical

system, and therefore, one of the main challenges of modelling.

1.1. Motivation and outline of the thesis
The motivation of this work lies in the understanding of how the properties of the materials affects

the band alignment in IBC-SHJ and thus influences the charge carrier transport. In order to do so,

two main research questions are raised:

1. Is TAT a dominating carrier transport mechanism in IBC-SHJ?

2. Can Sentaurus reproduce in detail the opto-electrical behaviour of an IBC-SHJ with aSi and ITO

contact stacks?
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To be able to answer these questions, a background in semiconductor physics is presented in

chapter 2, as well as the physical properties of the materials featured in IBC-SHJ. Furthermore, in

chapter 3, the simulation approach used in semiconductor devices is described, highlighting the par-

ticularities of IBC-SHJ modelling. Then, in chapter 4 the implementation of TAT in Sentaurus TCAD

is described. In addition, the TAT simulation results are discussed. Finally, in chapter 5 the opto-

electrical calibration of the reference IBC-SHJ is performed.





2
Fundamentals

In this chapter, the fundamentals of semiconductor physics, heterojunction solar cells, and interdig-

itated back contact solar cell configuration will be described. Respectively, in section 2.1 the funda-

mental semiconductor equations are presented, focusing on transport in semiconductor junctions.

Later, in section 2.2, the concept of silicon heterojunction solar cells and the materials used in this

configuration will be elucidated. Lastly, in section 2.3, IBC-SHJ cell architecture is explained with

detail. It is necessary to explore these concepts in order to understand the modelling of an IBC-SHJ

cell and draw reliable conclusions from simulation results.

2.1. Semiconductor physics
In this section the fundamental physics of semiconductor materials are explained. It is crucial to

understand the numerous parameters that are involved in the modelling of semiconductor devices.

The drift-diffusion model is usually used to describe semiconductor device behaviour, in the next

sections, the equations comprised in this modelled are presented.

2.1.1. Poisson equation
Two types of mobile charge carriers are considered: electrons (negative) and holes (positive). There

are also immobile charges, which are ionized dopant atoms or traps. Hence, the total charge den-

sity can be written as shown in equation 2.1. The immobile charges are determined by the doping

concentration of the semiconductor material being either n-type or p-type. The mobile charges are

subject to the state in which the material is found, such as temperature, external voltage, lightning,

etc.

ρ = q(p− n+ND −NA) − ρtrap (2.1)

where p and n are the hole and electron densities respectively,ND andNA are the ionized donor

and acceptor atoms, ρtrap is the charge contributed by traps and fixed charges, and q is the elemental

electrical charge (q = 1.602 · 10−19C).

5
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The density of both the mobile and immobile electric charges determines the electrostatic poten-

tial. The Poisson equation, shown in Equation (2.2), relates the electric charge density to the electrical

potential.

∇ · (∇ϕ) = − ρ

ϵϵ0
(2.2)

where ϕ is the electrostatic potential, ϵ is the relative permitivity of the semiconductor, and ϵ0 is

the permitivity in vacuo.

Substituting 2.1 in 2.2 we obtain:

∇ · (∇ϕ) = − 1
ϵϵ0

[
q(p− n+ND −NA) − ρtrap

]
(2.3)

2.1.2. Charge carrier transport
The charge carrier transport in semiconductors always obey the continuity equations, which describe

charge conservation. There is a continuity equation for holes (2.4) as well as for electrons (2.5).

− ∇ · J⃗p = qRnet,p + q
∂p

∂t
(2.4)

∇ · J⃗n = qRnet,n + q
∂n

∂t
(2.5)

where Rnet is the net recombination rate, and J⃗n and J⃗p are the electron and hole current den-

sities respectively. The current density is determined by the charge carrier transport within the

semiconductor. Primarily, there are two basic transport mechanisms: drift and diffusion.

Drift
Drift is the motion of charge carriers caused by the presence of an electric field. The electric field

accelerates the charge carriers, moving the holes in the direction of the field, and the electrons in the

opposite direction. The average velocity of electrons and holes is proportional to the mobility (µ).

The movement of the charge carriers leads to drift current of electrons (2.6) and holes(2.7).

J⃗drift,n = −q · n · µn · E⃗ (2.6)

J⃗drift,p = q · p · µp · E⃗ (2.7)

where E⃗ is the electric field.

Diffusion
Diffusion is the motion of charge carriers caused by a concentration difference within the semi-

conductor. As seen in equations 2.8 and 2.9, the diffusion current is proportional to the diffusion

coefficient (D) and the concentration gradient.

J⃗diff,n = qDn∇n (2.8)
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J⃗diff,p = −qDp∇p (2.9)

The drift-diffusion model takes into account the contribution of both drift and diffusion currents.

J⃗n = J⃗drift,n + J⃗diff,n J⃗p = J⃗drift,p + J⃗diff,p (2.10)

2.1.3. Generation and recombination
In a non-illuminated semiconductor in equilibrium, the generation and recombination rates are equal.

These processes take place due to the thermal excitement of the electrons in the lattice. However,

when the semiconductor is exposed to illumination, there is an excess carrier generation (δn, δp) and

recombination (Rn, Rp) which is defined as:

Rn =
δn(t)
τn0

(2.11)

The time that the excess minority carrier takes to recombine is determined by theminority carrier

lifetime (τ ). There are multiple recombination mechanisms. There are recombination mechanisms

which are inherent to the properties of the material, one of which being the band structure. Other

recombination mechanisms are related to defect density.

Radiative recombination
Radiative recombination consists of the recombination of an electron and a hole, with the emission of

a photon. This type of recombination is characteristic of direct band gapmaterials, for example GaAs.

This process is not very relevant for Silicon due to the indirect band gap. This type of recombination,

together with the auger recombination, is intrinsic to the material energy band characteristics.

Auger recombination
As opposed to radiative recombination, when an electron and a hole recombine through auger re-

combination, a phonon emission takes place, instead of a photon. This implies that thermal energy

is released into the lattice. Such a phenomenon is particularly important for indirect band materials

such as Silicon and highly doped semiconductors. Conventionally, the net Auger recombination rate

is expressed as follows:

RA
net = (Cnn+ Cpp)(np− n2

i,eff ) (2.12)

where Cn and Cp are the Auger coefficients, and ni,eff is the effective intrinsic density. Cur-

rently, however, there are state of the art enhanced Auger recombination models. Once such model,

proposed by [15], is used in this project. The model takes into consideration the recombination in-

jection dependency for a range of dopant concentrations.

Shockley Read Hall recombination
Defects can often occur in the semiconductor crystalline structure. If the density of states of these

defects is not too large, they will create a discrete energy state at the forbidden energy bandgap,
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also called traps. These traps may act as recombination centers, and may capture and emit electrons

or holes. We consider two different types of traps, donor-type and acceptor-type. The first type is

neutral when it contains an electron, the second type is negatively charge when it contains one.

There are four processes involved in the SRH recombination, which are described by the emission

and capture of electron and holes. In figure 2.1 the trap occupation dynamic is shown.

Figure 2.1: Trap occupation dynamics [2]

The occupation of traps, by electrons (fn), can be expressed by the following equations:

∂fn

∂t
=
∑

i

rn
i (2.13)

rn
i = (1 − fn)cn

i − fnen
i (2.14)

where cn
i is the electron capture rate and en

i is the electron emission rate. Note that the occu-

pation is represented by a value between 0 and 1. For stationary processes the expression results

in

fn =
∑
cn

i∑
(cn

i + en
i )

(2.15)

Eventually with the combination of these processes, if the trap attracts both, an electron and

hole, recombination will occur. This can be expressed with the equation below:

Rnet =
N0v

n
thv

p
thσnσp(np− n2

i,eff )
vn

thσn(n+ n1/gn) + vp
thσp(p+ p1/gp)

(2.16)

with

n1 = ni,eff · exp
(Etrap

kT

)
p1 = ni,eff · exp

(−Etrap

kT

)
(2.17)

where vth is the thermal velocity of the charge carriers, σ is the capture cross section and g is the

degeneracy factor.

This expression is only valid when the trap distribution is known. For crystalline silicon, how-

ever, the trap distribution is not provided. Therefore, the average lifetime of charge carriers is used,
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assuming a single trap energy level. The SRH recombination rate can be expressed by the following

expression:

RSRH = (np− n2
i )

τSRH
n (p+ p1) + τSRH

p (n+ n1)
(2.18)

where τSRH
n and τSRH

p are the SRH average lifetimes for electrons and holes respectively, and

Etrap is the energy of the trap, usually assumed to be at the midgap.

SRH recombination not only takes place in the bulk of the material, but also at the surface, where

the concentration of defects is usually higher. This can be expressed with the following equation:

RSURF
SRH =

SRVnSRVp(np− n2
i,eff )

SRVn(p+ p1) + SRVp(n+ n1)
(2.19)

where SRVn and SRVp denote the surface recombination velocities of electrons and holes re-

spectively.

Each type of recombination can be represented by an average lifetime of electrons and holes.

Combining them all in parallel, an effective electron and hole lifetime (τeff ) can be defined.

2.1.4.The pn junction in solar cells
As seen in the previous sections, in order for the free charge carriers to move, a concentration differ-

ence of charge carriers or an electric field is crucial.

This can be achieved by creating a junction of two or more materials with different work func-

tions, such as the same semiconductor with different doping (homojunction), two types of semicon-

ductors (heterojunction), or a metal and a semiconductor (MS junction).

As a p-type and n-type material are brought together, the electrons diffuse into the p-region and

the holes into the n-region until they reach an equilibrium. Thus, positively and negatively ionized

dopant atoms are left, forming the so-called space charge region. This directly results in the formation

of an electric field, forcing the charges to move in opposite directions. When no external voltage is

applied, the pn junction is under equilibrium. The induced electrostatic potential in equilibrium is

called built-in voltage (Vbi).

Under illumination, excess charge carriers will be generated in the junction through the photo-

electric principle. Applying this concept to a solar cell, as the excess charge carriers are generated,

the goal is to collect them before they recombine. Due to the difference in electrostatic potential,

the charge carriers can be separated and transported to the contact before the recombination takes

place. For homojunctions, drift and diffusion causes the charge carrier transport. For heterojunc-

tions, however, the transport mechanisms differ.

2.1.5. Transport in heterojunctions
In this section, the particularities of heterojunctions are explored. In this junction type, the bandgap

of both materials are different. This results in a discontinuous energy band, and an extra energy

barrier which the charge carriers must overcome. The relative alignment of the energy bands is called

band offset. As shown in equation 2.20, the sum of the conduction band offset and the valence band

offset needs to be equal to the bandgap difference between both materials (∆EG). The conduction
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band offset (∆EC ) is determined by the electron affinity difference of both materials (χ1 and χ2) as

shown in equation 2.21. Finally, the valence band offset (∆EV ) can be calculated as presented in

equation 2.22.

∆EG = ∆EC + ∆EV (2.20)

∆EC = χ1 − χ2 (2.21)

∆EV = ∆EG − ∆EC (2.22)

An example of a heterojunction is shown in figure 2.2. The typical p- and n-contact stack of a Sil-

icon heterojunction (SHJ) is shown, and two heterointerfaces, cSi-aSi and cSi-TCO, can be observed.

The SHJ structure will be discussed in more depth in section 2.2. First, however, several physical

phenomena need to be introduced.

Figure 2.2: Band diagrams under illumination of a) n-contact and b) p-contact of a Silicon heterojunction. n-type c-Si,

a-Si and TCO [3]

There are several mechanisms through which the charge carriers overcome the energy barrier

between materials. The main transport mechanisms are thermionic emission and tunneling.

Thermionic emission
Thermionic emission is the process through which charge carriers travel over a potential barrier

given a sufficient amount of thermal energy. In [16] the numerical modelling of thermionic emission

in heterojunctions was discussed. The current due to thermionic emission can be expressed with the

following equation:

J = A∗T 2exp
(

− qϕ0
kT

)
(2.23)

where ϕ0 is the barrier height, and T is the temperature. The Richardson constant for thermionic

emission (A∗) is derived in [17]
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A∗ ≡ 4πqm∗
nk

2

h3 (2.24)

Tunneling
Tunneling is a quantum phenomenon in which the charge carrier has a finite probability of pene-

trating the energy barrier and appearing in the following region [17]. Tunneling current depends on

a wide range of non-local variables, since the probability of tunneling highly depends on the trans-

parency of the energy barrier. In the figure above, we distinguish two types of tunneling processes.

