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Introduction

The work presented in this thesis is motivated by the
decrease of the costs of photovoltaic energy. In this
chapter, I situate this work as a part of a larger horizon,
from the decrease of global warming until the following
of crystalline silicon learning curve.
The introduction of a passivation layer on the rear of
state-of-the-art crystalline-silicon solar cells is the
chosen strategy to reduce the costs of photovoltaic
energy. This layer allows the increase of the light
trapping and the decrease of the surface recombination
losses. Finally, it allows higher conversion efficiency
and the use of thinner wafers becomes possible as
well.
This thesis contains several aspects of the rearpassivated solar cell including:
•

Theoretical work,

•

Work on characterization,

•

Development of passivation technologies.

1.1

Motivation

Global warming and limited resources
Today, the anthropogenic global warming is a scientifically established phenomenom1.
The amplitude of its dramatic consequences, on vegetal, animal, human life and
civilization are still difficult to predict. The main origin of anthropogenic global
warming is the greenhouse effect2 due to the CO2 emissions, generated by modern
civilization. This civilization has very high needs of energy, which is mainly provided
by the combustion of fossil fuels (see Figure 1.1). Additionally to the global warming,
the resources of fossil fuels will probably not last longer than 50 years. The transition
from fossil to renewable energy sources is therefore necessary for the subsistence of
our modern civilization.

Figure 1.1 Global energy consumption - part of the renewable energies
(copied from ref. 3)
No solutions
The extensive use of traditional biomass and especially wood energy is critical due to
problems linked with the massive deforestation (destruction of habitat, desertification,
climate change …). Biomass becomes a non-renewable energy source without
incentive control and regulation4.
The extensive use of nuclear energy is extremely dangerous. It induces risks of
accident, nuclear proliferation, storage of nuclear waste. Additionally the slow growth
potential of nuclear energy cannot answer rapidly to the energy transition emergency.
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Solutions
The saving of energy by the reduction of energy waste and the use of energy-efficient
solutions has a high potential for a quick reduction of the energy needs. The remaining
energy that cannot be saved needs to be generated in a sustainable manner.
Renewable electricity or renewable power from wind, water and sun will probably play
the main role in a sustainable, safe and stable energy transition.
The electrical power represents a small portion of the energy use (around 20%), and
from this small portion, renewable power is lower than 20% (Figure.1.2a).
Nevertheless, renewable power resources are very large (solar energy as an example in
Figure.1.2b) with usually a diffused distribution.

Figure.1.2 (a) Share of the renewable in the global energy production
(copied from ref.3 ), (b) resource of solar energy (Source: Eco solar equipment Ltd.)
Implementation

Figure.1.3 (a) Global new investments in renewables in Billion US Dollars3 (b) Global
photovoltaic installed capacity (accumulated, copied from ref.3).
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The transition of energy production and energy sources needs massive investments in
renewable energy sources. The growing investments in the last years (See Figure.1.3)
had a visible effect on the implementation of renewable energy usage (for example
photovoltaics, Figure.1.3 b). Nevertheless, the amount of renewable energy in use is
still very small.
The lack of global political coordination caused the domination of the market-laws5
over politics. Consequently, the values of renewable energies are reduced to their
market values (how much the energy can be sold) in the logic of offer and demand.
Other values of renewables, such as ecological, social and sustainable values are almost
not taken into account on the global market. Considering this context, making the
renewable energies attractive for the energy market, would be the most efficient way to
accelerate its implementation.
It was shown, that the cost reduction of photovoltaic (PV) power has a major impact on
its implementation. In fact, crystalline silicon PV follows a 80% learning curve6 (- 20%
production cost every capacity doubling), which shows the interdependency between
cost reduction and implementation.
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Cost reduction for photovoltaic power

The actual PV production is dominated by crystalline silicon technologies (85% in
20107). The cost of photovoltaic energy (Cpv) can be written under the form,

C pv =

∑C
φ × ∏η

1.1

i

.
i

where Ci represents the cost of each part of the system, ηi is the efficiency of each part
of the system and φ is the energy flux.
Therefore, two main strategies to reduce Cpv can be identified:
•

The reduction of one or several production costs.

•

The increase of the efficiency of one or several parts of the
system.

Industrially manufactured crystalline silicon solar cells typically use p-type silicon
material. They feature on the front surface an anti-reflection coating (ARC) silicon
nitride (SiNx), a local metal front contact grid and a full-area aluminum rear contact.
The latter provides an Al-back-surface field (Al-BSF) responsible for limited electrical
rear surface passivation and poor trapping of the light.
The crystalline silicon material represents 30-40% of the final module cost. Therefore,
it is very interesting to reduce the amount of silicon necessary to cover a large area.
This can be obtained by reducing the wafer thickness. However, the efficiency of thin
solar cells is limited by surface recombination and light trapping.
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1.3

Introduction

Rear-passivated p-type silicon solar cell

The concept of rear-passivated p-type cells consist of introducing a passivation layer on
the rear surface of the solar cell and the use of local contacts for the connection to the
base. The rear passivation allows a reduction of the recombination rate at the surface. It
also acts as a mirror, reflecting the light that has not been absorbed yet, into the cell. In
Figure 1.4, the advantage of high rear reflection and low rear surface recombination
rate can be observed especially towards thin solar cells.

Conversion efficiency (%)

22
20
18
Rear reflection
70 % 90 %

16

2

Srear = 10 cm/s

14

3

Srear = 10 cm/s
4

12

Srear = 10 cm/s

0

50

100

150

Si substrate thickness (µm)

200

Figure 1.4 PC1D8 simulated conversion efficiency as a function of the silicon substrate
thickness. The parameters of the solar cell correspond to a state-of-the-art solar cell
type. For Al BSF solar cells have typically Srear ranging 0.5-2 103 cm/s, and 70% rear
reflection. For rear-passivated solar cells have typically Srear = 102 cm/s and a rear
refection of about 90%.
Rear-passivated p-type cells have been already developed in laboratories since the
1980`s9. However, until today many challenges delayed its implementation in the
industrial production (up-scaling to large area, process throughput, process cost …).
Rather than covering the subject of rear-passivated solar cells completely, this work
connects to previous work and focuses on the following aspects:
•

Analytical

modeling

of

rear-passivated

solar

cells:

The

implementation of a rear surface passivation induces the increase of the
series resistance losses due to the transition from a rear contact covering
the entire area to local rear contacts, and the reduction of the cells’
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recombination losses. An accurate calculation of the series resistance and
recombination losses is needed to predict the optimal rear contacting
design or to understand experimentally observed phenomena. In Chapter
2, an analytical model is proposed. This model covers the calculation of
the effective surface recombination on the rear and the series resistance
due to local rear contacts.
•

Characterization methods for rear-passivated locally contacted solar

cells: Photoluminescence (PL) imaging offers the possibility of high
speed and high definition, which can help understanding and analyzing
advanced solar cell structures. In order to obtain relevant information for
this type of structure, two characterization methods are proposed in
Chapter 3. The first method allows creating a map of the rear surface
recombination velocity. The second one is a method to detect metal
spiking through the rear passivation layer of solar cells.
•

The main work of this thesis has been focused on the development

of rear passivation layers and especially aluminum oxide deposited by
plasma-enhanced chemical vapor deposition (PECVD). In Chapter 4, an
industrially relevant deposition process for Al2O3 was developed,
characterized and tested on passivated rear solar cells. The PECVD
Al2O3 developed in this thesis is an innovating solution meeting the
highest standard of surface passivation that can be integrated in solar cell
manufacturing.
n-type silicon solar cell
P-type silicon substrates are typically used in the Si PV industry rather than n-type
substrates. One reason for this choice is the lack of high-quality passivation for p-type
emitters (B or Al doped). Compared to p-type cells, n-type solar cells show interesting
properties, such as a higher tolerance to impurities in low-grade silicon (for example
Fe10), and the exemption of oxygen-boron-complex degradation11.
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In Chapter 4, I apply the passivation layers initially developed for a lowly doped p-type
silicon surface to a highly doped boron emitter. It results in a very high passivation
quality, allowing an emitter saturation current density as low as 5 fA/cm2.
Advanced solar cell structures
The most efficient solar cells will be produced using the best Si material, the best
processes technology, and the most advanced structures. Interdigitated back contact
cells (IBC) offer the possibility of very high conversion efficiency on large solar cell
surfaces (Sunpower η = 24.2%12).
In Chapter 2, the theoretical models initially dedicated to rear passivated solar cells
could be extended to IBC structures conserving a relatively low degree of complexity.

2 Work on solar cell
theory

The theoretical part of this thesis starts with a review of
the basic equations in semiconductors and especially
the ones that apply to silicon solar cells.
A method, based on the separation of the vertical and
lateral transport, which solves the transport equations,
is introduced. The last allows the calculation of the
effective rear surface recombination velocity for rear
passivated solar cells. Together with the calculation of
the bulk series resistance, included in this work, the
optimization of the rear design of solar cells could be
performed.
In addition, the method developed for rear-passivated
cells was extended to the case of interdigitated-backcontact cells.
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2.1
2.1.1

Work on solar cell theory

Introduction
Generalities about transport and losses

In order to understand and optimize a solar cell the classical approach is to calculate
the losses of this solar cell. In order to evaluate the different losses in a solar cell, one
needs to understand the solar cell very well. The support of both advanced
characterization and precise theoretical calculation is necessary. Then technological
solutions can be found in order to minimize the main losses.

(Black body)

(Radiative)

(Defect)

(Auger)

Urad = Δn/τrad

USRH = Δn/τSRH

UAuger = Δn/τAuger

(Surface 1)

Sun

Optical transport
no loss of
potential

Diffusion
loss of Δn α flux

(Surface 2)
Us = S2Δn

(Generation)
V, Δn

Thermal diffusion
loss of T α flux

(Junction 1)
Δn/n0=eV/Vth

(Junction 2)
Δn/n0=eV/Vth

Conduction
Loss of V α flux

Solar cell
Rest of the world

Us = S1Δn

(Shunt)

(Circuit)
Pw = $$$

Figure 2.1 Diagram of energy flux, transport and conversion. More descriptions are in
the text below.
In figure 2.1, the energy flux, the energy transport and its conversion are represented in
a diagram. In this diagram, the arrows represent the energy flux. The colors of the areas
where the arrows are passing through represent modes of transport and therefore the
energy carrier is also different.
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For the optical transport, the energy carrier is a photon. The photons do not lose their
energy during the transport (as the energy is linked to the photon wavelength and the
photons do not change their wavelength during the transport); there is no loss of
potential energy during the transport.
For the diffusion transport, the energy is carried by the charge carriers in excess. This
mode of transport is random and the charge carriers diffuse from high to low carrier
concentration regions. The potential from which the flux is derived is the charge carrier
concentration, it is not a potential of energy. Therefore, the loss of energy during this
random transport is only due to the increase of entropy. As diffusion is a linear
transport, there is a proportional relation between the potential (carrier concentration)
and the flux between two places, and additionally the solution can be superposed. This
means that very complex transport mechanisms can be described by the addition of
simple transport mechanisms. Therefore, the transport between two terminals of a
homogeneously doped region (bulk) with Dirichlet or Neumann boundary conditions
can be written under the form of diffusion resistance equations.
For the drift transport, the energy carrier is also a charged carrier, and the energy
transported depends on the external electrical potential and the charges transported by
the carrier. The carriers are going from high to low electrical potential regions when
they are positively charged and the contrary when they are negatively charged. The
potential from which the flux is derived is a potential of energy. During this transport,
the lost energy is in fact transformed into heat. The electrical conduction is like the
diffusion a linear transport, therefore the transport between two terminals of a
homogeneously doped region (bulk) can be written under the form of resistance
equations or Ohm’s law.
The last energy transport is the thermal diffusion or more generally the heat transfer.
Many carriers exist for heat transfer: electrons, phonons, and photons. In our case, any
energy transformed into heat will be considered as lost.
The white boxes are places of energy transfer or change of transport. This place can be
one point in the solar cell or distributed on the solar cell, it can also be a surface. Most
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of the losses in the solar cells are producing heat, for this reason most of the energy
transfers are connected to a heat line.
The energy source is the sun. Its energy can penetrate in the solar cell or be reflected.
Generation of an electron hole pair mostly occurs when a photon is absorbed. The
excess carriers can then diffuse to a recombination terminal (radiative recombination, a
trap in the bulk or a trap at the surface …), to an external terminal or to the p-n
junction. Passing the p-n junction a minority carrier becomes a majority carrier and
vice-versa change the transport mode from mainly diffusion to mainly conduction. For
the conduction, the conduction in the negative and in the positive electrodes can be
separated (dashed line and plain line). The circuit should be always closed, respecting
the conservation of the charge and the neutrality. The diffusion and conduction flux
between junction 1 and junction 2 represent the fact that lateral diffusion of minority
carrier in the base can be assisted by conduction in the emitter and vice-versa. In this
case, however, the transport equations are linear on both sides of the space charge
region, the boundary condition at the junction described by Shockley’s diode law13
induces that the function describing the lateral transport of the carrier is not necessarily
a linear function.
2.1.2

Fundamental properties of semiconductors

Carrier concentration*
The carrier concentration for non-degenerate semiconductors in equilibrium can be
calculated using Boltzmann statistics14
⎛ E − Ei
n0 = ni exp⎜⎜ F
⎝ qVth