In figure 2.2a, the electron travels from the conduction band of the cSi to the conduction band of the

TCO. This phenomenon is called direct tunneling. In figure 2.2b, the hole tunnels from the valence

band of the cSi until it recombines with an electron from the TCO conduction band, thus, generating

a hole in the TCO. This process is called band-to-band tunneling.
In [18], the tunneling current (JT un) is described as a local generation current (GT un). The gen-

eration and the tunneling current are related by the following expression:

GT un(r) = dJT un

dε
· E⃗ (2.25)

where r is the distance, ε is the energy level, and E⃗ is the electric field. The tunneling electron

generation rate used for the band diagram in 2.2, as derived in [18], is shown in 2.26. The tunneling

hole generation rate is shown in 2.27.

GT un,e(r) = A∗T

k
E⃗ · Γe(r)ln

[
1 + exp[−(Ee,cSi − Efe,cSi)/kT ]

1 + expo[−(Ee,T CO − Efe,T CO)/kT ]

]
(2.26)

GT un,e(r) = A∗T

k
E⃗ · Γh(r)ln

[
1 + exp[−(Efh,cSi − Eh,cSi)/kT ]

1 + exp[−(Ee,T CO − Efe,T CO)/kT ]

]
(2.27)

where Γ is the tunneling probability, k is the Boltzmann constant,Ee andEh are the electrostatic

potentials of the charge carriers at the energy bands, and Efe and Efh represent the Quasi Fermi

levels of electrons and holes respectively. It can observed from the equations that the tunneling gen-

eration current is proportional to the tunneling probability. The ratio inside the logarithm compares

the filled energy states at the cSi/aSi interface with the filled energy states at the aSi/TCO interface.

Hence, a higher density of filled states at the cSi/aSi interface, and a lower density of filled states

at the aSi/TCO interface, results in a higher tunneling generation current. To calculate the tunnel-

ing probability, [18] uses the Wentzel-Kramers-Brillouin (WKB) approximation, which results in the

following expressions for electrons (2.28) and holes 2.29).

Γe(r) = exp

[
− 2

ℏ

∫ r

0

√
2me

(
Efe,T CO − EC,cSi − qψe(r)

)
dr

]
(2.28)

Γh(r) = exp

[
− 2

ℏ

∫ r

0

√
2mh

(
qψh(r) − (EV,cSi − Efe,T CO))dr

]
(2.29)

where ℏ is the reduced Planck constant, me and mh are the tunneling masses for electrons and

holes respectively, and ψ represents the electrostatic potential profile. From the equations we can
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see that the tunneling probability decreases with the increase of the energy barrier. In figure 2.2,

the area of the barriers is shown. As suggested by [19] and [20], direct tunneling and band-to-band

tunneling (BTBT) are the dominant charge carrier transport mechanisms if the band mismatch is

small. As the band mismatch increases, however, it is suggested that another mechanism dominates

the transport, namely, trap assisted tunneling (TAT).

Trap assisted tunneling
Tunneling and trap assisted tunneling can have a significant impact on the charge transport, not

only for photovoltaic applications, but also for other microelectronic components. Therefore, many

have concentrated their efforts in trying to solve this phenomenon analytically. Numerous models

are available, however, most of them consider dielectric barriers which have different properties than

aSi. With varying degrees of detail, [21], [22], [23], [24], and [25] all agree that there are several

crucial parameters to take into consideration, namely:

• Energy barrier that needs to be overcome by the charge carrier

• Trap occupancy dynamics

• Trap density and trap distribution

Equation 2.30 shows the net recombination rate of the non-local tunneling model. An extensive

explanation of the model can be found in [2]. The purpose of displaying the equation is to show the

complexity of the numerical calculations and the considerable number of variables involved.

RT AT
net,n =Cn

∫ 1

0

ΓC(x,EC(0))
τn(x)

T (0) + T (x)
2
√
T (0)T (x)

[exp
[
EF,n(0) − EC(0)

kT (0)

]
fp(x)−

− exp

[
ET (x) − EC(0)

kT (x)

]
fn(x)]dx

(2.30)

ΓC(x, ε) = WC(x, ε)exp
(

−2
∫ x

0
κC(x, ε)dr

)
(2.31)

where τn is the electron lifetime, fn is the electron occupation probability at the defect level, and

fp is the hole occupation probability at the defect level.

As mentioned in subsection 2.1.3, the defects, or so-called traps, in semiconductors can act as

a discrete energy level in the forbidden bandgap. These intermediate energy levels may not only

contribute to SRH recombination, but also help the charge carriers pass through an energy barrier.

Accordingly, trap assisted tunneling combines the theory of emission and capture of charge carriers

with tunneling.

In figure 2.3, the different types of tunneling are shown. Direct and band-to-band tunneling were

already mentioned in the last section. In this section, elastic and inelastic trap assisted tunneling are

focused on.

The main difference between these two phenomena, is that in inelastic TAT, the charge carrier

is assisted by a phonon in order to reach the trap energy level. This translates into the emission

of a phonon into the lattice, which ultimately converts into thermal energy. In the elastic process,

however, the charge carrier maintains the same level of energy.



2.2. Silicon heterojunction: Concept and materials 13

Figure 2.3: Tunneling processes in a MOS structure [4]

In the case of dielectrics, it has been suggested in several studies that the inelastic process is

mainly responsible for the transport [26]. As suggested by [19] and [20], since amorphous silicon

behaves as a direct bandgapmaterial, elastic TAT can be considered as themain transportmechanism.

Consequently, phonon emission is not considered in this study’s TAT model.

In the following section, a more in-depth description of silicon heterojunctions will be provided.

Characteristics of the materials in use, such as amorphous silicon and tunnel conductive oxides

(TCO), are also presented.

2.2. Silicon heterojunction: Concept and materials
The principle of heterojunction solar cells involves the presence of at least two different materials.

The use of heterojunctions is especially interesting for selective contacts. This can be applied to

several technologies, however, in this study, focus is placed on Silicon heterojunctions. In addition,

for the passivating contact, amorphous silicon is used. It is worth mentioning that recent studies

performed by [27] and [13] have shown that new materials can produce such passivating effects

with cSi.

2.2.1. Silicon heterojunctions in solar cells
Unlike other types of contact such as diffused homojunctions, heterojunctions offer excellent passi-

vation qualities and selectivity. The basis behind achieving such characteristics lies in the selection

of materials with an adequate work function, such as aSi, as to allow a sufficient electrostatic po-
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tential to be induced in the cSi bulk. In addition to p- and n-doped aSi, the passivation quality also

occurs due to the inclusion of a thin intrinsic hydrogenated aSi layer. This layer enhances the chemi-

cal passivation, and significantly reduces the recombination at the heterointerface [5]. An important

parameter to take into consideration is the doping concentration in the aSi. Higher doping concentra-

tion reduces the activation energy, thus increasing the selectivity of the contact. Moreover, there is

an inversion layer at the cSi/aSi interface which translates into field-effect passivation. SHJ features

result in values of Voc, ranging from 730mV to 760mV ([28],[29], [30], [31]), which is a significant

increase compared to that of conventional homojunction technology.

Figure 2.4: Typical scheme for SHJ [5]

The typical scheme for SHJ is shown in figure 2.4. The absorber is made from n-type cSi. N-type

bulk presents a series of advantages, as it inherently has better electronic bulk quality. Typically,

higher efficiencies have been reported for n-type bulk SHJ, due to the better passivation of n-type cSi

with aSi [32].

Regardless of the numerous advantages that this type of configuration presents, there are still

challenges that SHJ has to face. Due to the poor conductivity of the aSi, there needs to be a TCO layer

in both the front and back contact to enhance the lateral transport of the charge carriers. Besides this,

aSi has an impact in the optic performance of the cell due to the parasitic light absorption, accounting

for rather significant losses in short circuit current (Jsc). In some cases, up to 2.1mA·cm−2 [33] is lost.

Moreover, the aSi layer deposition can cause a high defect density at the heterointerface, increasing

recombination, and therefore decreasing Voc. Additionally, a large band offset at the valence band

has shown to affect the carrier collection, and thus, decrease the fill factor (FF) [5].

In this work, the focus will be on the contact stacks, composed of intrinsic and doped aSi together

with the TCO. In the following sections, the properties of these materials will be explored in order to

understand how to integrate them optimally.

2.2.2. Hydrogenated amorphous silicon
Amorphous silicon is a material used in multiple applications for microelectronics and the photo-

voltaic industry. For the latter, it is of particular interest in thin film solar cells and as mentioned
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in the last section, for passivation purposes in SHJ. One of the main advantages of aSi is that it can

be deposited over large areas at a relatively low temperature, making the process less costly. For

electronic applications, an alloy of aSi and hydrogen is used, or so called, hydrogenated amorphous

silicon (a-Si:H). Note that from here on, hydrogenated amorphous silicon is referred to as simply

amorphous silicon or aSi.

For SHJ modelling it is necessary to understand the properties of the materials involved in it. To

that end, the general properties such as structure and density of states are presented in the following

section. Besides this, the models used to describe the physical behaviour of aSi are presented.

Atomic structure
In order to better understand the atomic structure of aSi, it is worth mentioning briefly the structure

of cSi. In crystalline silicon structure, silicon atoms have four covalent bonds, all of the same length

and forming the same angle. This leads to a repetitive structure in space. Such a regular atomic

structure is qualified as long range order. Unlike cSi, aSi structure does not present a long range

order. Nevertheless, it has a similar local atomic configuration, or so-called, short-range order. This

results in a structure called continuous random network (CRN). [6]

The concept of defects for cSi and aSi also differ. While in cSi a defect is considered as an atom

out of place, in aSi, the concept is no longer applicable since there is not a long range order. For a

continuous random structure, a defect is considered a coordination defect, meaning that the atom

has eithermore or less than four bonds. Often, an atomhas an unpaired electron, or so called dangling

bond, also present in unpassivated cSi surfaces. Dangling bonds are not regularly distributed in the

CRN, they can group in divacancies, multivacancies and nanosized voids [34]. The incorporation

of hydrogen in aSi has the purpose of passivating the dangling bonds, hence reducing the dangling

bond density. The hydrogen content varies between 5% and 15%, reducing the defect density down

to 1016cm−3 [35]. This can be observed in figure 2.5 that shows a scheme of the atomic structure of

both, cSi and hydrogenated aSi.

Density of energy states
Due to the different atomic structure, the distribution of allowed energy states of aSi differs from

that of cSi. The long range order of cSi atoms leads to determined ranges of energy in which the

electrons are allowed to be, as well as the ones that are forbidden (energy band gap). Conversely, aSi

does not have a well defined band gap. As we can see in figure 2.6, the energy states of the valence

and conduction bands spread further. This extension is known as tail states. It was observed that

charge carriers are frequently trapped in localized band tails, reducing the mobility. Therefore, band

edge was defined as mobility edge [36]. The definition of conduction band and valence band is given

as the energy level that separates the extended states and the localized states of the aSi. Notice

that the mobility edge acquires a value of around 1.7 eV, greater than that of cSi at typically 1.12

eV. In addition, centered in the mobility edge, the defect states or so called dangling bonds, make

a contribution to the density of state (DOS). The defect states can usually be approximated by two

gaussians distributions. In the following sections, the DOSmodels of aSi are presented inmore detail.
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Figure 2.5: Atomic structure of a) crystalline silicon and b) hydrogenated amorphous silicon [6]

Figure 2.6: Density of states of cSi on the left hand side and aSi on the right hand side [6]

Optical properties

Amorphous silicon is characterized by its high absorption coefficient. Unlike cSi, aSi exhibits the

properties of a direct band gap material due to its atomic structure. In figure 2.7 it can be observed

that aSi absorbs around 100 times more light in the visible spectrum than cSi. Morever, the absoption

coefficient can be modified by alloying the aSi with other materials such as Germanium.
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Figure 2.7: Absorption coefficient of several aSi alloys (TU Delft) and cSi [6]

The optical properties of aSi can play as an advantage in some cases, like in thin film applications,

where the absorber is made from this material. However, when aSi is used with passivation purposes,

it plays a major role in the non-desirable parasitic absorption.

Modelling of aSi
Modelling of aSi is particularly complex because of the aforementioned differences with cSi. The

DOS has to be characterized in several regions: extended states found above the mobility edge of CB,

below the mobility edge of VB, and localized states in between the mobility edges [7]. In addition,

the charge carrier transport takes place not only in the extended states, but also in the mobility band

helped by the defect states.

There are several models for aSi DOS. Here, standard model [35] and Defect pool model [37]
are to be discussed. The standardmodel of density of states, describes the band tails as an exponential

distribution for both conduction and valence band tails. The analytic expressions for the conduction

band tail (CBT) and valence band tail (VBT) are shown in equations 2.32 and 2.33 respectively.

NCBT (E) = NC0exp

[
−
(
E − Etail

C

Etail
C0

)]
(2.32)

NV BT (E) = NV 0exp

[
−
(
E − Etail

V

Etail
V 0

)]
(2.33)

where Etail
C0 and Etail

V 0 represent the characteristic energy of CBT and VBT respectively, and sim-

ilarly, NC0 and NV 0 are the conduction and valence band tail density of states.
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To model the dangling bond states or defect states, two Gaussian distributions are chosen. There

are 3 groups of dangling bond states: neutral, positive and negative. A way of representing the

three groups is with the partial superposition of 2 Gaussian distributions, namely, one acceptor-like

(DB0/−) state and one donor-like state (DB+/0). The distributions are centered in the so-called

transition levels E0/−
DB and E+/0

DB respectively. In addition, the transition energy levels are separated

by a correlation energy, U . The correlation energy is the energy needed for an a second electron

to occupy a neutral dangling bond. The Gaussian distributions can be described mathematically as

follows:

NDB+/0(E) = N tot
DB

σdb

√
2π
exp

[
− (E − E

+/0
DB )2

2σ2
db

]
(2.34)

NDB0/−(E) = N tot
DB

σdb

√
2π
exp

[
− (E − E

0/−
DB )2

2σ2
db

]
(2.35)

where N tot
DB is the density of dangling bonds, and σdb is the standard deviation of the Gaussian

distribution.

An illustration of an example of density of states distribution can be found in figure 2.8.

Figure 2.8: Standard model of density of states in aSi [7]

The defect pool model only refers to the defect states. It suggests that there is a strong relation

between the Fermi level and the distribution of the dangling bonds. As illustrated in figure 2.9,

intrinsic aSi shows DB centered in the mobility band, while it shifts closer to the bands for doped

aSi.

2.2.3. Transparent conductive oxide (TCO)
The TCO has a very important function in the cell. When placed at the front of the cell, for front

contacted cells, it acts as an electric contact. The TCO is increasingly being used for other purposes,
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Figure 2.9: Dangling bond distribution according to pool defect model for different Fermi levels [7]

such as diffusion barriers and control contact work function [38]. More specifically for heterojunc-

tions, it becomes useful when using aSi for passivating contacts. Since the aSi is not a very good

conductor, the TCO helps the charge carriers to reach the contacts. To that end, it is fundamental to

choose a material with the appropriate work function and conductivity.

The importance of the band alignment in SHJ, can be clearly seen in figure 2.10. As seen in

the figure, the TCO work function plays a major role in the band alignment, and therefore in the

transport of charge carriers. Through simulations, [3] has suggested that the transport at the p-

contact improves for higher values of TCO work function.

Figure 2.10: Band diagrams in equilibrium of p-contact stack for different work functions of TCO and same activation

energy. From left to right: n-type cSi, i-aSi, p-aSi and TCO [3]

In figure 2.11 a comparison of typical TCO used in the PV industry can be seen, namely, indium

tin oxide (ITO), aluminum-doped zinc-oxide (AZO) and antimony-doped tin oxide (ATO).

Based on the diagram, the interesting TCO for SHJ would be in the top right corner, having high
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Figure 2.11: Work function and Fermi level position of ITO, ATO and AZO [8]

work function and high conductivity. The conductivity (σ) of the TCO is described by σ = µ ·NT CO ,

being µ the mobility and NT CO the carrier density of the TCO. Accordingly, the carrier density is

directly related to X axis of figrue 2.11, the larger the difference between the Fermi level (EF ) and

the valence band energy (EV ) is, the larger the carrier density and hence the conductivity.

Concerning themodelling of TCO, it is normallymodeled as ametal with a specific work function.

Nevertheless, this assumption may underestimate transport mechanisms at heterointerfaces [39].

2.3. IBC-SHJ
Once the main advantages of silicon heterojunctions are understood, a particular configuration can

be focussed on, namely, interdigitated back contact (IBC). IBC configuration has repeatedly demon-

strated record results due to the absence of shading losses [40], [41], [13]. The combination of IBC

and SHJ presents numerous advantages that are explained in this section.

2.3.1. Cell architecture
IBC architecture’s main advantage is that it avoids front shading losses, thus achieving a higher

JSC [42]. Conversely, the deposition of thin hydrogenated amorphous silicon at the front and rear

of the cell provides excellent chemical passivation of the cSi absorber [5], thus achieving a higher

Voc. Thanks to the combination of both features, IBC-SHJ yielded world record efficiency for single

junction cSi cells at 26.7% [14]. This section is dedicated to explaining the structure an IBC-SHJ cell



2.3. IBC-SHJ 21

in more detail. A typical IBC-SHJ geometry can be found in figure 2.12. From the top to bottom of

the cell:

• Anti-reflecting coating (ARC)

• Front surface field (FSF)

• n-type c-Si bulk

• intrinsic hydrogenated a-Si passivating layer

• interdigitated structure of n and p-doped hydrogenated a-Si that act as back surface field (BSF)

and emitter respectively.

• Tunnel conductive oxide (TCO)

• Metal

Figure 2.12: Sketch of a complete structure of an IBC-SHJ cell

It can seen that the contacts are indeed at the back of the cell configured in a periodic structure.

This leaves the front free from shading losses due to the metallic grid. It is important, nevertheless,

to have good light management at the front of the cell to reduce reflection. This is achieved by an

anti-reflective coating for which many designs and materials have been studied [43]. In addition,

good passivation has to be achieved in order to reduce front surface recombination, this can be done

chemically - by depositing an intrinsic a-Si film - or by field passivation - with a highly doped a-Si

layer. The bulk of the cell can be n-type or p-type c-Si indistinctly. It is worth noticing, however,

that the bulk resistivity is very sensitive to dopant concentration [44]. Studies have proven that VOC

is increased by adding a thin intrinsic a-Si layer between the bulk and the doped a-Si layer. The

performance of the cell, however, is highly sensitive to the thickness of it [45].

The configuration also presents certain disadvantages compared to conventional front contact

architecture. Since both electrons and holes are collected on the back, a current crowding effect can

be observed, thus increasing resistance [12]. In addition, the characteristic disadvantages of SHJ

such as parasitic aSi absorption, and the need of TCO on the back to improve the conductivity, also

apply for IBC SHJ.

2.3.2.Modelling of IBC-SHJ
Due to the interdigitated IBC configuration, one dimensional models, unlike for conventional ar-

chitectures, are not sufficient to simulate the behaviour of such a cell. Consequently, the reference
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software for cSi/aSi heterojunctions, AFORS-HET, cannot be used since only 1D models are available

[46]. A set of softwares are available for two and three dimensional semiconductor device simulation,

such as ATLAS [47], CoBoGui [48], Quokka [49], SARAH [50] (made specially for IBC modelling).

The numerical simulation tool selected for this work is Sentaurus Device, by Sypnosis [2]. It is

an advance multidimensional software, which is able to simulate the optical, electrical and thermal

behaviour of a wide range of silicon based semiconductor devices, as well as compound semiconduc-

tors. It was developed during the early 90’s and it has significantly contributed to the development

and innovation of semiconductor devices [51]. In addition, it offers a broad selection of state of the

art semiconductor physics models. It is widely used and trusted by the semiconductor and PV in-

dustries due to having over 30 years of trajectory and user experience.

To summarize, themodelling of IBC-SHJ will be carried out in Sentaurus in a 2D domain. Accordingly,

the use of the physical models described throughout this chapter is required. Continuity, genera-

tion, recombination and transport of charge carriers are solved by means of the models presented in

section 2.1. Besides this, the characteristics of materials present in the cell, such as aSi and TCO, are

modelled using the equations found in section 2.2.2 and 2.2.3.

In the next chapter, the semiconductor device simulation approach in Sentaurus will be described,

focusing on the particularities of IBC-SHJ configuration.
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Simulation Approach

In this chapter, the semiconductor device modelling approach is explained. Firstly, in section 3.1,

the different modelling modules are introduced. Then, in the following sections, each module is

addressed individually. The virtual device modelling is explained in section 3.2, and the optical and

electrical models are described in sections 3.3 and 3.4 respectively. Finally, the limitation of the

original model, by Procel et al. [52] will be introduced.

3.1. General semiconductor device modelling
The general approach for semiconductor device modelling is summarized in the figure below 3.1.

Firstly, the virtual device is built by mimicking the geometry of the physical device, as well as other

characteristics such as the doping profiles. As a result, the virtual device is defined by a mesh and a

set of parameters that will be used as an input for the next process, the physical modelling.

Figure 3.1: Simulation approach flowchart

23
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In this module, the optical and the electrical behaviour of the device is modelled. For this purpose,

the semiconductor equations - based on the drift-diffusion model - are solved for each point of the

mesh. Coupled with those, a set of physical models are selected (table 3.2). In addition, the optical

and electrical properties of the device are an input of this module.

Finally, after numerically solving the aforementioned equations, the figures of merit (FOM) are

obtained. TCAD Sentaurus allows a detailed analysis of the device, providing information such as

the energy band diagram, the tunneling current at a particular interface, recombination current, etc.

Throughout the next sections, the specific features of each module are outlined. Moreover, the

selection and justification of the physical models used in this work are presented.

Figure 3.2: IBC-SHJ scheme and unit cell

3.2. Virtual device: cell modelling
Since IBC-SHJ presents a periodic structure, a unit cell, or so called standard domain (shown in figure

3.2), serves as a basis to simulate the physics of the whole device, whilst saving computational time.

By doing so, it is assumed that the there is no charge exchange between symmetric elements. More-

over, as mentioned in section 2.3.2, IBC-SHJ cells can be modelled in 2 or 3 dimensions. Al-Shouq et
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al. [53] reported that 3D simulations results were similar to the ones performed in 2D, with larger

computational time. Thus, simulations of the unit cell in a two-dimensional domain are used in this

work.

3.2.1.Mesh
Using the finite element approach in order to numerically solve the drift-diffusion model equations,

it is necessary to discretize the domain with a mesh. The mesh is defined in accordance to the

particular physics inside each region. Accordingly, mesh distance should be fine where the input or

output parameters strongly depends on the distance. In particular, for PV devices, the regions where

the mesh should exhibit a higher resolution are [51]:

• Near the front surface, since the short wavelength part of the solar spectrum is absorbed within

few micrometers.

• Close to the metal contact at the rear, due to current crowding

• At interfaces, due to higher recombination rate and transport phenomena

Figure 3.3: Simplified scheme of mesh

refinement parameters

Figure 3.4 shows an inset of the IBC-SHJ mesh in Sentau-

rus, describing that the mesh near the contacts displays higher

resolution than in the bulk. To this end, as shown in figure 3.3,

there are a set of parameters that are fixed to achieve the nec-

essary mesh coverage and resolution.