⎞
⎟ , and
⎟
⎠

2.1

⎛ E − EF
p 0 = ni exp⎜⎜ i
⎝ qVth

⎞
⎟.
⎟
⎠

2.2

*

Most of the equations of this section have been taken from the textbook of Sze 14.
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where n0 and p0 are the equilibrium electron and hole densities, ni is the intrinsic carrier
density, Ei and Ef are the intrinsic energy level and the Fermi level, respectively, the
expression of the thermal voltage is Vth = kBT / q. kB is the Boltzmann constant, T is the
temperature and q is the elementary charge. In the case of degenerated semiconductors,
the Fermi-Dirac statistics should be used instead of Boltzmann statistics.
It results in
2

n0 p0 = ni ,

2.3

where the intrinsic carrier concentration (ni) depend strongly on the temperature15,
300 K the value ni = 1.0×1010 cm-3 is used.
Under non-equilibrium conditions, there is an excess of negative and positive carriers
(respectively Δn and Δp). Eqs. 2.1, 2.2 and 2.3 allow defining the quasi Fermi level for
the electrons (φn) and for the holes (φp) that correspond to the chemical potential of
electrons and holes.
⎛ φ − Ei
n = n0 + Δn = ni exp⎜⎜ n
⎝ qVth

⎞
⎟ , and
⎟
⎠

2.4

⎛ Ei − φ p
p = p0 + Δp = ni exp⎜⎜
⎝ qVth

⎞
⎟.
⎟
⎠

2.5

The notion of quasi Fermi levels is very important in solar cells as the potential
difference between the two electrodes of a solar cell corresponds to the difference
between the quasi Fermi level of the holes were they are collected and the quasi Fermi
level of the electrons where they are collected.
Away from the space charge regions (SCR) the quasi neutrality is usually assumed16.
This induce that the excess carrier density of electron and hole can be considered has
equal (Δn ~ Δp).
Because of charges or electric fields at the surface, a different carrier concentration can
be observed at the surface of a semiconductor. Then,
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⎛ψ
ns = (n0 + Δn ) exp⎜⎜ s
⎝ qVth

⎞
⎟ , and
⎟
⎠

⎛ ψ ⎞
ps = ( p0 + Δp )exp⎜⎜ − s ⎟⎟ .
⎝ qVth ⎠

2.6

2.7

where ps and ns are the electron and hole densities at the surface and ψs is the surface
barrier.
Band gap narrowing (BGN)
For high doping concentration (> 1017 cm-3), the energy difference between the valence
band and the conduction band decreases. This phenomenon, called band gap
narrowing, is mainly due to the deformation and stress in the matrix caused by the high
concentration of atoms of a different size than Si. The BGN on silicon has been
evaluated empirically.17
2.1.3

General semiconductor transport equations

Transport equation
The current density of electron and hole respectively is given by,14

jn = qμn nξ + qDn∇n ,

2.8

j p = qμ p pξ − qD p ∇p ,

2.9

where jn and jp are electron and hole current densities (the vectors are in bold), µn and
µp are the mobilities of electrons and holes, Dn and Dp are the diffusivities of electrons
and holes, and ξ is the electrical field.
The first term of each equation is the drift term and the second term is the diffusion
term.
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Continuity equation
By counting the electrons and holes which are going in and out, appearing and
disappearing in one very small volume per very small unit of time. Therefore,14

∂n
1
= Gn − U n + ∇ ⋅ j n ,
∂t
q

2.10

∂p
1
= Gp −U p − ∇ ⋅ jp .
∂t
q

2.11

where Gn and Gp are the generation rates of electrons and holes and Un and Up are the
recombination rates of electrons and holes. It is considered that the electrons and the
holes can only be generated and can only recombine in pairs, therefore Gn = Gp = G
and Un = Up = U. Under steady-state conditions, assuming an homogenous doping
density and that the electric field outside the space charge region is weak, equations
2.10 and 2.11 reduce to14
0 = G − U + Dα ∇ 2 (Δn ) .

2.12

Where Dα is the ambipolar diffusion coefficient ( Dα = (n + p) / (n / Dp + p / Dn) )14.
Under low injection condition, Dα can be approximated to the diffusion coefficient of
the minority carriers.
The net current (j) is written14

(

)

j = j n + j p = σ ξ + q D n − D p ∇n ,

2.13

j = σ ∇(ϕ e + ϕ d ) .

2.14

Where σ is the conductivity, ϕe and ϕd are the electrical and the Dember potential,
respectively ( ϕd = n q (Dn – Dp)/σ + const. ). In most cases for solar cells the influence
of the Dember effect can be neglected18.
The current can also be expressed as a function of the quasi Fermi level (for electrons

φn and holes φp ) gradient14
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j n = μ n n∇φ n , and j p = μ p p∇φ p .

2.15

Equations 2.12 and 2.14 show the linearity of the diffusion and drift transport as it was
discussed in section 2.1.1.
Mobility19
The mobility of the charge carrier is linked to its diffusion coefficient through the
Einstein relation μn Vth = Dn . It depends on doping and carrier concentrations and on
temperature; the mobility can be also increased or decreased in some direction by
stressing the semiconductor.
2.1.4

Generation and recombination in the bulk of the semiconductor

Generation and radiative recombination14
For direct-band-gap semiconductors the generation processes need the intervention of
an electron and a photon. The energy of the photon needs to be higher than the band
gap energy in order to allow the absorption of the photon.
For indirect-band-gap semiconductors the generation processes need the intervention of
an electron, a phonon and a photon. The intervention of the phonon is necessary in
order to give the electron the momentum necessary to reach the conduction band. In
order that a photon can be absorbed, the sum of the photon and phonon energy needs to
be higher than the band gap.
As the probability of a two particles interaction is much higher than the probability of a
three particles interaction, the absorption coefficient for a direct bang gap is usually
higher than for an indirect band gap. Silicon has an indirect band gap at 1.21 eV but
has a direct band gap ~ 3.3 eV.
The energy is absorbed by a valence band electron, allowing the transfer of the electron
from the valence band to the conduction band generating an electron hole pair, called
exiton. For silicon at room temperature, the exiton splits spontaneously in an
independent excess electron and an excess hole. The excess electron and hole reach
rapidly the energy of the conduction and the valence band edge, respectively, this
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process is called thermalisation. During thermalisation, the excess of energy is
dissipated into heat.
The photon absorption and resulting generation in a solar cell can be described by the
absorption coefficient (α) that mainly depends on the wavelength (λ) and the
temperature. Ignoring internal reflection, the generation rate at the depth x can be
approximated,
G = dλ φ ph (λ ) × (1 − R (λ )) × α (λ )exp (− α (λ ) x ) ,

∫

2.16

where φph is the incident photon flux, R is the reflection coefficient.
Radiative recombination is the inverse process to generation. Therefore, radiative
recombinations are much more unlikely for indirect-band-gap semiconductors than in
direct-band-gap semiconductors.
We have,
U rad =

Δn

τ rad

= Rrad × pn .

2.17

where Urad is the radiative recombination rate, τrad is the radiative recombination
lifetime and Rrad is a radiative recombination coefficient.
Auger recombination
Auger recombination corresponds to the simultaneous energy transfer of an electron
from the valence band edge to a lower energy level or from the conduction band edge
to a higher energy level allowing a recombination (the energy transfer of an electron
from the conduction band to the valence band). In this work, a parameterization is used
in order to evaluate the maximum carrier lifetime (τlim) that takes into account the
Auger and radiative recombination.20
Shockley Read Hall recombination (recombination assisted by traps)
The rate of recombination assisted by a trap (USRH) in the band gap is described by the
Shockley Read Hall (SRH) statistics,21

26

Work on solar cell theory

U SRH =

(

2

)

vth N t pn − ni
[n + n1 ]/ σ p + [ p + p1 ]/ σ n ,

⎛ E − Ei
where n1 = ni exp⎜⎜ t
⎝ qVth

2.18

⎞
⎛ E − Et
⎟ and p1 = ni exp⎜ i
⎟
⎜ qV
th
⎠
⎝

⎞
⎟.
⎟
⎠

2.19

Nt is the density of traps, Et is the energy of the traps, Vth is the thermal voltage and νth
is the thermal electron velocity.
For a continuum of traps like for surface recombination,22

∫

U s = dEt

(

)

vth N t (Et ) × p s ns − ni
[ns + n1 (Et )]/ σ p (Et ) + [ ps + p1 (Et )]/ σ n (Et ) .
2

2.20

The most recombination active traps are situated close to the middle of the band gap
(deep level traps), the approximation following approximation is found often in the
literature,

Us =

(

)

vth N t (Ei ) × p s ns − ni
[ns + ni ]/ σ p + [ ps + pi ]/ σ n .
2

2.21

The surface recombination velocity is then

S = U s Δn .

2.22

Excess carrier lifetime
The effective carrier lifetime (τeff) can be measured in a sample depends on the
recombination in the bulk of a material and at the surface and from the transport of the
carrier to the different surfaces. For a slice of silicon (wafer) with a homogeneous bulk
lifetime (τbulk) and the same surface recombination velocity on both surfaces (S), and
considering that Δn is homogenously distributed,
W

Δn

∫ dz U (z ) = τ
0

bulk

W + 2SΔn =

Δn

τ eff

W , it follows

2.23
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1

τ eff

=

1

+

τ bulk

27

2S
.
W
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where W is the wafer thickness. This equation is only valid when both surfaces (front
and rear) have the same surface recombination velocity and when the carrier density is
almost homogenous. Practically, this will be obtained for an homogenously doped
wafer, passivated symmetrically on both surfaces, with an effective diffusion length
(Leff = (τeff Dn)1/2) higher than the wafer thickness.
The bulk lifetime is a contribution of the Auger (τAuger), the radiative (τrad) and the SRH
recombination,14

1

τ bulk

=

1

τ rad

+

1

τ Auger

+

1

τ SRH

+ ... =

Dn
Ldiff

2

.
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The recombination in the bulk can also be described by the diffusion length (Ldiff).
2.1.5

Boundary conditions

At the edges of the space charge region (junction)13
At the edges of the space charge region the following equation applies on the p-side of
the junction

(

)

n = n0 exp V pn / Vth ,

2.26

on the n-side of the junction

(

)

p = p 0 exp V pn / Vth ,

2.27

where Vpn is the potential difference at the junction.
On a recombinative surface
On a recombinative surface, the flow of electrons and holes normal to the surface that
is equal to the recombination rate14
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j p ⋅ u z = − j n ⋅ u z = qS × Δn .

2.28

Therefore the net current is zero, as it was discussed in section 2.1.1.
On a contact
In this thesis, the conduction in a metal is suppose to be very high compared to the one
in the semiconductor. Therefore, for low contact resistance, the electrical potential does
not vary on short distances. It yield that, the boundary condition on the contacts is a
constant electrical potential.
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Problem of locally contacted passivated rear solar cells
Introduction

Figure 2.2 Schematic of a locally contacted, rear passivated solar cell. An analytical
model can help to find the compromise between the rear surface passivation and the
rear series resistance. ARC stands for antireflection coating.
The next generation of high-efficiency industrial solar cells will probably exhibit a
structure with a passivated rear surface. This structure allows an increase in the shortcircuit current density and open-circuit voltage and facilitates the use of thinner
wafers9. The development of such a structure thus would save material costs while
increasing solar energy conversion efficiency. Rear-surface-passivated solar cells
exhibit a two-dimensional structure at the back, composed of a contact area and a
passivated area. Laser-fired contacts23 (LFC), laser ablation and other industrial
processes consisting of creating a local opening of the passivation layer offer
industrially-feasible solutions for the application of a passivated structure in large-scale
production. Active research is in progress in order to develop suitable passivation
layers. Thermal oxide and hydrogenated amorphous silicon (a-Si:H) provide high
passivation quality on p-type and n-type silicon surfaces24. These passivation layers
have already been successfully applied to silicon solar cells25,26. Recently the
development of aluminum oxide (Al2O3, see Chapter 4) passivation layers opened
promising routes for industrial solar cell applications. Besides technological solutions,
the design of the back contact needs to be optimized, supported by device modeling.
Usually, the surface recombination velocity (SRV) at the contacted area is much higher
than the SRV at the passivated area. Therefore, increasing the contact area increases
the recombination losses, while decreasing the contact area increases series-resistance
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losses. The optimization of the contact design should minimize the overall losses,
including both recombination and series-resistance losses. The optimal design will be
obtained for the highest power at the maximal power point and therefore the highest
conversion efficiency.
The calculation of solar cell efficiencies can be obtained by two-dimensional or threedimensional finite elements simulation (FEM) , depending on the design symmetries27.
However, this approach is quite long and requires the work of experts, while analytic or
empiric models allow a simple and fast calculation of optimal design for solar cell
application.
Separation of the front and rear patterning
Due to front and rear contacting of this type of solar cells, inhomogeneity on
recombination and carrier transport will be introduced. In this part, the problem of the
rear surface contacting is treated separately from the front surface contacting. Before
starting with this approach, the problem can be formulated under the form of questions:
•