It is worth noticing that while setting the mesh parame-

ters, a compromise between accuracy and computational time

is made. Besides this, convergence is very sensitive to the mesh

resolution. Accordingly, in this work, the mesh parameters for

each particular region (x0, k and Max) are selected following

the aforementioned guidelines while guaranteeing convergence

and valid numerical results.

3.2.2. Doping
In addition to the geometric characteristics, the materials and the doping of each particular region

are defined. In this work, an evenly distributed doping density (Constant doping profile) is used

to characterize every region.

When modelling silicon thin film alloys, the doping density is not provided, on the grounds that

at a laboratory scale, it is only possible to measure the activation energy (Ea) of the deposited layer.

This raises another challenge due to the fact that the activation energy not only depends on the

doping concentration but also on the defect states, where charge can be trapped.

In this work, the doping density of the thin film layers is not solved analytically, but numerically.

As the flowchart depicted in figure 3.5 shows, the doping density is tuned - in an iterative process

- until reaching the activation energy of the physical layer, while the defect states are considered

constant.

The doping density of crystalline materials such as cSi, however, are calculated by means of the
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Figure 3.4: Inset IBC-SHJ mesh

experimentally measured bulk resistance. In this case, PV Lighthouse resistivity calculator [54] is

used.

3.3. Optical modelling
The goal of the optical modelling is to obtain the optical generation profile of the cell. Sentaurus

offers the possibility to input the optical generation profile from an external file or the possibility of

calculating it by means of different methods. Since the scope of this thesis does not focus on optical

modelling, only the methods that were used for this work are outlined, namely, Monte Carlo tracing

technique [55][56] and transfer matrix method (TMM) [57].

3.3.1. Monte Carlo ray tracing technique
Monte Carlo ray tracing technique consists of tracing the rays that are reflected or transmitted at

each layer by means of a probability. The aggregate of the path followed by numerous rays, gives in-

formation on the reflectance and transmittance of the different layers. This method is recommended

given the rough surface on the front of the cell [2].

3.3.2. Transfer Matrix Method
The TMM, however, consists of the calculation of the wave propagation through a layered medium.

This method solves the complex reflections by assuming that there is a continuity of the electric
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Figure 3.5: Flowchart to calculate doping density

field (Maxwell’s equations). The layers can be represented by a matrix system, which ultimately is

converted into reflection and transmission coefficients. It is important to set the boundary conditions

in accordance to the domain simulated. Since we work with a symmetry element, it is necessary to

specify that the vertical interfaces are fully reflectant.

It is worth noticing that while being an ideal simplification to solve such complex optic problems,

the TMM also has its limitations. This method does not take into account a possible back reflection

in the bulk, which leads to an underestimation of the long-wavelength photons scattering. Following

the methods of Procel [52], in order to face this issue, a screen layer is placed over the illumination

plane as illustrated in figure 3.6a. The screen layer is donated with a certain reflectance value, named

R2, which is considered a variable that needs calibration. The layer’s purpose is to reflect the rear

reflected rays that escape through the front, back to the cell with a certain probability (R2).

Notice that the screen layer is only effective for the primary reflection and from a certain wave-

length. Longer wavelengths are more likely to reach the rear of the cell, whereas short wavelengths

are generally absorbed or reflected in the front layers. The distinction between short and long wave-

length is highly dependant on the thickness of the simulated device. By means of simulation, the

photons that are transmitted to the rear of the cell as a function of the wavelength are obtained, as

seen in figure 3.6b. On this basis, the limit between short and long wavelength is set at 850 nm (table

3.1), which matches with the wavelength at which photons reach the rear of the cell.

Table 3.1: Short and long wavelength

Short wavelength Long wavelength

300nm < λ < 850nm 850nm < λ < 1200nm
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Figure 3.6: a)Screen layer scheme b)Photon flux transmitted to the rear of the IBC-SHJ cell. It is observed that at 850nm,

the photons may be reflected out of the cell, hence the screen layer is enabled at that wavelength.

3.4. Electrical modelling
The objective of the electrical modelling is to describe the physics of the semiconductor device by

means of numerical simulation. It is thus important to shed light not only on the physical models

chosen to describe the IBC-SHJ but also on the numerical solving approach.

The drift-diffusion model is the basis to solve the physics of a semiconductor device, the basic

equations that define the model are outlined in section 2.1. Accordingly, it is necessary to guide the

solver by indicating the order in which the equations are tackled so as to have a numerically valid

solution.

Firstly, the solution of the Poisson equation (2.2), serves as the initial boundary condition to solve

the continuity equations of electrons (2.5) and holes (2.4). Initially, this is done under equilibrium -

no applied voltage and under no illumination - and later it is solved for an increasing applied voltage.

Each stage provides the initial conditions used for the next one. Ultimately, the behaviour of the

device under dark conditions is obtained.

For simulating the device under illumination, however, the approach is a slightly different. Similar

to the previous approach, equilibrium is the initial solution. Then, illumination is gradually increased

- under no applied voltage - until 1Sun is reached. Once the solution under 1Sun is obtained, the

voltage increases as previously described. Lastly, the results for the device under illumination are

achieved.

A wide range of physical models which complement the drift-diffusion model are implemented

in order to mimic the physical behaviour of the IBC-SHJ. In the following sections, the more relevant

models for the scope of the thesis are addressed. All the physical models selected are summarized in

table 3.2.
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3.4.1. Generation and recombination
The optical generation profile is directly obtained from the optical modelling without further adjust-

ments. Concerning the recombination, it is modelled following the physics described in section 2.1.3.

Subsequently, the following categories can be distinguished:

• Intrinsic recombination: Auger and radiative

• Shockley Read Hall recombination

The model chosen for the intrinsic recombination by Ritcher et al. [15], combines both radiative and

the auger recombination. For SRH recombination, however, the chosen model depends on whether

the trap distribution in a specific region is provided or not. Specifically for IBC-SHJ, the defect dis-

tribution is not known in the following regions: 1)cSi bulk and 2)Front surface 3)cSi/n-aSi surface

4)cSi/p-aSi surface. Therefore, the equations 2.18 and 2.19 presented in section 2.1.3 are used to

model the bulk and surfaces recombination respectively. Accordingly, the parameters that need to

be set for each region are: 1)τBulk,SRH , 2)SRVfront, 3)SRVn and 4)SRVp. Additionally, the defect

distribution in the deposited aSi layers is modelled, allowing to use the general model of SRH (eq.

2.16). The implementation of the aSi defects will be further explained in chapter 4.

Table 3.2: Summary of the physics model used for the electrical simulation

Device simulation

Free carrier statistics Fermi-Dirac [58]

Intrinsic carrier density 9.65 × 109cm−3 Altermatt [59]

Intrinsic recombination: Auger and radiative Ritcher [15]

Band gap narrowing Schenk [60]

Free carrier mobility
Doping dependent mobility. Philips unified

mobility model by Klaassen [61]

High field saturation: Canali model [62]

Doping Phosphorous and Boron constant profile

Tunneling Non-local tunneling model [18]

3.4.2. Transport in heterojunctions
An introduction to heterojunctions was presented in section 2.1.5. In particular, in IBC-SHJ, the

heterojunctions are formed between 1) the cSi bulk and the i-aSi layer and 2)the n-aSi(p-aSi) layers

and the TCO.

Subsequently, the models for transport mechanisms in heterojunctions -thermionic emission [63]

and tunneling- are implemented. Concerning tunneling, Sentaurus offers a wide range of models,

from which the non-local tunneling model is selected given its reduced computational time [2]. The

description of the model and the equations is presented in section 2.1.5. In addition to setting the

tunneling parameters (me and mh) - presented in equations 2.26 and 2.27 - the simulator requires

the implementation of a non-local mesh. As illustrated in 3.7a, ”the non-local mesh consist of

non-local lines that that represent the tunneling paths for carriers” [2]. Here, the non-local mesh is
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defined in the interface between cSi and aSi (figure 3.7b), and it extents a distance length into the aSi

layer. Furthermore, the non-local mesh ”permeates” into the cSi bulk by a distance denoted by the

permeation parameter. This results in the creation of paths at different energy levels in which the

tunneling generation is calculated. It is worth noticing that, as for the local mesh, the adjustment of

the parameters that define the non-local mesh is extremely important in order to obtain numerically

valid results.
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Figure 3.7: a)Simplified scheme of non-local mesh and parameters b)Non-local mesh scheme in the cSi/aSi interface for

IBC-SHJ p-contact stack.

3.5. The need of TAT implementation
The model introduced throughout this chapter, retrieved from Procel et al. [52], was validated for

simulating IBC-SHJ cells with high conductive TCO (as defined in section 2.2.3). However, the refer-

ence cell used in this project, shown in section 3.2, presents ITO in its structure. This type of TCO,

has a limited carrier density range as shown in figure 2.11, and thus limited conductivity. As shown

in figure 2.10, band alignment at the contact stack, is highly sensitive to the TCO characteristics,

hindering the carrier collection in certain cases. Moreover, as indicated in section 2.1.5, literature

suggests that trap assisted tunneling mechanism starts dominating the charge carrier transport - in

heterojunctions - in the absence of an ideal band alignment.

These observations raise the question: Is TAT a dominating transport mechanism in IBC-SHJ solar

cells comprising aSi and ITO in their structure?

In order to answer this question, the next chapter will discuss TAT implementation in the afore-

mentioned model.
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In this chapter, TAT implementation will be explained. To this end, the TAT models available in

Sentaurus will be outlined in section 4.1, and the selection of the non-local TATmodel will be justified.

Then, in section 4.3, the simulation results - after the implementation of TAT - are presented. Next,

the effect that the TCO and aSi traps have on the transport in IBC-SHJ will be analyzed. The research

questions regarding TAT will subsequently be answered throughout this chapter.

4.1. Trap assisted tunneling modelling
TAT modelling presents a challenge, not only from the physics point of view, but also numerically.

In section 2.1.5, the concept of TAT was introduced and the most important variables involved in it

were described. As for the other types of tunneling (i.e. direct and band to band tunneling), TAT can

be modelled as a non-local process. This implies that the trap assisted tunneling not only depends

on the energy level at which the charge carrier is placed, but also on the energy barrier that it needs

to overcome in order to hop to the trap.

In addition, the aSi traps need to be implemented using the models described in section 2.2.2.

Changing the trap distributions in the aSi layers also influences the activation energy of the deposited

layer. Consequently, the doping needs to be newly adjusted (flowchart 3.5) to fit the experimental

measurements provided by the reference cell.

To sum up, there are many factors involved in TAT modelling. The combination of all the fac-

tors makes it numerically challenging for the simulator, requiring intricate local and non-local mesh

adjustments in order to guarantee convergence and optimal computational time.

4.1.1. TAT models
TCAD Sentaurus makes a range of models available to simulate trap-assisted tunneling. On the one

hand, certain approaches, such as Hurkx [64] and Schrenk [65], only consider local variables to model

TAT. The advantage of these models is that they are easier to implement. Nonetheless, they are not

suitable for modelling TAT in abrupt heterojunctions, in which the the band edge is more influenced

by the material composition than the electric field [2].

31
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On the other hand, while the non-local TAT model provides an exact calculation of the energy

barrier by the WKB method, it proves more challenging to implement. Thus, it enables an accurate

calculation of the TAT in heterojunctions which exhibit amore complex band structure. An expression

to describe non-local TAT is presented in section 2.1.5 in equation number 2.30.

In particular, IBC-SHJ presents an abrupt heterojunction, exhibiting - as shown in figure 2.2 - a

specific energy barrier shape. Therefore, in order to achieve accurate results, the chosen model is the

non-local TAT model. In addition, Sentaurus offers the possibility of coupling non-local tunneling

with traps. In order to do so, it is crucial to implement non-local tunneling and specify the trap

distribution which will be coupled to this process. As described in 3.4.2, non-local tunneling was

implemented with the creation of a non-local mesh (figure 3.7). For TAT, however, the creation of an

additional non-local mesh is demanded.

4.1.2. Non-local mesh

In order to implement the second non-local mesh, it is necessary to first analyze the region in which

TAT occurs. In the particular case of IBC-SHJ, TAT is likely to occur between the the cSi/aSi and the

aSi/TCO interfaces. The non-local mesh at the cSi/aSi interface was previously defined for modelling

the tunneling (section 3.4.2). In addition to that, as shown in figure 4.1, another non-local mesh

needs to be defined in order to simulate the tunneling path that the charge carrier follows along

both interfaces. Accordingly, the interface between aSi/TCO is selected for implementation of the

second non-local mesh.
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Figure 4.1: Scheme of non-local meshes implemented for non-local TAT model.

The creation of an additional non-local mesh raises a numerical challenge. Thus, adjusting the mesh

parameters (figure 3.4.2) is essential to achieve convergence and optimal computational time. Fur-

thermore, in addition to the non-local mesh, setting the optimal local mesh refinement parameters

(section 3.2.1) is also of importance. Consequently, as shown in the flowchart depicted in figure 4.2,

an iterative process is needed to fix local and non-local parameters.
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Figure 4.2: Flowchart used to adjust local and non-local mesh parameters.

4.1.3. Trap implementation
Non-local TAT is also modelled according to the material containing the traps which assist the trans-

port. In this case, this is amorphous silicon. As previously mentioned, the defect states in aSi can be

modelled as described in section 2.2.2. Therefore, in this work, as in the conventional model, the tail

states are modelled as exponential distributions (eq. 2.33 and 2.32) and the defect states as two Gaus-

sian distributions (eq. 2.34 and 2.35). Moreover, the Pool-Frenkel model is used to more accurately

model the energy level of the defect states at the aSi doped layers.

Accordingly,the trap parameters, found in equations 2.32, 2.33, 2.34, and 2.35, are set to charac-

terize each aSi layer: i-aSi, n-aSi and p-aSi. This results in three different trap distributions as shown

in figure 4.13.

Moreover, the capture cross section is an important parameter used to characterize the traps.

Selecting the appropriate capture cross section model is essential to simulate TAT. Consequently,

in this work the Poole-Frenkel capture cross section model [66] is used. This model - usually

chosen for amorphous films - predicts an enhanced emission probability in trapping centers [2].

4.2. Input parameters
The simulations of the following section are performed following the simulation approachmentioned

in section 3. In addition, the input parameters for the selected models are summarized in table 4.1,

adapted from [3].

Furthermore, the geometry of the reference IBC-SHJ cell is described in section 3.2. In this work,

in particular, the dimensions of the reference cell are derived from a real device and can be found in

table 4.1. Note that in order to save computational time when running simulations in the TAT study,

the front surface of the cell is considered flat.

Lastly, two sets of trap distributions are initially used in the simulations - SET I and SET II - whose

parameters are contained in table 4.2.
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Figure 4.3: Trap distibution models of a) p-doped aSi layer, b) n-doped aSi layer and c) intrinsic aSi layer

4.3. Results and discussion
Now that TAT is implemented, the research questions could becan be addressed. In order to do so,

the influence of each heterointerface is analyzed in the following sections. Firstly, the influence of

the TCO is studied. Then, the effect of the trap distributions in the aSi is investigated.

4.3.1. TCO influence
First of all, relevant parameters are identified by observing the band diagrams of the contact stacks

in figure 4.4. The activation energy of the p layer (Ea,p) and the n-layer (Ea,n), is directly related to

tunneling barrier (eq. 2.28, 2.29): a higher activation energy translates into a higher energy barrier

[3]. However, ∆TCO is defined as the energy difference between the Fermi level and the conduction

band at the TCO. This parameter serves as an indicator of the conductivity of the TCO, namely, the

larger the ∆TCO, the larger the carrier density in the TCO, the more conductive the TCO is. This

reasoning can be found in section 2.2.3.

Indeed, as depicted in figure 4.5, ∆TCO is particularly relevant for the p-contact since it clearly
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Parameter Simulated device Parameter Simulated device

Bulk SRH lifetime 12 ms SiN thickness 75 nm

Surface SRH SRV 0.1 cm/s aSi/front thickness 5 nm

Bulk resistivity 3 Ω cm n-type c-Si thickness 190 µm

χ i-a-Si:H and doped layers 4 eV i a-Si:H thickness (n/p) 5 / 8.5 nm

mt for i-aSi:H and doped layers 0.1 m0 n-doped a-Si:H thickness 27 nm

i-a-Si:H bandgap 1.7 eV p-doped a-Si:H thickness 22.5 nm

Doped layer bandgap 1.7 eV ITO thickness 75 nm

ITO bandgap 3.1 eV Cu thickness 3.1 µm

TCO work function (WFT CO) variable 4.9 Ea,p 340 meV

Carrier concentration in TCO 4.9 × 1019 - 1 × 1020cm−3 Ea,n 201 meV

TCO electron or hole mobility 160 or 40 cm2 /V s

Table 4.1: Summary of general IBC-SHJ device parameters
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Figure 4.4: Band diagrams of a)p-contact and b)n-contact, defining activation energy (Ea,p,Ea,n) and ∆T CO as an

indicator of the TCO conductivity.

influences the band alignment between the aSi and the TCO. An indication of the change is illus-

trated in the figure with ∆E. It is observed that for low values of ∆TCO, there is a positive energy

difference ∆E, contributing to the band misalignment. On the contrary, for a high ∆TCO - highly

conductive TCO - ∆E acquires negative values, indicating good band alignment.

The cell is simulated for a range of values of ∆TCO from 140 to 600 meV while maintaining a

constant activation energy (Ep=340meV and En=210meV). This range of values is selected according

to figure 2.11, where typical values of TCO EF − EV B are provided. Initially, the simulations are

performed without implementing TAT, therefore thermionic emission, direct tunneling and band to

band tunneling are considered as the only transport mechanisms present at the hetero-interfaces.

It can be observed from figure 4.6a that the cell exhibits a regular JV curve for a high conductivity

TCO, whereas for a lower ∆TCO, the result shows that the device does not work as a solar cell.

Subsequently, TAT is implemented in the simulations, resulting in the JV curves shown in figure

4.6b. Here, it is observed that at low TCO conductivity, the JV curves display a normal functioning

of the cell, suggesting that TAT tunneling plays an important role in the carrier transport in the
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SET I [67] SET II[68]

Parameter Unit p-layer i-layer n-layer p-layer i-layer n-layer

Nv0,Nc0 eV−1cm−3 2 · 1021 3.85 · 1021

Valence Band Tail Parameters

Ev0 eV 0.12 0.05 0.094 0.100 0.045

σ+
n cm2 7· 10−16 2.16 · 10−14

σ0
p cm2 7· 10−16 2.16 · 10−15

Conduction Band Tail Parameters

Ec0 eV 0.08 0.035 0.068 0.065 0.027

σ0
n cm2 7· 10−16 2.16· 10−15

σ−
p cm2 7· 10−16 2.16· 10−14

Dangling Bond Parameters

Ndb cm−3 1.31 · 1020 1.38 · 1016 1.31 · 1020 4 · 1018 1.46 · 1015 8.0 · 1016
σdb eV 0.21 0.2

σ−
p ,σ+

n cm2 3· 10−14 5.05 · 10−13

5.05 · 10−13 cm2 3· 10−15 σ−
p /10

Table 4.2: Overview of trap parameter values for SET I and SET II

heterojunction. On the other hand, it can be seen from the curves, that the decrease in ∆TCO
translates into a similar effect to series resistance, lowering the FF. Indeed, this trend is confirmed in

figure 4.6c, where the FF raises as ∆TCO increases. In particular from 150 to 300 meV, the FF shows

a rapid increase up to approximately 83%, however, after that, it becomes more stable.

From these results, it can be concluded that tunneling and thermionic emission play a minor

role in charge carrier transport at low ∆TCO values. There is an additional transport mechanism

that dominates in this particular case, TAT. In fact, In figure 4.6c the shadow area indicates the TCO

energy range at which TAT needs to be implemented in the model in order to obtain the results in

accordance with a working solar cell device. The threshold was found at a value of ∆TCO=315 meV.

This statement confirms the initial hypothesis under which TATwas implemented, as indicated in

section 3.5. Indeed, TAT is not only present but also necessary for the correct functioning of the cell.

Thus, the next step is to identify in which layer this transport mechanism is more relevant. Notice

that for the rest of the study, a typical value for ITO, ∆TCO=200meV is taken as the reference value,

since it is within the range of typical values for ITO [8].

4.3.2. Influence of TAT in each layer
This section addresses one of the research questions: In which layer of the contact stack is TAT more

relevant for the correct functioning of the cell?

In order to answer this question, it is necessary to recall the layers that are involved in both

contact stacks. Both the p-contact and n-contact are composed of a thin layer of intrinsic aSi and a

thicker layer of p- and n-doped aSi, respectively. Therefore, in this study, 4 different layers are con-

sidered: i-aSi/p and i-aSi/n being the intrinsic aSi layer on top of the p and the n contact respectively,
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Figure 4.6: JV curves of IBC-SHJ obtained for different ∆T CO, in a) TAT is not implemented while in b) TAT is

implemented. Figure c) shows FF as function of ∆T CO. The shaded area indicates the range in which TAT

implementation is necessary for a valid simulation.
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and the p-aSi and the n-aSi layer corresponding to the doped aSi of the contact stacks.

The TAT model implemented in the simulations, can be enabled or disables for each layer sep-

arately. As simulation approach, the trap assisted tunneling is activated in each layer individually.

This process is carried out for two different trap distributions, SET I and SET II, which characteristics

values can be found in table 4.2.

The JV curves obtained in the experiments are shown in figure 4.7. Here, it is observed that by

activating the TAT in the intrinsic layers only, the cell malfunctions. As seen on the inset of the graph,

the cell exhibits resistor behaviour, and there is therefore not an effective carrier collection.
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Figure 4.7: JV curves obtained by activating TAT in each aSi layer individually for different trap distributions a) Trap SET I

and b) Trap SET II.

In the case of enabling TAT only in the p-doped layer, the same effect as for the intrinsic layers

is shown, trap-assisted transport exhibits a negligible influence in the p contact. In order to explain

this results, it is necessary to recall the band diagram of the p contact displayed in figure 4.4. From

the figure, it is observed that the electron transport only occurs at the conduction band, therefore

the tunneling path that the electron follows does not experience any discontinuity by transitioning

to another band, as it is the case of the p contact. Accordingly, the band alignment and the dominant

transport mechanisms at the n contact do not vary for lower ∆TCO values.

Lastly, TAT is activated solely in the p-doped layer of the contact stack. Unlike the others, the

aSi p-layer appears to have a considerable impact in the performance of the cell. According to the JV

curve displayed in figure 4.7a, uniquely enabling TAT in that layer results in the exact curve as acti-

vating the mechanism in all the layers simultaneously. Again, analyzing the band diagram displayed

in figure 4.4 and in 4.5, it can be seen that the path that the holes follow - from the p-doped aSi va-

lence band to the TCO conduction band - highly depends on the band alignment, represented by ∆E.

Concurrently, as previously described, the band alignment directly correlates to the conductivity of

the TCO with ∆TCO. Thus, it is expected that, for lower values of ∆TCO, band-to-band tunneling

is unlikely to occur since the energy level at both sides of the interface do not match. Therefore, the

holes are forced to follow a different path in order to be collected at the TCO. Indeed, from the results

it is observed that, for low conductivity TCO, the holes are assisted by traps to hop to the TCO inter-
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face. The relevance of this transport mechanism at the p-contact is thus highlighted. However, the

results - obtained for SET II - shown in figure 4.7b, slightly differs from the last one. Here, only im-

plementing TAT at the p-layer does not present the same JV curve as when implementing it in all the

the layers. Thus, it can be concluded that the trap distribution has an influence on the effectiveness

of the TAT.

In summary, in this section, the question - In which layer of the contact stack is TAT more relevant

for the correct functioning of the cell? - is answered. TAT at the aSi p-doped layer is crucial for the

correct cell functioning, in particular, when the energy band exhibits low ∆TCO, at 200 meV. The

conclusion becomes evident by the simulation results and the analysis of the band diagrams of both

n- and p-contacts. Moreover, different results are obtained for different trap distributions, which

raises the next question: how does the trap distribution influence the transport at the p-contact?