How do the inhomogenities induced by the front and the rear

interact with each other?
•

Is it possible to treat the problem of the front and the rear patterning

separately?
Thinking about the nature of the inhomogeneity, there are first the front and the rear
structural inhomogenities, with local contacts, local recombination centers, and local
shading. These structural inhomogenities induce inhomogenities in the electrical
behavior of the solar cell that could be described as a cycle:
•

The inhomogeneously collected current combined with the series

resistance => inhomogeneous voltage at the junction,
•

inhomogeneous voltage at the junction => inhomogeneous excess

carrier density => inhomogeneous recombination current,
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inhomogeneous recombination and illumination current =>

inhomogeneous collected current.
In order to solve this cycle all the steps of the cycle need to be treated together as they
are inter-dependent. However, it is possible to separate one cycle for the front surface
and one for the rear surface under certain conditions.
Practically in most of the solar cell realizations the front and rear patterning are not
aligned and the spatial frequency of the front and rear contacts should be non-harmonic
functions. The position of the front contact has definitely an influence on the
distribution of the electrical potential in the bulk. However, it can be considered that
the front contact can take any position relative to the rear contact, with the same
probability. Additionally as the diffusion and the drift can be described considering
linear differential equations, the solution for the solar cell will be the sum of all the
solutions weighted by their probabilities. This solution is also the solution of the
system applying as boundary conditions the sum of the boundary conditions weighted
by their probabilities. In other words, the overall influence of the front contact
patterning with reference to the rear contact will be homogeneous, and vice versa.
2.2.2

Treating the problem with minority and majority carrier separately

It was established in section 2.1.1, that the linearity of the lateral transport in the solar
cell can be affected by the contribution of both emitter and base simultaneously. In the
analytical models developed in the next sections (excluding this section), the solar cell
will be considered to be three dimensions (3D) in contrast to most of the models that
consider the solar cell one dimensional. Unfortunately, it is very difficult to solve
analytically the 3D transport equations in the bulk considering the influence of the
transport in the emitter, for this reason, more simple boundary conditions at the
junction are considered:
•

As the lateral transport of the bulk’s minority carriers is much more

efficient in the emitter as in the bulk, it would be preferable to consider
that the lateral minority carriers’ density is homogeneous at the junction.
This can serve as the emitter boundary condition for the calculation of
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the minority carrier transport (section 2.2.3). The same hypothesis has
been already used in the analogy presented by Fischer28.
•

In the emitter, the lateral transport of the bulk’s majority carrier is

completely negligible; it would be preferable to consider that the net
current crossing through the junction is homogeneous laterally. This can
serve as the emitter boundary condition for the calculation of the
majority carrier transport (section 2.2.4). The same hypothesis has been
already used in the analytical model of Green et al.29 and several
numerical simulations30,31.
Before using these hypotheses, their range of validity needs to be defined. Three
interactions are considered between the bulk and the emitter; they are defined as three
separated problems:
•

Problem 1: When there is lateral inhomogeneity in the carrier

lifetime, the excess carrier density tends to be inhomogeneous. In this
case, the emitter transports laterally minority carriers of the bulk in order
to compensate the lateral excess carrier inhomogeneity. In which
conditions is this transport affected by resistance losses in the emitter?
•

Problem 2: The series resistance of the bulk induces a lateral

potential decay in the bulk. As the potential difference at the junction is
related to the excess carrier density, this inhomogeneity will influence
also the homogeneity of the effective recombination. How much does the
bulk series resistance influence the effective lifetime?
•

Problem 3: The inhomogeneity of the recombination can influence

the homogeneity of the net current that is collected at the junction. How
much can these inhomogenities influence the series resistance in the
bulk?
Let us consider the same system for the three problems. Let us have a very thin solar
cell with a homogeneous emitter resistivity of ρe and a bulk resistivity of ρb. At the
origin of the position, there is a rear contact present from x = 0 to x = a, the limit of the

Work on solar cell theory

33

system is defined at x = p, the metal fraction is designated by f (f = a / p for line
contacts, f = a2 / p2 for point contacts), for line contacts the length of the lines is L. On
the contact, the local diode saturation current is j0c, on the rest of the wafer the local
diode saturation current is j0p. jlum represents the current that is generated. On the
contact area, the potential is zero, on the rest of the bulk the potential is Vb, a function
of x. The local current flowing in the bulk is Ib. On the side of the emitter, the local
potential is Ve and the local current is Ie. The current collected at each point of the
junction is jcol and the average of the collected current on this solar cell is called jout. In
this section, only the calculations for the line contacts are detailed and the results for
point contacts are just given.
emitter (Ve(x), Ie(x), ρe )

junction (jcol(x) )
0

a

base contact
(Vb=0, j0c)

p

base (Vb(x), Ib(x), ρb )

Passivation
(j0p)

Figure 2.3 Schematic of the solar cell model used in this section.
The equation for the current at each point is,

⎛ ⎛ V (x ) − Vb (x ) ⎞ ⎞ ⎧ j0c if x < a
⎟ − 1⎟ × ⎨
jlum = jcol + ⎜ exp⎜⎜ e
⎟ ⎟ j if a < x < p ,
⎜
Vth
⎠ ⎠ ⎩ 0p
⎝ ⎝

2.29

In the bulk,
p

∫

I b (x ) = − L dt jcol (t ) ,

2.30

x

Vb = −

ρb
L

x

∫

dtI b (t ) .

2.31

a

On the side of the emitter, it is more complex, as the contact is not localized. In this
case, the only lateral current flowing in the emitter is the difference between jcol and
jout. In fact, only the current flowing from a low recombination region to a high
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recombination region is interesting for treating the transport that affects the rear of the
cell. In the emitter,
x

2.32

∫

I e (x ) = L dt ( jcol (t ) − jout ) ,
0

Ve = −

ρe
L

x

∫

2.33

dtI e (t ) + V .

0

Unfortunately, this set of equations could not be solved because of the presence of the
exponential. However it is possible to simplified the exponential for the case of low
variation of the electrical potential in the emitter. This approximation will be used in
order to solve the problem 1 to 3.
Problem 1
In this problem, the influence of the emitter sheet resistance on the effective dark
saturation current density is studied, for the case of inhomogeneous recombination.
To start, the hypothesis Ve (x) = V everywhere is made. Then, a first effective diode
saturation current (j0eff) independent from the emitter sheet resistance is calculated,
⎛

p

0

j 0eff =

⎛V ⎞ ⎞
⎟ − 1⎟
⎟ ⎟
th ⎠
⎠

∫ dx j ⎜⎜⎝ exp⎜⎜⎝ V
0

2.34
⎛
⎛V
dx⎜ exp⎜⎜
⎜
⎝ Vth
0
⎝
p

∫

⎞ ⎞
⎟ − 1⎟
⎟ ⎟
⎠ ⎠

= f × j 0c + (1 − f ) × j0b .

In a second step, the equations of the last paragraph (Equation 2.29 to 2.33) are used to
determine Ve,

(

)

(exp(V / Vth ) − 1) j0c − j0p ( p − a ) 2 2
⎧
V − ρe
a − x if x < a
⎪
⎪
2p
.
Ve = ⎨
(exp(V / Vth ) − 1) j0c − j0p a
⎪V + ρ
(
x − a )(2 p − a − x ) if a < x < p
e
⎪⎩
2p

(

)

(

)

2.35
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The deviation of j0eff (Δj0eff) considering a junction potential difference of V and Ve can
be written,
2.36

Δj0eff

⎡p
⎤
⎛
⎞
⎢ dx j ⎜ exp⎛⎜ Ve (x ) ⎞⎟ − 1⎟
⎥
0⎜
⎜ V ⎟ ⎟
⎢
⎥
th
⎝
⎠ ⎠
⎝
⎥ − j0eff
= ⎢0
p
⎢
⎛
⎛ Ve (x ) ⎞ ⎞⎥
⎢
⎟ − 1⎟⎥
dx⎜ exp⎜⎜
⎜
⎢
Vth ⎟⎠ ⎟⎠⎥
⎝
⎝
0
⎣
⎦
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Δj 0eff

⎡p
⎢ dx j exp⎛⎜ Ve (x ) − V
0
⎜ V
⎢
th
⎝
0
⎢
≈
⎢
⎢
⎢
⎣

∫

∫

∫

⎞
⎟
⎟
⎠

⎤
⎥
⎥
⎥ − j 0eff
p
⎛ Ve ( x ) − V ⎞ ⎥
⎟⎥
.
dx exp⎜⎜
Vth ⎟⎠⎥
⎝
0
⎦

∫

In order to continue the solving with a descent length for the equation, exp([Ve(x) V] / Vth) is simplified into 1 + (Ve(x) – V) / Vth. This is possible, considering that only
small voltage variations occur, within the maximum deviation (ΔVmax). The voltage
(Ve – V) being lower than Vth,

(

)

ΔVmax = ρ e (exp(V / Vth ) − 1) j 0c − j 0p f ( f − 1)

2

p2
.
2
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Using the same method, ΔVmax is calculated for point contacts,

(

)

(

(

ΔVmax = ρ e (exp(V / Vth ) − 1) j 0c − j 0p f f − 1 + 2 ln 1 / f

)) p4

2

.

2.39

The criterion is that the maximal deviation of the junction voltage is lower than Vth,
ΔVmax / Vth < 1 .

2.40

In Figure 2.4, examples of solar cells are presented, for point and line contacts. Please
note that the criterion (Eq. 2.40) is fulfilled for most of the cases at the maximum
power point but not necessarily close to Voc.
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0.015
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0.025

0.015
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j0c/j0p = 100
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2
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0.6

(b)
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0.000
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Figure 2.4 Maximal voltage deviation as a function of the solar cell voltage for
line contact (a) and for point contact (b). Different solar cell parameters are used. It
can be notice that in most of the cases ΔVmax is lower than Vth for voltages lower than
the maximum power point. Close to Voc the deviation increases. p is the distance
between two contacts and f is the fraction of metal on the rear surface.
In the case, that ΔVmax is lower than Vth equation 2.37 can be simplified to

Δj0eff

⎡p
⎛ V (x ) − V
⎢ dx j0 ⎜⎜1 + e
Vth
⎝
≈ ⎢0
⎢
⎢
⎣⎢

∫

⎤
⎥
⎥− j
⎛ Ve (x ) − V ⎞⎥ 0eff
⎜
⎟
dx⎜1 +
⎟⎥
Vth
⎝
⎠⎦⎥
0

⎞
⎟
⎟
⎠p

∫

2.41

,

for linear contacts,

[

Δj0eff ≈

(f

⎧ ( f − 1) f
⎪⎪
⎛V
⎨⎛⎜
⎪⎜ exp⎜⎜
⎝ Vth
⎩⎪⎝

)]

)(

j 0c − ( f − 1) 2 j0p j 0c − j0p ×⎫
⎪⎪
⎞ ⎞ 2
⎬ + j 0eff
1
⎟ − 1⎟ p ρ e ×
⎪
⎟ ⎟
3Vth
⎪⎭
⎠ ⎠
− j 0eff
⎧ f 2 f 2 − 3 f + 1 j0c − j 0p ×⎫
.
⎪⎪
⎪⎪
+1
⎛V ⎞ ⎞ 2
⎨⎛⎜
⎬
1
⎟ − 1⎟ p ρ e ×
⎪⎜ exp⎜⎜
⎪
⎟ ⎟
3Vth ⎪
⎪⎩⎝
⎝ Vth ⎠ ⎠
⎭
2

[(

In addition, for point contacts,

)(

)]
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(

(

)

(

)

[

(

(

)
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)]

-0.4
Relative deviation of the effective
dark saturation current density Δj0eff / j0eff

)]

⎧ ( f − 1) f f × j0c + (3 − f ) j0p + 4 f × j0p ln 1 / f ×⎫
⎪⎪
⎪⎪
⎛
⎨
⎬ + j0eff
⎛V ⎞ ⎞ 2
1
⎜
⎟
⎪ j0c − j0p ⎜ exp⎜⎜ ⎟⎟ − 1⎟ p ρ e ×
⎪
8Vth
⎪⎩
⎪⎭
⎝ Vth ⎠ ⎠
⎝
− j0eff
≈
⎧ 3( f − 1) f + 4 f ln 1 / f ×
⎫
⎪⎪
⎪⎪
⎛
⎨
⎛V ⎞ ⎞ 2
1 ⎬ +1
⎜
⎟
⎪ j0c − j0p ⎜ exp⎜⎜ ⎟⎟ − 1⎟ p ρ e ×
⎪
8Vth ⎪
⎪⎩
⎝ Vth ⎠ ⎠
⎝
⎭
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Figure 2.5 Relative deviation of the dark saturation current density as a function of the
solar cell voltage for line contact (a) and for point contact (b). Different solar cell
parameters are used. It can be notice the effect under study is not negligible, especially
close to Voc and for a point contact structure. p is the distance between two contacts
and f is the fraction of metal on the rear surface.
Using the equations above, one can determine the deviation of the equivalent dark
saturation current due to the series resistance in the emitter. The results are plotted for
the five solar cell examples in Figure 2.5. This effect is not negligible when the voltage
of the solar cell approaches the open circuit voltage. This effect seems also to be
stronger for point contact solar cells. When the deviation of the effective dark
saturation current density exceeds 10 % at the maximal power point, the influence of
the series resistance in the emitter should definitely be considered. The model given
here could be also used to correct existing models that do not consider this effect.
As noticed the strength of this effect varies with the working point of the solar cell,
therefore influence on the fill factor would be expected.
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Problem 2
In this problem, the influence of series resistance in the bulk on the effective dark
saturation current density is studied. Indeed, the increase of the potential at the edges of
the junction can influence the recombination rate and therefore the dark saturation
current density.
To start, the hypothesis Vb (x) = 0 everywhere is made. Then, considering the current
supposed to flow in the base, Vb can be evaluated,
As mentioned before, from the hypothesis that Vb (x) = 0,
0 if x < a
⎧
⎪
2
Vb = ⎨
( (
) ) (a − x ) if a < x < p .
⎪⎩ ρ b j lum − j 0p exp V / Vth − 1
2

[

2.44

]

For the following, the same method as for problem 1 was used. The maximum of
deviation (ΔVmax) of Vb that is obviously situated at the edge of the structure for x = p,

[

]

ΔVmax = − ρ b jlum − j0p (exp(V / Vth ) − 1) ( f − 1)

2

p2
.
2
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ΔVmax is calculated for point contacts,

[

](

(

ΔVmax = − ρ b jlum − j0 p (exp(V / Vth ) − 1) f − 1 + 2 ln 1 / f

)) p4

2

.