4.3.3. Influence of trap distributions in aSi p-dope layer
In this section, the next scientific question is addressed, how does the trap distribution at the p-doped

aSi layer influence the transport?.

The trap distribution (SET I) of the p-doped aSi layer is illustrated in figure 4.8a. Here, four

different distributions can be differentiated: conduction band tail (CBT), valence band tail (VBT),

neutral/acceptor dangling bonds (DB0/−) and donor/neutral dangling bonds (DB+/0).
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Figure 4.8: a) Trap distribution at the p-doped layer. b) JV curves obtained by implementing TAT in each trap distribution

(indicated by a)). The impact that dangling bond defects have on TAT transport is highlighted.

The approach followed in this study lies under the same principle as in the previous section.

Subsequently, TAT is only implemented for an individual distribution in each experiment. Hence, the

remaining trap distributions are considered to contribute to other recombination processes such as

SRH. In figure 4.8b, the resulting JV curves from each simulation are shown. Here, it is observed that

the trap-assisted transport make use of the traps - represented by each distribution - at different

degrees. For instance, when only the CBT participates in TAT, the cell exhibits a remarkably poor

transport quality. Whereas, by only considering the dangling bonds traps, the FF becomes closer to

the one exhibited by aworking solar cell. Consequently, the relevance of each distribution concerning
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the hole collection at the p contact, can be ranked as follows:

1. Dangling bonds (DB+/0 and DB0/−)

2. Valence band tail (VBT)

3. Conduction band tail (CBT)

From the results, it can be concluded that the traps at the aSi do not contribute equally to the

transport. Accordingly, at a band diagram level (figure 4.5), it can be observed that the energy level

of the TCO conduction band is adjacent to the aSi valence band. Thus, traps located at an energy

level near the aSi conduction band, such as the conduction band tail, may not present an appropriate

intermediate energy level to assist the transport.

In order to complete the analysis and confirm the initial hypothesis, each distribution is further

studied in the next sections.

Influence of the conduction band tail
The first object of the study is the conduction band tail. This distribution is, as its names suggest, a

continuation of the conduction band. The defects represented by the CBT are at a shallow energy

level. Typically these traps are treated as charged vacancies, as they have low perturbation in the

lattice.

As previously mentioned, the CBT is described by an exponential distribution which is defined by

its characteristic band tail density of states, NC0. In the overall distribution, the effect of increasing

NC0 is depicted in figure 4.9a. Then, simulations are carried out to study the effect of such an

increase. As a result, a minor decrease in the FF can be observed in 4.9b. In fact, by increasing the

defect concentration by an order of magnitude of 2, a decrease of 0.3% in the FF is observed.

Thus, it can be concluded that the effect of the traps in the conduction band tail is nearly negligi-

ble. In addition, it is worth noticing that the activation energy of the p-layer remains constant. This

suggests that acceptor defects near the conduction band have a negligible influence in a p-doped layer

activation energy. This phenomena can be explained by observing that the doping atoms present in

this layer (at the valence band energy level), have a stronger influence on the Fermi level position.

Influence of the valence band tail
Similar to the CBT, the valence band tail, is described by an exponential function defined by a char-

acteristic valence band tail density of states, NV 0. These defects are also shallow since they do not

cause a large disturbance in the lattice. They are treated as donor like states. Consequently, as

observed in figure 4.10a, the donor nature of the VBT defects counteract the effect of the accep-

tor doping atoms at the p-layer. Subsequently, as shown in 4.10b, increasing the density of states

of the VBT rapidly increases the activation energy of the p-doped layer, reaching up to 600 meV.

Therefore, the experiment is conducted with two doping concentrations: the original doping density

denominated as ’low NA’, and a high doping concentration denominated ’high NA’.
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Figure 4.9: a) p-doped aSi layer trap distribution, the dotted line indicates the effect of augmenting the conduction band

tail density of states (NCO ). b) Impact NCO increase in the FF of the cell. Clearly, the decrease in FF is nearly negligible.

 EC

 Ef

 EV

NV0

En
er

gy
, E

Distance, r

(a)

0.0 5.0x1021 1.0x1022 1.5x1022 2.0x1022

300

350

400

450

500

550

600

E a
,p
[m

eV
]

NV0 (eV-1cm-3)

 Low NA

 High NA

(b)

Figure 4.10: a) p-contact band diagram, illustrating the impact that the variation of the valence band tail density of states

(NV 0) has on band bending. b) Activation energy as a function of the NV 0 for different doping concentrations (NA). It is

observed that NV O decreases the band bending of the valence band, thus causing an augmentation of the activation

energy.

The same simulation approach described in the previous section is followed in this case. The

characteristic energy of states NV 0 is increased as indicated in figure 4.11a. Accordingly, the effect

of this change in the performance of the cell can be observed in figure 4.11b. Here, for low doping

concentrations, a steep decrease in the FF - down to 20% - is observed while NV 0 increases. This

is caused by the aforementioned increase in activation energy. As discussed in literature [3], the

effectiveness of the carrier collection is extremely sensitive to the activation energy. However, this

effect can be counteracted by increasing the doping concentration, for high doping concentration,

the diminution of FF accounts only for 10% as NV 0 is increased. Again, this behaviour is explained

by the activation energy change at the p-layer.
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Figure 4.11: a) p-doped aSi layer trap distribution, illustrating the effect of increasing the VBT density of states (NV 0)

with dotted lines. a) FF of the cell as a function of NV 0 for different doping concentrations. It is observed that increasing

the density of states of the VBT causes a decrease in FF.

To summarize, increasing the density of states at the valence band tail results in a rise in the

p-layer activation energy. Simultaneously, this escalation causes a worsening of the charge carrier

transport as the energy barrier increases. Consequently, the FF rapidly decreases, especially for low

doping concentrations.

Influence of the dangling bonds
The dangling bonds are generally considered as deep traps, since they are close to the midgap energy

level. They are described by the superposition of two Gaussian distributions: donor (DB+/0 and

acceptor (DB0/−) like. The Gaussian distributions are defined by the characteristic dangling bond

density of statesNdb and the energy level at which the distribution presents its peak,E+/0
DB andE0/−

DB

respectively.
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Figure 4.12: p-doped aSi layer trap distribution, illustrating the impact of b) Displacing the acceptor-like DB distribution

and a) Displacing the donor-like DB distribution. c) FF as a function of the peak energy level of the DB distributions.

Here, the FF reaches a maximum at a peak energy level ranging between 0.4 and 0.8eV.

In this section, the effect of varying the dangling bond distribution parameters on the cell per-

formance is studied. Firstly, as shown in figure 4.12a, the energy level of the peak density of states

is altered for each distribution independently. The result of this experiment is shown in figure 4.12c,

illustrating the change that the FF experiences by displacing the trap distributions. Interestingly,

the FF reaches up to nearly 85% when the acceptor like Gaussian distribution peaks at an energy

level between 0.4 and 0.8 eV. Moreover, the result obtained for the DB+/0 distribution, showed the

maximum FF at the same energy levels, however, the value reached is 7% lower than the first case.

Referring once again to the band diagram (figure 4.4a), the dangling bond peak density energy

level at which maximum FF is reached, matches with an energy level ranging from the VB band

offset to the midgap. The results therefore suggest that the traps located at that energy level assist

the charge carrier transport.
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Figure 4.13: a) p-doped aSi layer trap distribution, substituting the DB Gaussian distribution by a variable constant

distribution. b) FF as a function of the dangling bond density for different energy levels. c) FF as a function of the

dangling bond constant distribution energy level for different DB concentration. It is observed that the FF peaks at 85%

for high DB concentration at an energy level ranging from 0.5-0.6eV.

To further analyze the effect of the traps at such energy levels, a constant (neutral) trap distri-

bution, as shown in figure 4.13a, is implemented. Both the energy level and dangling bond density

are varied in this study. Consequently, the constant trap distribution is moved from 0.4eV to 0.8eV,

obtaining values from 1019 to 1022eV −1cm−3. It is worth noticing that the band tails are also im-

plemented and kept constant throughout the simulations at the values defined by SET I.

From the results in figure 4.13b, it can be observed that by increasing the defect density at an

energy level ranging from 0.5eV to 0.8eV, the FF experiences an augmentation of around 20%. The

maximum, however, occurs at an energy level of 0.5-0.6eV as shown in figure 4.13c. From the results,

the fundamental energy levels for assisting the transport at the heterojunction are made evident. In

addition, by observing the FF it can be seen that by increasing the number of traps, the performance

of the cell is enhanced.

Finally, in figure 4.14, the FF - as a function of the characteristic energy and density of defects -

is visualized. Once again, the simulation results highlight that the presence of traps at 0.5-0.6eV is
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crucial for the effectiveness of the transport at the cell.

Remarkably, by comparing the trap distribution and the band diagram energy characteristics,

it can be observed that the energy level at which the traps enhance the transport also matches the

Fermi level. Interestingly, the transport is favoured by the traps located at the energy level in which

the carrier concentration is higher.
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Figure 4.14: FF as a function of the dangling bond density and energy level. It is observed that the higher the density, the

higher the FF, peaking at an energy level of 0.5-0.6eV.

After having concluded that certain traps in aSi are not only not detrimental, but are in fact

beneficial for the carrier collection in IBC-SHJ configuration, a final question is raised: how are the

traps in aSi modified at a physical level? In the next section, some light will be shed in this matter.

aSi defect states manipulation techniques
The light-induced metastability of aSi, or so-called Staebler-Wronsky effect (SWE), is observed after

exposing aSi to light. This phenomena is described by an increase in neutral dangling bonds [7] in the

aSi layer. The SWE effect has always been considered a problem for aSi solar cells, since a decrease in

efficiency of these cells can be detected after they have been exposed to light for a prolonged period

of time. Indeed, increasing the defect density may lead to an increase in recombination current, thus,

worsening the performance of the cell.

Conversely, as proven in the previous sections, defect states at a certain energy level may en-

hance the charge collection in IBC-SHJ. Subsequently, the SWE effect may not be detrimental for

this configuration. The challenge therefore resides in how to manipulate the defect density.

Melkens et al. [69] suggests three different ways of manipulating sub gap states:

• Light soaking

• Applying a voltage bias

• Thermal annealing

In the aforementioned study, Fourier Transform Photocurrent Spectroscopy (FTPS) was used to

monitor the changes in the sub gap states while applying the aforementioned manipulating tech-

niques. It was suggested that light soaking has a considerable impact on the midgap states (0.5-0.8
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meV from the valence band). Moreover, Wronski et al. [70], reported the importance of light induced

effects at an energy level of 0.4eV below mid gap. Interestingly, the defect energy levels reported by

these studies match the energy level at which traps - in this work - have shown to enhance charge

carrier transport in IBC-SHJ.

Furthermore, Kobayashi et al. [9] reported an increase of efficiency in silicon heterojunctions

induced by light soaking. The results are summarized in figure 4.15 below:

Figure 4.15: Measured efficiency (η), FF and Voc of SHJ cells as a function of prolonged time exposure (t1−sun). Set A was

illuminated on the p-side, while set B was illuminated on the n-side. [9]

Accordingly, an hypothesis can bemade: charge carrier transport in IBC-SHJ is enhanced by light

induced defects due to an increase in the TAT current. This research line has not been developed in

this work, however, it is recommended to further study light soaking effects in IBC-SHJ.

4.4. Conclusion and discussion
This chapter discussed the TAT implementation in Sentaurus TCAD. The selection of the non-local

TAT model is justified since the IBC-SHJ presents an abrupt heterojunction. Furthermore, additional

adjustments in the mesh and aSi trap implementation are described. Besides this, the chapter aimed

to present the results obtained after the successful implementation of TAT in the model. Subse-

quently, a thorough analysis on the relevance of the TAT in the different aSi layers is carried out.

Furthermore, the effect that the trap distribution has on the transport is studied further.

In order to answer the main research question: Is TAT a dominating carrier transport mechanism

in IBC-SHJ?