2.46

As for problem 1, the criterion is that the maximal deviation of the junction voltage
does not exceed Vth,
ΔVmax / Vth < 1 .

2.47

The deviation of the junction voltage is maximal for V = 0, which corresponds to short
circuit conditions. In Figure 2.6, the maximum voltage deviation is plotted as a
function of the base series resistance. A typical maximum series resistance in a solar
cell that allows descent fill factors (~78 %) would be 1 Ω cm. In most cases, the main
parts of series resistance losses occur due to the front contacts. Therefore, a maximum
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acceptable series resistance for the rear would be 0.3 Ω cm, in this case the maximum
deviation for the voltage is under Vth.

Maximal voltage deviation ΔVmax (V)

0.030
Thermal voltage maximal limit for ΔVmax

0.025
Line contact
f=3%
Point contact
f=1%

0.020
0.015
0.010
0.005

ρb = 100 Ω / sq.
2

jlum = 40 mA / cm

0.000
0.0

0.1

0.2

0.3

0.4

2

0.5

Series resitance of the base Rs (Ω cm )

Figure 2.6 Maximal voltage deviation ΔVmax as a function of the series resistance in the
base for line and for point contacts, when the solar cell is under short circuit condition.
Based on the calculations of problem 1 (Eq. 2.41), Δj0eff can already be written under
the simplified form

Δj0eff

⎡p
⎤
⎛ V (x ) ⎞
⎢ dx j0 ⎜⎜1 − b ⎟⎟
⎥
Vth ⎠
⎥− j
⎝
≈ ⎢0
p
⎢
⎛ Vb (x ) ⎞⎥ 0eff
⎟⎥
dx⎜⎜1 −
⎢
Vth ⎟⎠⎥⎦
⎢⎣
⎝
0

∫

2.48

∫

After calculation, for linear contacts and point contacts,

Δj0eff

⎡ ⎛
⎤
⎛
⎛ V ⎞ ⎞⎞
j0p × ⎢ Rs0 ⎜ j lum − j0p ⎜ exp⎜⎜ ⎟⎟ − 1⎟ ⎟ / Vth ⎥ + j0eff
⎜
⎟
⎢ ⎜⎝
⎥
⎝ Vth ⎠ ⎠ ⎟⎠
⎝
⎣
⎦
≈
− j 0eff
⎛
⎛
⎞⎞
⎛
⎞
V
⎜
⎟
⎜
⎟
⎟ − 1 / Vth + 1
Rs0 j lum − j0p exp⎜⎜
⎟ ⎟
⎜
⎜
⎝ Vth ⎠ ⎠ ⎟⎠
⎝
⎝

2.49

where Rs0 is the series resistance in the bulk, its expression is given in the next section.
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Using the equation above, one can determine the deviation of the equivalent dark
saturation current due to the series resistance in the base. The results are plotted in
Figure 2.7. This effect is not negligible when the series resistance in the bulk increases.
However, the model given here could be also used to correct existing models that do
not consider this effect.
As for the last problem, the strength of this effect varies with the working point of the
solar cell. Therefore, it would be expected that these effects also influence the fill
factor.
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Figure 2.7 Relative deviation of the dark saturation current density as a function of the
series resistance in the base. An overview picture of the behavior of the function (left)
and a zoom in on the relevant series resistance range for solar cell applications (right)
is given.
Problem 3
In this problem, a criterion from which the series resistance in the bulk begins to be
influenced by the inhomogeneity of the current collected is intended to be defined.
First, the series resistance is calculated supposing that there is no influence of the
inhomogeneous current collection (jcol = jout everywhere). Then, the series resistance is
calculated again considering jcol as a function of the position.
We calculate the series resistance (Rs0) supposing that there is no inhomogeneity in the
collected current for linear contacts,
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p 2 ( f − 1)
.
3
3

2.50

And for point contacts29,
Rs0 = ρ b

(

(

))

p2
f − f 2 / 4 − 3 / 4 + ln 1 / f ,
2

2.51

Then the series resistance (Rs1) is recalculated considering the inhomogeneity in the
collected current, the quotient between Rs1 and Rs0 can be written in the same form for
line and point contacts,
2

Rs1
j out
.
=
2
Rs0
j lum − j 0p (exp(V / Vth ) − 1)

(

2.52

)
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Figure 2.8 Ratio of the series resistance Rs1 / Rs0 as a function of the solar cell voltage
from Eq. 2.52
In Figure 2.8, the ratio of the series resistances depends on the solar cell voltage,
however close to the maximum power point the deviation is still lower than 10%. Close
to the open circuit voltage the series resistance goes to zero, this effect of reduction of
the series resistance is extreme in this very simple model; however, it represents an
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effect that is very likely. Indeed for a working point close to the open-circuit condition
most of the current in the solar cell recombines, when a small part of the current is still
flowing this current is probably coming from a local place close to the contact. As
around the contact, the local voltage would be slightly lower and therefore the
recombination would also be reduced, allowing a small current to flow to the contact
with a reduced series resistance.
Conclusion
By studying these three problems, it was noticed that the transport of the majority and
minority carriers is linked through the junction. These effects on the dark saturation
current and on the series resistance cannot be always neglected. The analytical study
performed in this section is valid for low lateral variations of the junction potential. It
provides the formulas to evaluate the validity of this hypothesis and gives the
possibility to apply corrections aiming to consider these effects.
In most of the cases, these effects depend on the working point of the solar cell.
Therefore these effects have very probably a strong influence on the fill factor of the
solar cell.
Here the three effects have been treated separately, in order to simplify the resulting
formulas and give a clear understanding of each effect. However, the interaction of
these effects might be also important. Therefore, more investigations should be made in
order to treat cases where these effects influence simultaneously the behavior of the
solar cell.
Finally, the area of application of boundary conditions that were announced in the first
paragraph of this section could be defined:
•

The minority carrier density is homogenous at the junction.

•

The net current crossing through the junction is homogenous

laterally.
These boundary conditions will be used in the next sections for the solving of the
minority and majority transport equation in three dimensions.
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Minority carrier transport in the base

Introduction
The recombination losses can be calculated by two- or three-dimensional finite
elements simulation, depending on the design symmetries32. However, this approach is
quite long and requires the work of experts, therefore the evaluations of recombination
losses thanks to a simplified theoretical model can save time without compromising
significantly the results’ accuracy.
Rau33 solved the transport equations using Fourier transform method for PERC solar
cells. However, the given solution still requires a complex numerical integration.
Therefore, this model has not put into widespread use. Fischer28 introduced a solution
of a simplified model using an analogy with spreading resistance problem. The
equation, which is quite simple, was quickly used for design optimization of rear side
contacts. Plagwitz and Brendel34 extended Fischer’s model for calculating the
recombination on the passivation layer by using an analogy with the complementary
spreading resistance for the passivated area. These two models consider the
recombination on the passivated area and on the metalized area separately, neglecting
the influence of one area on the other.
In this section, an analytical model of the recombinations on the back of locally
contacted solar cells was developed. In this approach, the vertical transport and the
lateral transport of the minority carriers are treated separately using the superposition
of a model in one dimension for the vertical transport with a model in three dimensions
for the lateral transport. The three-dimensional model is solved using the formal
analogy with the equations describing the spreading resistances. This model is not
restricted to dark conditions and includes the interaction between the passivated and the
metalized area.
Model for the solar cell
Solar cells are optical and electrical devices; the optical device influences the electrical
device by a carrier generation profile. Low injection level conditions are supposed to
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be valid. However, all the equations derived below can be changed to high injection by
using the ambipolar diffusion (Eq. 2.12).
The solar cell is represented by an infinite layer of semiconductor, here assumed to be
p-type, but the same calculation holds for n-type. The thickness of this layer is W. The
surfaces of the layer are parallel to the plane (0,x,y) and the z axis is normal to the
silicon layer. The generation rate G(z) is supposed to be known, and to be a function
that solely depends on z. On the top of the p-type layer, a thin n-type layer that serves
as the emitter can be fined.
Reduction of the 3D problem in 1D, definition of Seff
Imagine a volume of the described solar cell model that crosses the silicon wafer from
the top to the bottom with side borders normal to the surface. This volume, which is
called the unit cell, is chosen so that no current is flowing in or out from the sides (see
Figure 2.9).

Figure 2.9 Schematic drawing of the device and two parallel surfaces were Gauss’s
law is applied.
The conservation of the excess carriers applied between two horizontal surfaces (A) of
the unit cell separated by e1 can be written as,

∫∫
A

j n (z + ε 1 ).ds −

∫∫

j n (z ).ds = q

A

That can also be written as,

z +ε1

∫ ∫∫ G − U ds dz
z

A

.

2.53
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− Dn
A

⎛ ∂n

∂n
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z +ε 1

⎞

z +ε1

1

Δn

∫∫ ⎜⎝ ∂z ( z + ε ) − ∂z ( z) ⎟⎠ds = ∫ G dz − A ∫ ∫∫ τ
A

z

z

A

2.54

ds dz .

1

bulk

ε2 is introduced, infinitesimally small, from the definition of the derivation,
− Dn
A

∫∫

n( z + ε 1 + ε 2 ) − n( z + ε 1 )

ε2

A

ds −

∫∫
A

n( z + ε 2 ) − n( z )

ε2

ds = G( z )ε 1 −

Δn
τ bulk

z

ε1 .

2.55

Then,
n( z + ε 1 + ε 2 ) − n( z + ε 1 )

ε2

− Dn

ε1

−

2.56

n( z + ε 2 ) − n( z )

ε2

= G( z ) −

Δn
τ bulk

.

f (z ) is the mean value of the scalar field f over the horizontal plane of the

Where

unit cell with the altitude z. ε1 can be chosen infinitesimally small, hence ε1 and ε2 are
infinitesimally small, therefore,
∂ 2 Δn

z

∂z 2

=

Δn
Ldiff

z
2

−

G( z ) .
Dn

2.57

The 1D equation of the solar cell applied to the mean value of the excess carrier can be
recognized. Thus, knowing Seff at the back, the equation of the mean value of carrier
density can be solved in one dimension. Consequently, to Eq. 2.57, Seff can be defined
likewise by
S eff = −

jn ⋅ u z
q Δn

z =0

.

2.58

z =0

where uz is the unite vector for the z axis. In the next paragraph, Seff will be calculated.
Knowing Seff would be sufficient to solve the problem with a one dimension (1D)
analytical model or a 1D device simulation tool like PC1D35.
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Superposition of the 1D with a 3D model

The consideration of the last section allows us to solve separately 1D and the 3D
behavior of the solar cell. Δn1D solve the 1D equation 2.57, Δn1D = Δn z , then
2.59

∂ 2 Δn1D Δn1D G ( z )
.
=
−
2
Dn
∂z 2
Ldiff

This equation can be subtract from the original 3D equation (Eq. 2.12) and obtain,
∂ 2 (Δn − Δn1D ) ∂ 2 (Δn − Δn1D ) ∂ 2 (Δn − Δn1D ) Δn − Δn1D
,
+
+
=
2
∂x 2
∂y 2
∂z 2
Ldiff

2.60

φ .
∂ 2φ ∂ 2φ ∂ 2φ
+
+
=
∂x 2 ∂y 2 ∂z 2 Ldiff 2

2.61

where φ = Δn - Δn1D. φ accounts for the lateral transport in the solar cell.
Calculation of Seff

This paragraph focuses on the problem of inhomogeneous surface recombination
velocity on the rear surface. In the case of a rear-passivated solar cell a fraction (f) of
the rear surface is covered by a metal contact and the rest is covered by a passivation
layer. The lateral and the vertical transport in the solar cell are treated separately from
the definition of φ, the average of φ and the average of jφ · uz over the rear surface are
null. The average on the passivation is represented by
0 = (1 − f ) φ

pass

0 = (1 − f ) jφ ⋅ u z

+ f φ

pass

cont

and on the contact

cont

,

2.62

,

+ f jφ ⋅ u z

pass

cont

.

2.63

The contact area features usually a much higher surface recombination velocity (Scont)
than the passivation area (Spass). Therefore, as the recombination current on the
passivation is lower than on the contact, the lateral transport can be considered to be a
current from the passivated area to the contact area. This current corresponds to the
difference between the average recombination current over the rear of the solar cell and
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the local recombination current. This can be seen by writing the equation of the
recombination current on the rear surface (from equation 2.28),
⎧⎪− qS pass (Δn1D + φ ) on the passivation
,
j n ⋅ u z = (jn1D + jφ ) ⋅ u z = ⎨
⎪⎩− qS cont (Δn1D + φ ) on the contact

(

)

⎧⎪− q S pass − S eff Δn1D + qS passφ on the passivation
.
jφ ⋅ u z = (jn − j n1D ) ⋅ u z = ⎨
⎪⎩− q(S cont − S eff )Δn1D + qS contφ on the contact

2.64

2.65

For the next step, it is supposed that Spass and Scont are constant over the passivation and
the contact area. This approximation should be taken carefully especially in the case of
injection dependent surface recombination velocity. In fact, an effective surface
recombination velocity on each surface accounting from the injection dependence
should be employed in order to obtain the best accuracy in the results. By averaging the
last equations,

(

)

jφ ⋅ u z

pass

= −q S pass − S eff Δn1D − qS pass φ

pass

jφ ⋅ u z

cont

= − q (S cont − S eff )Δn1D − qS cont φ

cont

,

2.66

.

2.67

When the transport can be described by linear differential equations like it is the case
for φ (Equation 2.61), the transport from one terminal to another can be expressed by a
linear equation of the same type like the Ohm’s law. In this case, the transport is the
diffusion so there is a diffusion resistance (Rdiff). The equation for the diffusion
resistance between the passivated area and the contact area can be written
φ

pass

− φ

cont

= Rdiff × f jφ ⋅ u z

cont

2.68

.

Finally, our goal is to calculate Seff, which can be obtained by solving a system
composed of five equations (Eqs. 2.62, 2.63, 2.66, 2.67 and 2.68),
S eff =

S cont f + (1 − f )S pass + f (1 − f )S cont S pass qRdiff

(

1 + f (1 − f )qRdiff S pass f + (1 − f )S cont

)

.

2.69
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One should note that the last equation was obtained without any approximation on the
front side or the junction. In fact, the information related to the junction is hidden in the
diffusion resistance. In Figure 2.10, the effective surface recombination velocity is
plotted as a function of the diffusion resistance. For low diffusion resistance Seff =
f Scont + (1 - f) Spass, which can be explained by the fact that the minority carrier density
is almost equal on the passivation and on the contact due to the low diffusion resistance
between both parts. For high diffusion resistance, there is 1 / Seff = f / Scont + (1 f) / Spass which reminds of the contribution of two independent parallel diodes. This has
been also used as the small and large scale limit by B. Fischer28. Finally, Eq. 2.69 can
be interpreted as the continuous transition between the small and the large-scale limit
where the key between both limits is the diffusion resistance.
AS it can be observed on Figure 2.10, the effective recombination velocity only varies
with a factor of 2 maximum, for the solar cell with 1% metal coverage and a factor 100
between Spass and Scont. In this case, depending on the exactness needed the
determination of Rdiff might not be necessary.
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Figure 2.10 Effective surface recombination velocity Seff as a function of the diffusion
resistance Rdiff for different metal fraction.
Calculation of the diffusion resistance

As it was seen in the last paragraph, the diffusion resistance is the key value in order to
determine the effective surface recombination velocity dependence with the rear
contact geometry.
In order to calculate Rdiff, the Fourier transform method is used to solve Eq. 2.61. Let us
consider line contacts and square contacts disposed in a square. The rear of the solar
cell is the plane of coordinate z = 0, the wafers thickness is W, the contact half width is
a and the half shorter distance between two contacts is p. The center of the plan (x = y
= z = 0) is defined as the center of a contact. A schematic of the two contact structures
is presented in Figure 2.11.
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Figure 2.11 Schematic of rear contact patterning with square contact in a square
pattern (left) and line contact (right).
Considering the symmetry of the structure, it can been deduced that the current of
electrons and holes crossing the symmetry axis is zero. From this consideration and
Equation 2.61, the general solution for φ are:
- for line contacts,
φ = a0 + ∑ a i cos(x / κ i )(cosh(z / κˆi ) + b i × sinh (z / κˆi )) ,

2.70

i∈N*

where κ i = p / (iπ ) and

1

κˆ i , j 2

=

1
1
+ 2 .
2
Ldiff
κi

- for point contacts,
φ = a 0,0 +

∑a

i, j

(

)(

(

)

(

))

cos(x / κ i ) cos y / κ j cosh z / κˆ i , j + b i, j × sinh z / κˆ i , j ,

2.71

i , j∈N *

where κ i = p / (iπ ) and

1

κˆ i , j 2

=

1
1
1
+ 2 + 2 .
2
Ldiff
κi κ j

The boundary conditions will enable us to calculate the coefficients a and b leading to
the calculation of Rdiff. As the average value of φ is null, by its definition, there is
obviously have a0 and a0,0 also equal to zero. For the front-side-emitter boundary
condition, the excess carrier density is considered constant at the junction. This
hypothesis has been discussed in Section 2.2.2, problem 1 and 2. However, it might be
incorrect in some cases, a correction can be applied correcting effects of series
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resistance in the bulk and in the emitter. Considering this boundary condition the
equations simplify to,
φ = ∑ a i cos(x / κ i )sinh((z − W ) / κˆ i ) for line shaped contacts,

2.72

i∈N*

φ=

∑a

i, j

(

)

(

)

cos(x / κ i ) cos y / κ j sinh (z − W ) / κˆ i , j for point shaped contacts.

2.73

i , j∈N*

Due to the large diffusion lengths of charge carriers, the excess carrier concentration
has the tendency to be homogenous on short distances; however, the surface
recombination velocity on the rear varies in a very abrupt way between the passivation
and the contact region. Therefore, the recombination current has the tendency to have a
very abrupt profile similar to a step function, with a high value on the contact and a low
value on the passivation. For the boundary condition of the rear surface, it will be
considered that the current takes a constant value on the passivation and on the contact
area. The current density (jt) transferred between the passivation and the contact area
can be use to write the expression of the current on the rear,
⎧⎪− j × (1 − f )
jn ⋅ u z = ⎨ t
⎪⎩+ jt × f −1

-1

on the passivation
on the contact

2.74

.

The i coefficient of the cosines Fourier transforms (FTi)of this function can be written,
FT(j n ⋅ u z )i =

p

2
dx(j n ⋅ u z ) cos(x / κ i )
p0

∫

FT(jn ⋅ u z )i = jt ×

FT(jn ⋅ u z )i , j =

4
p2

2 sin ( fiπ )
(1 − f ) f × iπ
p p

∫∫ dydx(j
0 0

n

2.75

for line contacts,

(

⋅ u z )cos(x / κ i )cos y / κ j

)

2.76

52

Work on solar cell theory

(

FT(jn ⋅ u z )i , j

) (

)

⎧
4 sin i f π sin j f π
⎪ jt ×
(1 − f ) f × ijπ 2
⎪
for point contacts.
=⎨
2 sin i f π
⎪
if i = 0 or j = 0
⎪ jt ×
(1 − f ) f × iπ
⎩

(

)

The coefficient can be finally obtained,
ˆ
∂φ
⎛
FT⎜ qDn
(z = 0)⎞⎟ = qDn ai cosh(W / κ i ) = FT(jn ⋅ u z )i
ˆ
κ
∂
z
⎝
⎠i
i

2.77

κˆ i
2 sin ( fiπ )
, for line shaped contacts, and
ai = jt ×
(1 − f ) f × iπ qDn cosh(W / κˆ i )

(

ai, j = jt

κˆ i , j

(

qDn cosh W / κˆ i , j

)

) (

)

⎧ 4 sin i f π sin j f π
⎪
(1 − f ) f × ijπ 2
⎪
, for square contacts.
⎨
⎪ 2 sin i f π
if i = 0 or j = 0
⎪
⎩ (1 − f ) f × iπ

(

)

2.78

The diffusion resistance can be calculated from Ohm’s law,
φ

pass

− φ

cont

= Rdiff × jt .

2.79

for line contacts,
Rdiff =

1
2
qDn (1 − f )2 f 2

2.80

⎛ sin(ifπ ) ⎞ ˆ
⎟ κ i tanh(W / κˆ i ) .
iπ ⎠
i∈N *
2

∑ ⎜⎝

for the square contacts,

(

∑

Rdiff

) (

)

2
⎡
⎛ sin i f π sin j f π ⎞
⎢
⎜
⎟ κˆ tanh W / κˆ
i, j
⎢i , j∈N * ⎜
⎟ i, j
ijπ 2
1
4
⎝
⎠
⎢
=
2
qDn (1 − f )2 f 2 ⎢
⎛ sin i f π ⎞
⎢
⎜
⎟
κˆ tanh(W / κˆ i ,0 )
⎢+ f
⎜
⎟ i,0
iπ
⎢⎣ i∈N * ⎝
⎠

∑

(

)

(

⎤

)⎥⎥

⎥.
⎥
⎥
⎥
⎥⎦
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Comparison between the developed model and FEM simulation

In this paragraph, the model proposed for Seff Eq. 2.69 with Eq. 2.80 for the calculation
of Rdiff, the models of Fischer28 and the model of Plagwitz and Brendel34 are compared
to a finite element simulation. A stripe contact structure is assumed with a contact half
width of a = 50 µm, a wafer thickness of W = 200 µm, a base resistivity of
1/σ = 1 Ωcm, and the diffusivity of the electron Dn = 26.9 cm2 s-1. The half distance p
between the centers of the stripes is varied to give different metallization fractions. The
recombination velocity at the contact is fixed to Scont = 104cm/s. The numerical
simulations are performed using the program SDevice36 using short circuit conditions.
The value for Seff is extracted using Eq. 2.58.
20 %

Contact area fraction
10 %

This work,

-1

Effective surface recombination velocity, Seff (cm.s )

100 %
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Plagwitz,
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5%
Sim.
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Figure 2.12 Effective surface recombination velocity (Seff) as a function of the distance
p between the centers of two contacts, calculated for a contact structure composed of
lines. The model developed in this thesis, i.e. Eq. (35), the model from Fischer and the
model from Plagwitz and Brendel are compared with 2D finite element simulations
(Sim.). The surface recombination velocity at the contact is Scont = 104 cm s-1, the
device thickness is W = 200 µm, the contact lines half-width is a = 50 µm. The
simulation parameters are: Light excitation using the AM 1.5 spectrum, short-circuit
conditions, industrial-type emitter (surface concentration of 1020), and a diffusion
length of Ldiff = 1600 µm.
The results are shown in Figure 2.12. In order to raise the problems of the different
models, extreme cases have to be considered, however those cases do not correspond to
efficient solar cells:
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•

In the first extreme, Spass = Scont = 104 cm/s, obviously in this case

Seff does not depend on the contact design and is equal to Spass = Scont. The
model of this thesis and the simulation correspond. The values predicted
by the model of Fischer28 tend to Spass = Scont when the distance between
the contact approaches infinity, but for smaller pitches Seff is
overestimated. In this case, the contribution of the contact area on Seff is
directly f Smet but in the model from Fischer, the contribution of the
contact area stays independent from the passivated area. The model of
Plagwitz and Brendel34 gives extremely high values; most of them do not
fit into the graph window. It reveals that the model of Plagwitz and
Brendel is not able to give consistent values when Spass = Scont. As is
apparent from Figure 2.12, it is also observed that the model of Plagwitz
and Brendel gives inaccurate values in the case Scont = 104 cm/s and
Spass = 103 cm/s, whereas the model of this work and Fischer’s model
match quite well to the simulated data (symbols).
•

The second extreme case considers a contact distance equal to the

width of the contact line, that is p = a = 0.01 cm, thus the metallization
fraction is 100 %. In this case again Seff = Scont for any Spass. The model
developed in this section, the model of Plagwitz and Brendel, and the
simulation comply and give Seff = Smet, while the model of Fischer tends
to infinity. In fact, Fischer’s model implements the passivation term as a
large scale limit, which is not proper to this structure. The term for the
passivation “Spass / (1 - f)” should tend to zero when the metal fraction is
1; instead it tends to infinity.
Fischer’s model and Plagwitz and Brendel’s model consider the recombination on the
contact independently from Spass, therefore Seff becomes inaccurate when the ratio
Smet / Spass is too small. A correlation between the recombination on the passivation and
the contact was shown in Ref. 37 using the Fourier transform method. This is observed
for extreme cases; however, the tendency can already be seen in the cases that tend
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toward these extremes. However, the model of Fischer stays in very good agreement
with the simulation for most of the realistic cases considered here.
Fischer and Plagwitz propose a small scale version of their models20, however they
were not found to give significantly better results than the large scale version, even
when the distance between the contacts was small (~ line width ). Only for Fischer’s
model in the case of a metal fraction 1, Seff is found to tend to Smet as it should be.
The results from Figure 2.12 show that the model developed in this work (Eq. 2.69) is
able to predict the value of Seff with a good accuracy for all the cases that were
simulated in this work.
Conclusion