The following subquestions are raised throughout the chapter:

– In which contact stack layer is TAT mechanism more relevant for the effective carrier collection?

– How do the aSi trap distribution influence the charge carrier transport?

It is concluded that the TCOhas a clear impact on themechanisms throughwhich the charge car-

riers are transported in the p-contact. This is due to the band alignment being sensitive to changes in

the TCO carrier concentration. By means of simulations, TAT was proven relevant for cases in which
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Figure 4.16: Summary of the dominant transport mechanisms in the p-contact for different values of ∆T CO. It is shown

that band-to-band tunneling dominates the transport for high ∆T CO, while TAT is relevant for lower values of ∆T CO.

∆TCO < Ep, as shown in figure 4.16. Therefore, it is concluded that TAT tunneling is dominant in

the p-doped aSi layer. Moreover, the trap distribution in the aSi shows an effect on the quality of

the transport at the heterojunction. It is observed that by increasing the trap density at the VBT, the

FF decreases. Conversely, augmenting the defect density at the dangling bonds may have a strong

positive impact on the FF. Furthermore, the effect of the trap energy level is studied, with the main

results being summarized in figure 4.17, suggesting that at a range of 0.5-0.7eV the traps greatly con-

tribute to the charge carrier transport. Finally, light is shed on aSi defect manipulation techniques,

showing that, unlike for other types of configurations, aSi light induced effects might make a positive

contribution in IBC-SHJ.
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Figure 4.17: Overview of the impact of increasing the trap density, at different energy levels, on the transport at the

p-contact. It is shown that the traps near the band offset and the Fermi level assist the charge collection.





5
Opto-electrical Calibration Results

In this chapter, the calibration of the reference IBC-SHJ cell will be developed. The purpose of the

calibration is to assess whether the model accurately describes the device physics. Firstly, the optical

calibration will be presented, followed by the electrical calibration. Furthermore, a comparison will

be made between the calibration of the model described in chapter 3 and the model (with TAT im-

plemented) used in chapter 4. In order to perform the calibration, the measured external parameters

such as EQE, reflectance (R), Jsc, Voc, FF and efficiency are compared to the ones obtained by means

of the simulation.

This chapter aims to answer the last research question: Can Sentaurus reproduce, in detail, the

opto-electrical behaviour of an IBC-SHJ with aSi and ITO contact stacks?

Note that the data provided by the reference cell (table 4.1) will be used in the simulations.

5.1. Optical calibration
The simulation approach described in chapter 3 needs calibration in order to asses whether themodel

describes the device physics in detail. To calibrate the optical parameters, the reflectance (R) curve

is used since it exclusively depends on the optical properties of the device. In addition, the measured

external quantum efficiency (EQE) is also compared to the simulation figures.

Initially, maintaining the parameters as defined in table 4.1, the simulated reflectance exhibits

a mismatch with respect to the measured curved, as observed in figure 5.1. Particularly, for wave-

lengths ranging between 300-450nm and 1050-1200nm, the difference between the curves is more

evident. As previously described in section 3.3, due to the limitations of the TMMmethod, the optical

modelling is differentiated in two ranges of wavelength. Subsequently, the calibration is categorized

in two parts, namely, ’short wavelength’ and ’long wavelength’.

5.1.1. Short wavelength
Since short wavelength photons are generally absorbed or reflected in the top layers of the cell, the

parameters that described the ARC layers need to be thoroughly adjusted. Subsequently, as the
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Figure 5.1: Simulated and measured reflectance as a function of wavelength prior to calibration.

optical properties (n&k) are provided, the ARC layers thicknesses are slightly varied.

As described in figure 5.2b, by decreasing the thickness of the SiN layer from the original value

- 75nm - the overall reflectance of the cell decreases. This effect can be explained by the destructive

interference, based on the principle that the thickness of the layer influences the wave interference,

and thus the reflectance. Accordingly, an acceptable SiN is found at 70nm.

Furthermore, the impact of varying the aSi layer is illustrated in figure 5.2a. As in the previous

simulation, it is observed that the overall reflectance increases with the thickness of the layer. In this

case, the effect is less remarkable since the thickness of aSi is an order of magnitude lower than SiN.

Consequently, the value that replicates the curve more accurately ranges between 2 to 4nm. The

value is selected at 3nm.
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Figure 5.2: Reflectance as a function of wavelength for different a) Front aSi thicknesses and b) SiN thicknesses. It is

observed that reflectance increases with the thickness of the layer.
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5.1.2. Long wavelength
Wavelengths between 850nm and 1200nm are comprised in the long wavelength category. In this

range, the model assumes that the rays that are back reflected escape the cell, thus underestimating

the long-wavelength photons scattering. As already described in section 3.3.2, a screen layer is placed

above the illumination plane to reflect back a part of the photons that themodel neglects. This screen

layer is characterized with a reflectance value R2, considered as a fitting parameter.

The effect of varying the reflectance of the screen layer is illustrated in figure 5.3. Here, the

reflectance of the cell is evaluated as a function of the wavelength for both measured and experi-

mental results. It is observed that by decreasing R2, the overall reflectance increases. The increase

in reflectance is explained by the fact that by lowering the reflectance of the screen layer, the model

lowers the probability of a primary reflected photon being reflected back to the cell. Subsequently,

based on the figures, the value of R2 that fits the measured reflectance more accurately is selected.

In this case, R2 is selected to be 0.7.
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Figure 5.3: Reflectance as a function of wavelength for different R2 values. R2=0.7 resulting in most accurate fitting for

the measured curve.

5.1.3. Optical calibration evaluation
The final optical fitting is shown in figure 5.4a, describing the reflectance and the EQE as a function

of the wavelength. Here, a comparison between the measured and the final fitting results can be

made. While the reflectance at long wavelengths is reproduced accurately, this is not the case for

short wavelengths. From 300nm to 500nm, there is a mismatch in reflectance and EQE represented

by the shaded area. Concerning the reflectance, the difference may be explained by the fact that

the reference cell has a special front texture, that is not well represented by the random pyramids

texture implemented in the model. The mismatch in EQE (0.8% of the total current), however, is

not only due to the reflectance, but also because the model underestimates additional charge carrier

generation. This discrepancy can be explained by a recent discovery - charge carrier recycling [71]

- which states that the majority of the carriers generated in the aSi layer can be injected in to the

bulk and eventually be collected. However, the simulation template only simulates the parasitic

absorption of aSi, neglecting the carrier generation in the layers. Regarding long wavelengths, a
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slight difference between the simulated curves, and the measured EQE and R, can be appreciated.

Thus, a possible interpretation of the divergence, can lie in an overestimation of the absorption in

the copper layer. As suggested by Temple [72], the absorption of a metal decrease with the size of

the particles. Subsequently, it is recommended to analyze and modify the n&k data provided by [2]

for copper.

Furthermore, the opto-electrical model used allows for estimation and quantification of the losses

related to transmittance, free carrier absorption (FCA) and parasitic absorption of the IBC-SHJ. In fig-

ure 5.4b, the breakdown of the losses as a function of the wavelength is illustrated. The contribution

of each loss is quantified by means of implied current, calculated by integrating the spectral loss with

the AM1.5 photon flux. From the results, on the one hand, it is observed that at low wavelengths,

the major loss is due to the parasitic absorption of the aSi layer, whereas SiN has a negligible effect.

Due to the aSi’s excellent absorption properties (section 2.2.2), even an extremely thin layer may have

a significant impact on the parasitic absorption. On the other hand, regarding long wavelength, a

considerable contribution to the losses is made by the p-contact stack, whereas the n-contact stack

accounts for a fourth part of that quantity. The discrepancy can be explained by means of the area

difference of both contacts, the p-contact being four times larger than the n-contact.

To conclude, the optical calibration is assumed valid from 500nm. Whereas for shorter wave-

lengths, further improvements in the model are needed in order to account the aforementioned phe-

nomena. Overall, the relative error between the simulated EQE and the measured is 2%. Thus, it is

worth noticing that since there is an underestimation of the optical generation profile, the error will

be reflected in the electrical modelling as well, obtaining a current around 2% lower than the actual.
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Figure 5.4: a)Measured and simulated EQE and reflectance as a function of wavelength. The shadowed area indicates the

mismatch between the fitting and the measured curve. b)Optical losses breakdown. Reflectance, transmittance, free

carrier absorption and parasitic absorption in the front layers as well as contact stacks.

5.2. Electrical calibration
As described in section 2.1.3, the recombination processes can be categorized as intrinsic and ex-

trinsic. Intrinsic recombination is inherent to the properties of the material, whereas the extrinsic
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recombination is subject to external variables such as quality of the wafer, passivation techniques,

etc. Therefore, the parameters characterizing extrinsic recombination, such as SRH (described in sec-

tion 2.1.3, need to be adjusted to reproduce the behaviour of the real device. Accordingly, SRH bulk

lifetime (τBulk,SRH ) relates to the quality of the wafer, while the surface recombination velocity of

the front (SRVfront), and surface recombination velocity at the interface between cSi and i-aSi in

the p-contact region (SRVp) and n-contact region (SRVn), are related to passivation quality. Thus,

these parameters are considered as variables in the following sections.

5.2.1. SRH bulk lifetime effect

Firstly, the influence of varying the bulk lifetime is studied. It is worth noticing that the lifetime

of electrons and holes is set at the same value, indicating that the traps in the cSi are located at

an intermediate energy level (section sec:shockley). Accordingly, the parameter is varied from 1 ms

to 12ms, typical values range from 3-10ms [58]. Subsequently, in figure 5.5, the impact that such

variation has on the short circuit current (Jsc), open circuit voltage (Voc), efficiency, and fill factor (FF)

is illustrated. Here, the red constant line represents the measurements reported from the reference

cell for all of the four parameters. It is observed that for none of the lifetime values, the desired short

circuit current is reached. The reason lies in the mismatch found in the optical calibration. On the

other hand, the contrary occurs to the Voc, where the reported value is achieved at an extremely low

lifetime. Regarding the FF, it suffers from a rapid decrease for lifetimes lower than 3ms. Lastly, the

efficiency decreases steadily from 12 to 5 ms, and continues to drop more steeply for lower values.

From the results it can be observed that lifetimes lower than 3-5ms make a considerable impact

on the performance of the IBC-SHJ. However, the most remarkable influence is made in the FF, since

a steep decrease is observed for low bulk lifetimes. This can be explained by the fact that charge

carriers recombine in the bulk before reaching the contact, resulting in a worsening of the charge

carrier transport and thus FF.

5.2.2. Surface recombination effect

As previously mentioned, the SRH surface recombination velocity can be divided into three cate-

gories: front surface, and cSi/i-aSi interface at the p- and n-contact regions. In order to study the

individual effect of these three parameters, simulations are conducted by varying the surface recom-

bination velocity from 0.1 to 1×106 cm/s. In figure 5.6, the impact of the SRV variation on Jsc, Voc,

efficiency and FF is described. As with the previous results, the reference cell measurement is de-

fined by the red constant line. From the figures, it is observed that the front SRV has a considerable

influence on all the parameters. However, the effect of interface recombination only starts being no-

ticeable from SRV values of more than 100 cm/s. It is interesting to note the FF trend when increasing

the front SRV, since it exhibits a minimum. This can be explained by observing that the Voc and Isc

decrease at different rates.

The final values selected for the electrical calibration are presented in the next section for two

different cases.
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Figure 5.5: Impact of varying SRH bulk lifetime in a)Short circuit current b)Open circuit voltage c)Efficiency and d)FF.
The red line represents the real device measured parameters.

5.2.3. Calibration comparison: TAT vs non-TAT
The calibration of the aforementioned parameters is done with two different approaches (referring

to table 4.16):

• Ea,p < ∆TCO, with typical high conductive TCO (∆TCO= 400meV) → Simulated with orig-

inal model.

• Ea,p > ∆TCO, with typical ITO (∆TCO= 165meV) → Simulated with Upgraded model -

TAT implemented.