In this section, the 3D problem of rear-side recombination on a locally contacted device
is reduced into a 1D problem. An analytical model resulting in a formula of Seff as a
function of the contact geometry is proposed. This model is compared to finite element
simulations of devices with a large panel of stripe-shaped contacts at the back surface.
This model is found to be in very good agreement with the numerical simulation for
small and large scale structures for a wide range of a Scont / Spass ratio, and has shown a
better coherence than the existing models used here for comparison.
2.2.4

Majority carrier transport in the base

Introduction

In their early work on point contact solar cells Green et al.29 introduce a formula analog
to earlier work on resistance losses in the emitter (Eq. 2.51), considering the bulk as a
thin conducting layer with a sheet resistance. A few years later, U. Rau33 solved the
three dimensional carrier transport equations applying the Fourier transform method for
rear-passivated solar cells. However, the given solution still needs a complex numerical
integration. Fischer28 introduced a calculation of the spreading resistance for pointcontact geometries based on the empirical model of Cox and Strack38. The formula
initially developed for the calculation of the diffusion resistance (see last section) was
also used for the calculation of the spreading resistance,

56

Rsprσ =

Work on solar cell theory

⎡
⎛ W ⎞⎤
2 p2
⎛ 2W ⎞
⎟⎟⎥
arctan⎜
⎟ + W ⎢1 − exp⎜⎜ −
a
πa
⎝
⎠
⎝ 2 p ⎠⎦⎥
⎣⎢

2.82

where Rspr is the spreading resistance, σ is the material conductivity, a is the contact
radius and p is the half-distance between two contacts and W is the wafer thickness.
Plagwitz39 applied Fischer’s approach to the analytical model of Gelmont40, giving the
series resistance for line-contact geometries. Kray41 introduced an empirical formula
partially based on analytical calculations, this formula mixes the spreading resistance
of Fisher and a formula similar to the one introduced by Green et al.29. Using this
model, Kray proposed a correction of the spreading resistance in the case of thin solar
cells (~ 40 µm).
Fischer28 and Plagwitz39 apply the models of Cox and Strack38 and Gelmont40, which
are valid for a constant potential at the surface opposing the contacts (this surface
corresponds to the front surface in the case of solar cells). However, this assumption
does not hold in the case of illuminated solar cell devices. Indeed, the equations of Cox
and Strack38 and Gelmont40 were developed for samples presenting a fully-metalized
front surface. This is not the case for most of the solar cells where the front surface
should collect the light. The use of this inadequate front boundary condition mainly
plays a role for thin solar cell devices, which explains why Kray adapted the models of
Fischer in order to cover the case of such thin devices41.
In this section, an analytic model assuming a boundary condition for the front surface
was presented. In fact, when the solar cell is homogenously illuminated under the
standard solar spectrum, most of the charge carriers are homogenously generated close
to the front surface. In the case of crystalline silicon solar cells, usually more than 70%
of the generation in the solar cell occurs within the first 10 µm. In addition, in most of
the solar cell structures the front side features a very low lateral conductivity for the
majority carriers of the bulk (because of the emitter). Thus, only a small redistribution
of the bulk majority carriers occurs close to the front surface. Therefore, the boundary
condition for the front surface should be a laterally homogeneous current density rather
than a constant voltage, this condition has been discussed more in detail in section

Work on solar cell theory

57

2.2.2. Finite-element simulations of the resistance using this boundary condition have
already shown a good agreement with experimental results30, especially in the case of
thin solar cells31. In this work, an analytic calculation of the spreading resistance was
presented. Please note that the condition of laterally homogeneous current density at
the front surface is not adequate when the device exhibits a diffused front-surface field,
a front-side transparent conductive oxide (TCO), or when the calculated spreading
resistances are used to calculate the minority carrier transport by analogy28,34. In these
cases, the redistribution of the current on the front might not be negligible. Due to the
low front resistivity, the potential would tend to be homogenous on the front and
therefore the current density will tend to be inhomogeneous.
Model of the solar cell

As in the last section, the solar cell was represented by a laterally infinite plane-parallel
slice of semiconductor with a conductivity σ, the semiconductor is supposed to be
homogenously doped. This slice of semiconductor is called a wafer. The wafer
thickness is denoted W. It is supposed that the conditions of low injection are respected.
For silicon solar cells, it is generally fulfilled in the case of non-concentrated sunlight
and for doping densities above 5×1015 cm-3. In other cases, our model should be used
carefully and the increased conductivity due to excess carriers should be taken into
account. The surfaces of the wafer are parallel to the plane (x,y,0) and the z axis is
perpendicular to the surface (see Figure 2.13). The local contacts are distributed over
the surface in a regular pattern in such a manner that unit cell can be defined by
symmetry.
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Figure 2.13 Schematic of the system with its boundary conditions in the case of a
cylindrical unity cell.
In order to obtain the series resistance losses in this structure, the electrical potential is
calculated. The potential (ϕ) of the net current density (j) can be separated in tow parts,
the Dember potential (ϕd) and the electrical potential (ϕe) with ϕ = ϕd + ϕe. However,
the Dember potential is usually negligible18. Therefore,

j = σ ∇ϕ ≈ σ ∇ϕ e .

2.83

In this section, the potential losses are calculated as if the Dember potential could be
neglected. In any cases, the electrical potential losses can be corrected by calculating ϕd
( ϕd = n q (Dn – Dp) / σ + const. ) thanks to the resolution of the minority carrier
transport equation (section 2.2.3). It can be notice that ϕ is only affected by the net
current, and therefore is not affected by the generation and the recombination. The
equation of continuity on the net current induces that ϕ solves the Laplace equation,

Δϕ = 0 .

2.84

We still need to define the correct boundary conditions:
•

By symmetry of the electrical potential, the lateral density current

normal to the edge of the unit cell is zero. (BC1)
•

On the rear at z = 0, if the contact resistance between the

semiconductor and the metal is low, a constant potential at the contact
area can be assumed, on the other hand for high contact resistance the
current density will be constant. (BC2)
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On the rear on the passivated region, there is an insulator so that the

net current normal to this area is zero. (BC3)
•

On the front surface of the wafer ( z = W ), the net current through

the normal to the surface is supposed to be homogenous over the wafer.
This hypothesis has been discussed in more detail in section 2.2.2. (BC4)
Calculation of the spreading resistance for line contact

Line contacts are usually used on the rear surface of bifacial solar cells. The following
calculation applies only when the entire bulk carrier collection occurs at the contact
lines; hence, it does not hold for cases where a transparent conducting oxide is present
between the contacts. The spreading resistance calculation only describes the resistance
in the bulk; the contact resistance, the resistance in the finger and the bus bar need to be
calculated separately. Figure 2.14 (a) illustrates the structure of an ideal line contact.
The center of the contact has the coordinates (0,y,0); x is the distance to the central
plain of symmetry and z is the distance to the rear surface; a is the half of the width of
the contact line; p is the half of the distance between two contact lines (p defines also
the limit of a unit cell) and W is the thickness of the wafer.
2p

jz = jfront

jz = jfront

2p

W
jx=0

jx=0

jz=0

2 a Φ = Vcont

z y
x

(a)

jz=jfront

jz=0

2 a jz = jcont

jz=jfront

(b)

Figure 2.14 Schematic of the structure of an ideal line contact with mixed boundary
conditions (a) and the structure of the approximated geometry of line contact omitting
a mixed boundary condition problem
Different methods can be used to solve Laplace’s equation with Dirichlet boundary
conditions in an exact way. One method would be to use a Fourier series28; another
would use complex variables42. In this study, approximated method is used. Two
reasons motivate This approach:
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•

It avoid solving a mixed boundary condition problem with

simultaneously one condition for the potential at the contact BC2 and a
second condition for the current at the non-contacted area BC3. In fact,
in our approximated system the condition BC2 are replaced by a current
distribution on the local contact that is chosen.
•

A relatively simple solution can be obtained written in the form of

an integral. Which is easier to handle than Fourier series or
hypergeometric functions.
The geometry of the system is slightly transformed in order to simplify the calculation.
The result given by the approximated system is then compared to the result given by
the original mixed boundary problem, which is solved using finite-element simulation.
In our simplified system, BC3 and BC4 are respected. BC1 is approximated by
considering that, everywhere outside of our unit cell; the current is homogeneously
flowing vertically from the front to the rear surface. Finally, the approximation of
conditions on the rear contact (BC2) is the more critical. The chosen function for the
current distribution on the line contact has the following characteristics:
•

The integrated current flowing into the line contact corresponds to

the integrated current entering the unit cell from the front surface.
•

The function representing the current distribution gives an easy

Fourier transform.
It should be noticed that for small metalized surface fractions (typically inferior to 5%
for solar cells) most of the current will be collected at the contact periphery.
The boundary conditions of our approximated system from (Figure 2.14) can be
summarized as the following:
j z (x,W ) = j front ,

(

)

j z x ≤ a,0 = jcont (x ) =

2.85

2p

π a −x
2

2

× j front ,

2.86
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)

j z a < x ≤ p ,0 = 0 ,

2.87

x ,0 = j front .

2.88

z

)

Laplace’s equation for infinite wafer applying the boundary condition BC4 (Eq. 2.85)
has the following solution19,
ψ ( x, z ) = ∫

∞

0

j front
f (k )
cosh (k (W − z ))
× cos(kx ) ×
dk −
×z .
k
sinh (kW )
σ

2.89

where f(k) is a function that can be determined by the remaining boundary conditions.
The boundary conditions BC1, BC2 and BC3 (Eqs. 2.86, 2.87, 2.88) can be written
together in an equation:

⎧ jcont (x ) − j front
x ≤a
∞
⎪
a< x ≤ p .
− σ f (k )× cos(kx )dk = ⎨ − j front
0
⎪
0
p< x
⎩

∫

2.90

Without lost of generality, it can be assumed that f(k) is an even function and the cosine
Fourier transformation can be applied to Eq. 2.89,

f (k ) =

−2 ⎡ a
⎢ dx( jcont (x ) × cos(kx)) −
πσ ⎣ 0

f (k ) =

−2 j front

∫

πσ

⎤
dx j front × cos(kx) ⎥ .
0
⎦

∫ (
p

)

sin (kp ) ⎞
⎛
× ⎜ p J 0 (ka ) −
⎟
k ⎠
⎝

2.91

2.92

Where J0 is the first order Bessel function. Finally,

ψ ( x, z ) =

− 2 j front

πσ

∫

∞

0

⎫
⎧⎛
sin(kp ) ⎞
⎟× ⎪
⎪⎜ p J 0 (ka ) −
k ⎠
⎪ 1 j front
⎪
×z .
dk ⎨⎝
⎬ −
σ
⎪cos(kx)× cosh(k (W − z )) ⎪ k
⎪⎩
sinh(kW ) ⎪⎭

2.93

The spreading resistance Rspr of the unit cell is then calculated from the electrical
power losses,
p

a

∫

∫

Pin − Pout = 2 ψ ( x,W ) jfront dx × L − 2 ψ ( x,0) jcont dx × L ,
0

2.94

0

2

Pin − Pout = − Rspr jfront × Lp ,

2.95
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where Pin, Pout, I and L are the electrical power that enters the unit cell from the top, the
electrical power that leaves the unit cell from the contact, the current crossing the unit
cell and the length of the contact line respectively. Inserting Eq. 2.93 into Eq. 2.94, it
follows

Rspr fσ
a

=

2f 2

π

∞

⎡(sin (k / f ) − k / f × J 0 (k )) ×

⎤

∫ dk ⎢⎣(sin (k / f ) − k / f × cosh (kw)J (k ))⎥⎦ k
0

0

3

1
+ fw
sinh (kw)

2.96
,

where f is the metal fraction and w is the normalized wafer thickness (w = W / a). When
w tends to zero or to infinity, an asymptotic behavior can be noticed. When w tends to
zero the wafers can be seen as a very thin layer with a sheet resistance. The asymptote
is obtained by solving Laplace’s equation (asym0),
2

rspr x f x σ / a

⎞
asym0 fσ
f ⎛1
⎜ − 1⎟⎟
=
3w ⎜⎝ f
a
⎠ .
10

5

10

4

10

3

10

2

10

1

10

0

2.97
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Figure 2.15 Normalized spreading resistance as a function of the wafer thickness W
divided by the contact half-width a for a line contact structure. The analytical model of
this section is shown with its two asymptotes.
The second asymptote correspond to very thick wafers in this case the resistance is
simply proportional to W (asym∞ σ = W), this is also the lowest resistance possible for a
given wafer thickness. In Figure 2.15, the normalized spreading resistance is plotted as
a function of the normalized wafer thickness. The analytical formula developed in this
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section is shown with the asymptotes. It can be noticed that in the area where p > W > a
the spreading resistance is far from both asymptotes. However, this is the most
interesting range for usual solar cell applications. This justifies the three dimensional
integration and the more complex approach used in this section.

Figure 2.16 Normalized spreading resistance as a function of the wafer thickness W
divided by the contact half-width a for a line contact structure. Finite element
simulations (sim.) are compared to the analytical model (mod.) from Eq. 2.96 and to
the fit from Eq. 2.98. The cases where the metal fraction is 0.5%, 3%, 4% and 7% have
been also calculated but are not represented in the graph. A maximum deviation of the
analytical model and the simulation for all the cases studied is ~ 5%.
Figure 2.16 shows a comparison of the spreading resistance given by Eq. 2.96 and the
results of tow-dimensional-finite-element simulations of the ideal case. The finiteelement simulations (FEM) were performed using the software QuickField43. The
analytical model is in very good agreement with the simulation data (maximum error
~ 5%) for the entire range of data investigated here. However, for high w values
(w > 30), the analytical model is found to slightly overestimate the resistance. This
error is probably due to the approximation made on the contact’s boundary condition
Eq. 2.86.
The spreading resistance can be described for the entire range of geometries that were
simulated using an expression obtained by fitting the numerical simulation,
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Rspr =

0.3 ⎞
2.82w0.88 × f 0.64
a⎛
⎜⎜ 37 f − 2 −
⎟⎟ +
asym0 + asym∞ .
σ⎝
f ⎠ tanh 2.82w0.88 × f 0.64

(

)

2.98

Figure 2.16 shows the comparison between the simulated points and the fit Eq. 2.98. A
very good agreement is observed in the entire range of study (w ≤ 30 and
0.5% ≤ f ≤10 %) for the expression from Eq. 2.98 (maximal error less than 5%).
Calculation of the spreading resistance for point contacts

A cylindrical unit cell is an ideal case of a contact pattern that cannot be applied on
solar cells. However, it can give an approximation for realizable contact patterns like
hexagonal or square pattern designs. In order to adapt the formula to other pattern
geometries, the contact size and the metal fraction should be conserved. Figure 2.17 (a)
illustrates the structure of a point contact in the circular unit cell. The center of the
contact has the coordinates (0,0), ρ is the distance to the central axis of symmetry and z
is the vertical distance to the rear surface, a is the radius of the contact, p is the radius
of the unit cell and W is the thickness of the wafer.
jz = jfront

2p

jr=0

2p

jz = jfront

W
jz=0
Φ = Vcont

2a

z Φ
r

(a)

jz = jfront

jz=0

2a

Φ = Vcont

(b)

Figure 2.17 Schematic of the structure of an ideal point contact with mixed boundary
conditions (a), of the approximated geometry of point contact omitting a mixed
boundary condition problem on an infinite wafer (b).
In order to further simplify the analytical calculations, the system is approximated in
the same way as it has been done for line contacts. Figure 2.17 (b) illustrates the
structure of the approximated geometry for the case of a point contact.
The boundary conditions of our approximated system from Figure 2.17 (b) are the
following,
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jz (ρ ,W ) = j front ,

2.99

jz (ρ ≤ a ,0 ) = jcont (ρ ) =

p

2

2a a − ρ
2

2

× jfront ,

j z (a < ρ ≤ p ,0 ) = 0 ,

2.100

2.101

j z ( p < ρ ,0 ) = j front .

2.102

Laplace’s equation for a laterally infinite wafer applying the boundary condition BC4
Eq. 2.99 is44
∞

ψ ( ρ , z ) = ∫ f (k ) × J 0 (kρ ) ×
0

j front
cosh(k (W − z ))
dk −
×z.
sinh (kW )
σ

2.103

Where f(k) is a function that can be determined by the remaining boundary conditions.
The boundary conditions BC1, BC2 and BC3 (Eqs. 2.100, 2.101, 2.102) can be written
together in an equation:

⎧ jcont ( ρ ) − j front ρ ≤ a
∞
⎪
a<ρ≤ p .
− σ f (k )k × J 0 (kρ )dk = ⎨− j front
0
⎪
0
p
<ρ
⎩

∫

2.104

The Hankel transformation of Eq. 2.104 yields

f (k ) =

−1 ⎛ a
⎜ j cont (ρ ) × J 0 (kρ )ρdρ −
σ ⎝ 0

f (k ) =

− j front

∫

σ

∫

p

0

j front × J 0 (kρ )ρdρ ⎞⎟ .
⎠

⎛ p 2 sin (ka ) p J1 (kp ) ⎞
⎟.
× ⎜⎜
−
k ⎟⎠
⎝ 2a k

2.105

2.106

Finally, combining Eqs. 2.106 and 2.103 gives

ψ (ρ , z) =

− j front

σ

∫

∞

0

⎧⎛ p 2
⎞ ⎫
sin(ka ) − p J 1 (kp )⎟⎟ ×⎪
⎪⎜⎜
⎪ 2a
⎠ ⎪ 1 − j front × z .
dk ⎨⎝
⎬
σ
⎪J (kρ )× cosh(k (W − z )) ⎪ k
⎪ 0
⎪
sinh(kW )
⎩
⎭

2.107

The spreading resistance of the unit cell can then be calculated from the electrical
power losses,
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p

a

∫

∫

Pin − Pout = 2π ψ ( ρ ,W ) jfront ρdρ − 2π ψ ( ρ ,0) jcont ρdρ = − Rspr jfront πp 2 .
0

2

2.108

0

Inserting Eq. 2.107into Eq. 2.108, it follows

(

)

⎛ 4 f J kf −.5 2 csch(kw) −
⎞
1
⎜
⎟
Rspr fσ
1
= dk ⎜⎜ 2 f J1 kf −.5 coth(kw / 2)sin (k ) + ⎟⎟ 2 + wf .
2k
a
0
⎜⎜ coth(kw)sin (k )2
⎟⎟
⎝
⎠
∞

∫

(

)

2.109

An asymptotic behavior can be observed when w tends to zero or to infinity. When w
tends to zero, the wafers can be compared to a very thin layer with a sheet resistance,
which corresponds to the same approximation like Green29 was doing. By solving
Laplace’s equation, the asymptote (asym0) is obtained,

3 / 4 + ln
asym0 fσ − f 2 + 4 f − 3 − 2 ln( f )
=
≈−
a
2w
8w 1 − f

(

)

( f)

2.110

Here the asymptote is given without approximation, Green et al.29 give the same
formula approximated for square root of f much smaller than one.
The second asymptote corresponds to very thick wafers. In this case, the resistance is
the same as in the last paragraph (asym∞ = W). In Figure 2.18, the normalized
spreading resistance is plotted as a function of the normalized wafer thickness. The
analytical formula developed in this thesis is shown with the asymptotes. As for the
line contacts, it can be noticed that in the area where p > W > a the spreading resistance
is far from both asymptotes. However, this is the most interesting range for usual solar
cell applications.
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Figure 2.18 Normalized spreading resistance as a function of the wafer thickness W
divided by the contact half-width a for a point contact structure. The analytical model
of this thesis is shown with its two asymptotes.

Figure 2.19 Normalized spreading resistance as a function of the wafer thickness W
divided by the contact radius a for point contact in a cylindrical unit cell. Finite
element simulations (sim.) are compared to the analytical model (mod.) from Eq. 2.109
and to the fit Eq. 2.111. The cases where the metal fraction is 0.25%, 3%, 4% and 7%
have been also calculated but are not represented in the graph. A maximum deviation
of the analytical model and the simulation for all the cases studied is ~ 4 %.
In Figure 2.19, a comparison of the spreading resistance, given by Eq. 2.109, and 3D
FEM simulation (case represented in Figure 2.17 (a)) is shown. Only a specific range,
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interesting for solar cell applications, is covered here. The finite element simulations
were performed using the software QuickField43. The analytical model is in very good
agreement with the simulation data (maximum error ~ 4%) for the entire range (w ≤ 10
and 0.25 % ≤ f ≤ 10 %) of data investigated here. However, for high w values (w > 5)
the analytical model is seen to slightly overestimate the resistance. This error is
probably due to the approximation made on the contact’s boundary condition Eq.
2.100.
The spreading resistance can be described for the entire range of geometries (w ≤ 10
and 0.25 % ≤ f ≤ 10 %) that were simulated by using an expression obtained by fitting
the numerical simulation,

Rspr =

a ⎛⎜
0.9 0.24 ⎞⎟
2w × f 0.25
+
asym0 + asym∞
2.6 −
+
⎜
⎟
f
σ
tanh 2w × f 0.25
f
⎝
⎠

(

)

2.111

Figure 2.19 shows the comparison between the simulated data and the fit Eq. 2.111. A
very good agreement between the fit and the simulation is observed in the entire range
of study (maximal error less than 5%).
Simulation of point contacted solar cells

A solar cell finite element simulation has been performed using SDevice
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. The

structure of the solar cells used for the modeling is a p-type solar cell with point
contacts on the rear, where the points are distributed in a square pattern. The front
contact is considered to be non-resistive and transparent on the entire emitter surface.
Therefore, the series resistance of the device can be considered to be due to the bulk
spreading resistance.
The extraction of the series resistance is done by comparing illuminated IV simulation
for different light intensities. The illumination intensity used was 0.7, 1.0 and 1.3 suns
with the standard spectrum AM 1.5. In order to eliminate the influence of
recombination, the method consists of comparing the voltage delivered by the device
under different illumination intensities while maintaining a constant recombination
current. Therefore, V1 and V2 have to verify
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I rec = I lum1 − I1 (V1 ) = I lum 2 − I 2 (V2 ) .
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2.112

Where Irec is the recombination current, Ilum1 is the current generated at the illumination
1 and I1(V) is the current from the IV simulation under the illumination 1 at the
potential V.
As the measurement is performed at constant recombination current, the voltage drop
between V1 and V2 is due to series resistance losses. The series resistance (Rs) can
therefore be extracted for the device:

V1 − V2 = Rs × (I lum 2 − I lum1 ) .

2.113

This method, which can also be used to measure the series resistance for solar cells, is
described by Pysch45.
The simulation has been performed at a constant rear contact area and constant rear
metal fraction; however, the thickness of the solar cell has been varied from 440 µm to
20 µm. The results of the simulation are presented in Figure 2.20. For the simulation
results presented here, the effective conductivity of the wafer is calculated including
the conductivity enhance by the excess carrier concentration.
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Result and discussion
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Figure 2.20 Normalized spreading resistance as a function of the device thickness W
divided by the contact radius a for point contact in a square pattern. The radius of the
contact is 45 µm and the metal’s fraction is 0.64%. The model of Fischer28 (Eq. 2.82),
the model of Kray41, the model Green29 and the model from this work (Eq. 2.109) are
compared with the experimental results from Kray41 and finite element simulations.
The error bars originate from the series resistance measurement error.
In Figure 2.20, the experimental result on very thin wafers from Kray41, the simulation
results from the previous section and three different analytical models are plotted
together.
The model of Fischer28 (similar to the model of Cox and Strack38) predicts that the
spreading resistance tends to zero when W / a tends to zero, whereas all the other
models predict that the spreading resistance tends to infinity. In Fischer’s model when
the thickness of the wafer tends to zero, the front electrode is considered to merge with
the rear electrode giving a series resistance of zero. For the other models, the lateral
current has to pass through an infinitely thin conductor layer, which leads to an infinite
resistance. For high W / a values, Fischer’s model, Kray’s model and the model of this
thesis give similar results. In fact, for thick devices the spreading resistance essentially
depends on the vertical transport and therefore is directly proportional to the wafer
thickness (infinite wafer thickness asymptote).
The model of this work is confronted to experimental results using very thin silicon
solar cells. For the proof, point-contacted devices of varying thickness with a contact
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radius of 45 µm are considered, as found for LFC contacts, and a constant metallization
fraction of 0.64%. Kray et al.41 presented the measurement of the bulk series resistance
of 40 µm-thin high-efficiency solar cells that feature laser-fired contacts (LFC) on the
rear surface. The FEM simulation has been performed on the same device structures,
within a larger wafer thickness range from 10 µm to 450 µm. However, the larger error
bars that originate from the difficulty to separate experimentally the front and the rear
series resistance, the experiment and the simulation results are in good agreement. For
low wafer thickness, the model of Fischer fails, and that the model of Kray and the
model of this thesis have the best agreement with the experimental and simulation
results. Finally, the analytical model developed in this thesis gives a finer description
of the spreading resistance losses than the model of Kray as it is based on a fully
theoretical resolution of the equations in three dimensions. The formulas obtained by
fitting (Eqs. 2.98 and 2.111) can be used to describe resistance losses in
homogeneously illuminated solar cells without the need of a complex integration.
It can be observed that for thick wafers, the simulated values are slightly lower than the
expected value from our model. This probably originates from the effect described in
section 2.2.2 problem 3.
Conclusion

An analytical model was proposed for the spreading resistance in locally contacted
solar cells. This model assumes a constant, homogeneous current density injected via
the surface opposing the contacts. On the basis of experimental and simulation results,
this boundary condition is better than conventional models that assume a constant
electrical potential at the opposing surface. The analytical calculations of the spreading
resistance, using a homogeneous current density as the boundary condition for the
opposing surface, are given for line and circular shaped contacts. The analytical
calculations show very good agreement with finite element simulations using the same
boundary conditions (maximal error ~5%). The given analytical formulas are quite
complex. Therefore, formulas obtained by fitting that reproduce the simulations are
proposed for the two contact geometries. Theses formulas are simpler; however, they
still ensure a good agreement with the simulations (maximal error ~5%).
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Finally, the model developed in this section and other models found in the literature are
compared with the experiment and the results from solar cell simulations. The model
developed in this thesis and the model of Kray12 show a better agreement with the
experimental and simulation results than the other models. It follows that the proper
boundary condition for the front surface of solar cells is homogeneous current rather
than homogenous potential. Therefore the equations developed in this work (Eqs. 2.98
and 2.111) can be used for an accurate calculation of the spreading resistance of solar
cells.
2.2.5