In section 4.3.1, the influence of the TCO conductivity (high carrier concentration) in the FF was

studied. It was concluded that the TCO conductivity, represented by ∆TCO, has a considerable

effect on the FF. For high ∆TCO, the FF exhibits higher values than for low conductive TCO.

It is thus expected that the FF obtained by the simulation with the original model exceeds the FF

measurement retrieved from the reference cell. Indeed, under ideal recombination parameters, the

FF reaches nearly 78%, exceeding the measured parameter by 5%. Likewise, the Voc and the efficiency
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Figure 5.6: Impact of varying SRV (front, cSi/aSi interface) in a)Short circuit current b)Open circuit voltage c)Efficiency
and d)FF. The red line represents the real device measured parameters.

are also overestimated. Hence, the recombination variables need to be further adjusted in order to

reproduce the real device’s results. The fitting achieved is shown in figure 5.7a where it can once

again be observed that the short circuit current does not match by around 2% of the current, due

to the optical calibration mismatch. On the other hand, as seen in table 5.2, the values obtained for

FF and Voc adjust well to the measurements. However, to achieve that, it was necessary to select

interface SRV values that differ - by two orders of magnitude - from the typical values for passivated

surfaces (3-4cm/s), as highlighted in table 5.1. Regarding the dark JV curve, further improvements

in the fitting can be done. Here, a mismatch towards higher voltages can be observed, indicating an

underestimation of the series resistance.

Next, the calibration is conducted for the model with TAT incorporated. In this case, the ∆TCO
used is in accordance with the values reported for ITO in literature. It is worth noticing that, as

discussed in chapter 4, it is crucial to implement TAT in the model in order to have valid results for

∆TCO values below 300 meV. Firstly, ideal passivation is assumed, resulting in a lower FF than the

one reported by the previous case at higher TCO conductivity. Then, the calibration is performed by
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Figure 5.7: Measured and simulated JV curves a)Under illumination and b)Dark conditions. Fitting performed with

original model and ∆T CO=400meV.

means of figures 5.5 and 5.6. The adjustments required in this scenario are minor since the simulated

curve initially exhibited considerably similar characteristics to the measured JV.

The final JV fitting is shown in figure 5.8a, adopting the parameter values shown in table 5.1.

The ranges in which the parameters are selected are in accordance with the typical reported values

for IBC-SHJ structures. Besides this, the dark JV curve presents the same slope as the measured

curve. Consequently, it is concluded that the TCO conductivity and the TAT implementation play

a fundamental role in the modelling of IBC-SHJ structures presenting aSi contact stacks and low

∆TCO.
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Figure 5.8: Measured and simulated JV curves a)Under illumination and b)Dark conditions. Fitting performed with

upgraded model and ∆T CO=165meV.



5.3. Conclusion 57

Table 5.1: Final calibration parameters for the reference IBC-SHJ cell, for original and upgraded model.

τBulk,SRH SRVfront SRVp SRVn

Original (no TAT)

∆TCO = 400meV
>7 ms 1.5 cm/s 100 - 1000 cm/s 100 - 1000 cm/s

Upgraded (TAT)

∆TCO = 165meV
>7 ms 1.5 cm/s 0.1-10cm/s 0.1-10cm/s

Table 5.2: Comparison of measured short circuit current, open circuit voltage, FF and efficiency of the real device and the

calibrated model simulation results.

Jsc (mA/cm2) Voc (V) FF(%) Efficiency(%)

Measured 41.4 0.73 75.8 22.8

Fitting

Original (no TAT)
40.3 0.73 75.4 22.1

Fitting

Upgraded (TAT)
40.3 0.73 75.2 22.2

5.3. Conclusion
Firstly, the optical calibration was performed for short and long wavelength. Regarding the short

wavelength range, the thicknesses of the ARC layers - aSi and SiN - were adjusted to fit the measured

reflectance curve provided by the reference cell. However, it is found that further improvements can

be implemented in themodel in order to reproduce the reflectance and EQE for wavelengths from 300

to 500 nmmore accurately. Subsequently, light is shed in the possible phenomena that are responsible

for the 1% error in the fitting, such as a special front texturing and aSi charge carrier recycling. On the

other hand, for long wavelengths, the fitting parameter R2, introduced in section 3.3, was calibrated

to match the reflectance of the cell. After calibration, the simulation produced results that were

closely in agreement with the measured EQE and reflectance, with but an additional 1% error. Lastly,

it was concluded that further improvements can be implemented in the future, particularly for low

wavelengths.

Then, the electrical calibration was performed by adjusting the extrinsic recombination param-

eters - SRH bulk lifetime and surface recombination velocities of front surface and cSi/aSi interface.

Subsequently, the effect of varying these parameters on the cell performance was studied. Respec-

tively, bulk lifetime effect becomes significant for values below 3ms; front recombination velocity

considerably affects the performance of the cell from 1cm/s, and the impact of the surface recombi-

nation velocity at the interface starts being noticeable from 100-1000cm/s. By means of the these

observations, the calibration for the cell was carried out. Two approaches were taken in accor-

dance to the conclusions of chapter 4: 1) BTBT dominant (∆TCO = 400meV ) 2)TAT dominant

(∆TCO = 165meV ). The JV fitting (illuminated and dark) was obtained for both cases, conclud-

ing that the calibration values for 1), such as SRVp and SRVn, differed from typical values for such

cell configuration. Conversely, the values obtained for 2) were considered to reproduce the physical

characteristics of the device more accurately. Furthermore, the optical generation mismatch was
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accounted responsible for the underestimation of the short circuit current.

To conclude, Sentaurus can reproduce detailed opto-electrical behaviour of an IBC-SHJ cell com-

prising ITO and aSi in its structure. TAT implementation was proven necessary in order to perform

the simulations of IBC-SHJ featuring aSi contacts and low TCO carrier concentration. However,

further improvements in the optical calibration are suggested.



6
Conclusions and Outlook

In this chapter, the final conclusions of this study will be summarized. The aim is to answer the main

research questions presented in 1.1:

1. Is TAT a dominating carrier transport mechanism in IBC-SHJ?

2. Can Sentaurus reproduce in detail the opto-electrical behaviour of an IBC-SHJ with aSi and ITO

contact stacks?

Throughout chapter 2 and 3, the physics and themodelling of semiconductor devices, particularly

IBC-SHJ, were discussed. It was concluded that thermionic emission, tunneling and TAT tunneling

are charge carrier transport mechanisms in heterojunctions, and thus relevant for IBC-SHJ contact

stack -where 3 differentmaterials are present: cSi, aSi and TCO. This raises the need of understanding

the relevance of the aforementioned transport mechanisms in this type of configurations and what

the impact of the material properties is. Therefore, the subsequent study was carried out.

6.1. TAT in IBC-SHJ
In section 4, the implementation of TAT in TCAD Sentaurus was discussed. Accordingly, a range

of available TAT models in Sentaurus were outlined in section 4.1 from which non-local TAT model

was selected - due to its accuracy for calculating tunneling in abrupt heterojunctions. Such model

required further adjustments in the mesh - as described in section 4.1.2 - in order to guarantee valid

numerical results.

To answer the first research question, three sub-questions are raised:

• 1.1) In which contact stack layer is TAT mechanism more relevant for effective carrier collection?

• 1.2) How does the aSi trap distribution influence the charge carrier transport?

• 1.3) How does the aSi trap energy level influence the charge carrier transport?

After the successful implementation of TAT in section 4.3.1, the influence of the TCO and the aSi

in the carrier transport of IBC-SHJ was studied. Firstly, it was observed that the band alignment at

59
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the p-contact, was considerably sensitive to changes in TCO carrier concentration (represented by

∆TCO, figure 4.5), thus compromising the band-to-band tunneling path. Indeed, it was observed

that for good band alignments, beingEa,p < ∆TCO, BTB tunneling dominates the transport. How-

ever, for Ea,p > ∆TCO, TAT is the dominating transport mechanism. Therefore question number

1.1 was answered.

Regarding question number 1.2, it was observed that the aSi defect density affects the transport.

A study was conducted, considering each individual aSi trap distribution (described in section 2.2.2),

namely, the valence band tail (VBT), conduction band tail (CBT) and dangling bonds (DB+/0 and

DB0/−). It was observed that by increasing the trap density at the VBT, the FF decreases. Conversely,

augmenting the defect density of the dangling bonds may have a strong positive impact on the FF.

Finally, question number 1.3. was addressed, concluding that traps at an energy range of 0.5-0.7eV

over the valence band, greatly contribute to the charge carrier transport, as summarized in figure 4.17.

In addition, light is shed on aSi defect manipulation techniques [69], showing that, unlike for other

types of configurations, light induced degradation and bias voltage in aSi, might make a positive

contribution in IBC-SHJ by increasing the defects in the aforementioned energy range.

It is concluded that TAT plays an important role in IBC-SHJ carrier transport. Moreover, the study

suggests that, increasing the trap density at an energy level over 0.5-0.7eV from the valence band,

would contribute positively to the hole transport, and thus would increase FF.

6.2. Opto-electrical calibration of IBC-SHJ
The model calibration of the reference IBC-SHJ cell was discussed in order to answer the question:

Can Sentaurus reproduce in detail the opto-electrical behaviour of an IBC-SHJ with aSi and ITO contact

stacks?

Firstly, the optical calibration was performed for short and long wavelength. Regarding the short

wavelength range, the thicknesses of the ARC layers - aSi and SiN - were adjusted to fit the measured

reflectance curve provided by the reference cell. However, it is found that further improvements can

be implemented in themodel in order to reproduce the reflectance and EQE for wavelengths from 300

to 500 nmmore accurately. Subsequently, light is shed in the possible phenomena that are responsible

for the 1% error in the fitting, such as a special front texturing and aSi charge carrier recycling. On the

other hand, for long wavelengths, the fitting parameter R2, introduced in section 3.3, was calibrated

to match the reflectance of the cell. After calibration, the simulation produced results that were

closely in agreement with the measured EQE and reflectance, with but an additional 1% error. Lastly,

it was concluded that further improvements can be implemented in the future, particularly for low

wavelengths.

Then, the electrical calibration was performed by adjusting the extrinsic recombination param-

eters - SRH bulk lifetime and surface recombination velocities of front surface and cSi/aSi interface.

Subsequently, the effect of varying these parameters on the cell performance was studied. Respec-

tively, bulk lifetime effect becomes significant for values below 3ms; front recombination velocity

considerably affects the performance of the cell from 1cm/s, and the impact of the surface recombi-

nation velocity at the interface starts being noticeable from 100-1000cm/s. By means of the these

observations, the calibration for the cell was carried out. Two approaches were taken in accor-
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dance to the conclusions of chapter 4: 1) BTBT dominant (∆TCO = 400meV ) 2)TAT dominant

(∆TCO = 165meV ). The JV fitting (illuminated and dark) was obtained for both cases, conclud-

ing that the calibration values for 1), such as SRVp and SRVn, differed from typical values for such

cell configuration. Conversely, the values obtained for 2) were considered to reproduce the physical

characteristics of the device more accurately. Furthermore, the optical generation mismatch was

accounted responsible for the underestimation of the short circuit current.

To conclude, Sentaurus can reproduce detailed opto-electrical behaviour of an IBC-SHJ cell com-

prising ITO and aSi in its structure. TAT implementation was proven necessary in order to perform

the simulations of IBC-SHJ featuring aSi contacts and low TCO carrier concentration. However,

further improvements in the optical calibration are suggested.

6.3. Outlook
After the conclusions drawn from this study, several research lines are opened. It is suggested to

investigate the defect dynamics on aSi in IBC-SHJ, by conducting experiments with light soaking,

annealing and applying a bias potential.

Following the research line of this study, an analysis of the transport mechanisms in front con-

tacted SHJ can be conducted. To this end, it is recommended to investigate the influence of the TCO

carrier concentration and asi defect distribution in this configuration. Thus, enabling a comparison

of transport in SHJ for both cell architectures.

Regarding opticalmodelling, in order to avoid an underestimation of the optical generation profile

in cells featuring aSi at the front, it is recommended to include the carrier recycling effect.
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