Summary of the section 2.2

In section 2.2, an analytical models for rear passivated locally contacted solar cells was
proposed. By introducing the local contacts on the rear of the solar cell, the series
resistance and the rear surface recombination velocity are modified. Therefore two
models, one for surface recombination velocity and one for the series resistance have
been developed in this thesis.
Effective surface recombination velocity on the rear

The calculation of the effective surface recombination velocity is performed with a
very general formula (Eq. 2.69),
S eff =

f × S cont + (1 − f ) × S pass + f (1 − f )S cont S pass qRdiff

(

1 + f (1 − f )qRdiff f × S pass + (1 − f )× S cont

)

The calculation of the diffusion resistance between the rear contacts and the rear
passivation (Rdiff) requires more hypotheses on the boundary condition. In this case, it
was supposed that the potential difference at the junction is homogeneous. This
hypothesis is discussed extensively in Section 2.2.2. Finally, two formulas are obtained
for Rdiff in cases of line contacts Eq. 2.80 and in the case of point contacts Eq. 2.81.
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Series resistance in the base induced by local rear contacts

The series resistance in the base has been calculated starting from the hypothesis that
current collected at the junction is homogeneously distributed; this hypothesis is
discussed in section 2.2.2.
After proposing an approximated analytical solution, two formulas obtained by fitting
finite element simulation are given for the calculation of the bulk spreading resistance.
The first for line contacts (Eq. 2.98),
Rspr =

a⎛
0.3 ⎞
2.82w 0.88 × f 0.64
⎜⎜ 37 f − 2 −
⎟⎟ +
asym0 + asym∞
f ⎠ tanh 2.82w 0.88 × f 0.64
σ⎝

(

)

the second for point contacts (Eq. 2.111),

Rspr =

0.9 0.24 ⎞⎟
2w × f 0.25
a ⎛⎜
2.6 −
+
+
asym0 + asym∞
σ ⎜⎝
f ⎟ tanh 2w × f 0.25
f
⎠

(

)

Finally, combining the calculation of surface recombination velocity and the series
resistance losses all the analytical tools are available to optimize the design of the local
rear contacts. In order to model the solar cell behavior, a semi analytical approaches
like the one proposed by Wolf et al. 46 could be used.
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Back contact back junction solar cell
Introduction

In this section, method for solving the transport equations developed in the last section
was applied to a more complex solar cell structure, the back contact back junction solar
cell. In practice, the performance of this type of solar cells is very sensitive to the
design. For this reason, a simple and precise modeling could help the development of
these cells.
As this thesis focuses on the passivation of silicon solar cells and especially the use of
rear passivated solar cell structures, this section is treated briefly.
Solar cell structure47,48

In contradiction with state-of-the-art cells or rear passivated cells interdigitated back
contact cells do not feature an emitter and contacts on the front surface. Therefore, they
are not subject to shading losses. The emitter is localized on the rear surface,
interdigitated with the base contacts. The front surface features a passivated front
surface field that enhances the lateral transport of the majority carriers and guaranties a
homogenous field effect passivation.

Figure 2.21 Schematic drawing of an interdigitated back contact cell. This figure was
directly copied from 47.
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Minority carrier transport

Separation of the vertical and the lateral transport (Step 1)

As in the case of locally contacted passivated rear cells (Section 2.2), the vertical
transport of minority carriers is solved separately from the lateral one. In order to
realize this, the average minority carrier density p1D(z) is used like in the section 2.2.3.
The function j1D(z), is used to describe the minority carrier current density ( j1D = q Dp p1D’ ).
In order to solve the vertical transport equations a dark model of the silicon bulk is
used. This model assumes that all the generation occurs on the front surface of the solar
cell. This assumption is not necessary and the consideration of the real generation
profile would be compatible with the rest of the demonstration. Therefore, it can be
consider that in the bulk of the solar cell,
2.114

∂ 2 p1D p1D − p0
.
=
2
∂z 2
Ldiff

The generated current is called jlum, the front surface recombination velocity is Sfront,
pback and jback describe the minority carrier density and the minority carrier current
density on the rear.
We can write the boundary conditions,
j1D (W ) = qS front ( p1D (W ) − p0 ) − jlum ,

2.115

p1D (0) = pback ,

2.116

j1D (0) = jback .

2.117

By solving the differential equation with the boundary conditions, a relation between
pback and jback is obtained,
jback =

(

(
(

)
)

(
(

))
)

qD p ( pback − p0 ) × S front Ldiff cosh W / Ldiff + D p sinh W / Ldiff − jlum Ldiff / q
Ldiff

S front Ldiff sinh W / Ldiff + D p cosh W / Ldiff

.

2.118
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Finally, a relation between the rear minority carrier density and the rear minority
current density was obtained. This relation could already give the behavior of a solar
cell if it had an ideal rear surface.
Calculation of the lateral transport (Step 2 and 3)

In section 2.2.3, there are only two different area on rear surface and the effective
surface recombination velocity depends on the diffusion resistance between the two
areas.
In the case of interdigitated-back-contact solar cells, there are three areas on the rear
surface; therefore, two diffusion resistances need to be considered for this model. In
order to have a simple notation, there are named A, B and C. The area A is receiving
current from B and C, with j the total current density flowing in the system. The
potential φΑ is the mean value of the potential at the area A, the same time of notation
is used for the area B and C. The potential is defined as being null in average over the
volume of the system, therefore,
φA = α × j
φB = β × j
φC = χ × j

with α, β, χ the diffusion resistance coefficient for the area A, B and C.

2.119
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Gathering the vertical and lateral transport

Step 1
p1D
nfront, jfront
er
itt
Em

Step 2

Step 3
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ct
ta
on
C

a2
p

p

nback, jback
jback =
f(pback)

P
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φ1, emi = α 1 j1

φ2, emi = χ 2 j2

φ1, pass = β1 j1

φ2, pass = β 2 j2

φ1, cont = χ1 j1

φ2, cont = α 2 j2
Step 4

p = p1D + φ1 + φ2

er
itt
Em

a1

n
tio
iva
s
s
Pa

on
C

ct
ta

a2
p

j back −

j
j1
j2
+
= − qS emi ( p back + φ1,emi + φ 2,emi − p 0 ) − out
f emi 1 − f cont
f emi

j back +

j1
j2
+
= − qS pass p back + φ1, pass + φ 2, pass − p 0
1 − f emi 1 − f cont

j back +

j1
j
− 2 = − qS cont ( p back + φ1,cont + φ 2,cont − p 0 )
f cont
1 − f emi

(

)

A linear system is obtained of equations with 4 equations and 5 unknown, (one degree
of freedom as the voltage is sweep along the IV characteristic),
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= f ( p back )
−

j
j1
j2
+
= − qS emi ( p back + α 1 j1 + χ 2 j 2 − p 0 ) − out
f emi 1 − f cont
f emi

+

j1
j2
+
= − qS pass ( p back + β 1 j1 + β 2 j 2 − p 0 )
1 − f emi 1 − f cont

+

j1
j
− 2 = − qS cont ( p back + χ 1 j1 + α 2 j 2 − p 0 )
f cont
1 − f emi

.
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where jout is the output current of the cell, femi and fcont are the emitter and contact
fractions, Semi, Spass and Scont are the surface recombination velocity of the emitter, the
passivation and the contact area, respectively. Solving this system, jback, j1, j2 and jout
can be written as a function of pback
⎧ jback = f ( pback )
⎪
⎧⎛
⎫
1 ⎞
⎪
⎟ jback + qS pas [ pback − p0 ] − ⎪
⎪⎜⎜ qS cont χ1 +
⎪
⎟
−
f
1
emi ⎠
⎪⎝
⎪
⎪
⎨
⎬
⎪
⎛
⎞
1
⎪⎜
⎪
⎪
⎟
[
]
+
+
−
(
)
qS
j
qS
p
p
β
pas
back
cont
back
1
0
⎪⎜
⎪
1 − f emi ⎟⎠
⎪
⎝
⎩
⎭
⎪ j2 =
⎧
⎫
⎛
⎞
⎛
⎞
1
1
⎪
⎟⎜ qS pas β 2 +
⎟ −⎪
⎪⎜⎜ qS cont χ1 +
⎪
1 − f emi ⎟⎠⎜⎝
1 − f cont ⎟⎠ ⎪
⎪
⎝
⎪
⎨
⎬
⎪
1 ⎞⎛
1 ⎞
⎨
⎪⎛⎜
⎪
⎟
⎟
⎜
−
−
qS
qS
α
β
2
1
cont
pas
⎪
⎪⎜
⎪
f cont ⎟⎠⎜⎝
f emi − 1 ⎟⎠
⎝
⎩
⎭
⎪
⎪
⎛
1 ⎞
⎪
⎟
jback + qS cont [ pback − p0 ] + j2 ⎜⎜ qS contα 2 −
⎟
⎪
f
cont
⎝
⎠
⎪ j1 = −
⎛
1 ⎞
⎪
⎜ qS cont χ1 +
⎟
⎜
⎪
1 − f emi ⎟⎠
⎝
⎪
⎪
⎡
⎛
⎪ jout = − f emi ⎢ jback + qS emi ( pback − p0 ) + j1 ⎜ qS emiα 1 − 1
⎜
f emi
⎪⎩
⎢⎣
⎝

(

)

.

⎞
⎛
1
⎟ + j2 ⎜ qS emi χ 2 +
⎟
⎜
1 − f cont
⎠
⎝
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⎞⎤
⎟⎥
⎟
⎠⎥⎦

The recombination current on the passivation, on the contact and on the emitter (jpass,
jcont and jemi), can now be calculated by applying,
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⎛
j
j
j2
j emi = f emi ⎜⎜ jback − 1 +
− out
1
f
f
f
−
emi
cont
emi
⎝
⎛
j1
j pass = ( f emi + f cont − 1) × ⎜⎜ j back +
1 − f emi
⎝
⎛
j1
j ⎞
j cont = − f cont ⎜⎜ j back +
− 2 ⎟⎟
1 − f emi
f cont ⎠
⎝
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2.122

This completes the calculation of the carrier density over the different terminals of the
solar cell.
Calculation of the diffusion resistance coefficients

In this paragraph, the diffusion resistance coefficients α, β and χ are calculated. They
account for the diffusion transport between the area A, B and C . Until this paragraph,
the boundary conditions over the different terminals were not fixed conserving a very
large generality of the results. In order to determine the diffusion resistance coefficients
the boundary conditions need to be fixed. The front surface (z = W) boundary condition
considers the front surface recombination. On the rear on the area A, the current
density is considered as homogenous oriented out of the solar cell and on the area B
and C the current density is also considered as homogenous, oriented into the solar cell.
This is certainly an approximation and the value for the diffusion resistance
coefficients could improve in the future for a better agreement of this model to the
reality.
The method of calculation used to determine these coefficients is the same as described
in section 2.2.3. The variables are p for the half-spatial period of the periodical contact,
W for the thickness of the wafer, fA and fC for the covering fraction of the area A and C
respectively.
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Line shaped contact:

B

A

C

W
p

General expression of the potential:
φ = j ∑ a i cos(x / κ i )

κˆ i (sinh (z / κˆ i ) + b i × cosh(z / κˆ i ))
qD p

i∈N*

where κ i = p / (iπ ) ,
bi = −

1

κˆ i , j 2

=

1
Ldiff

2

+

S front κˆ i tanh(W / κˆ i ) + qD p
.
S front κˆ i + qD p tanh(W / κˆ i )

2 sin ( f A iπ ) and
1 ,
ai = −
(1 − f A ) f A × iπ

κi 2

Diffusion resistance coefficients:
ai bi sin ( f A iπ ) ,
ai bi ⎡ sin ((1 − f C )iπ ) − sin ( f A iπ ) ⎤ , and
β=
⎢
⎥
iπ
fA
1 − f A − fC
i∈N* iπ ⎣
⎦
ai bi − sin ((1 − f C )iπ ) .
χ=
fC
i∈N* iπ

α =∑

i∈N*

∑

∑
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Square shaped contact:

C
B
A
W
p

General expression of the potential:
φ = j ∑ a i, j cos(x / κ i ) cos(y / κ j )

κˆ i , j (cosh (z / κˆ i , j ) + b i, j × sinh (z / κˆ i , j ))
qD p

i , j∈N*

(

where κ i = p / (iπ ) ,

bi , j = −

1
1
=
κˆ i, j 2 Ldiff 2

(

)
(

) (

)

⎧ 4 sin i f A π sin j f A π
⎪
1
1
(1 − f A ) f A × ijπ 2
+ 2 + 2 , a = ⎪⎪⎨
i, j
κi
κj
⎪ 2 sin i f A π
if i = 0 or j = 0
⎪
⎩⎪ (1 − f A ) f A × iπ

(

)

S front κˆ i, j tanh W / κˆ i, j + qD p
.
S front κˆ i, j + qD p tanh W / κˆ i, j

)

Diffusion resistance coefficients:

(

⎧ sin i
⎪
ai, jbi, j κˆ i , j ⎪⎪
α=
⎨
2
qD p ⎪ sin i
i∈N* ijπ
⎪
⎩⎪ f A

∑

,

(

) (

f A π sin j f A π
f A × ijπ 2
fA π
× iπ

)

) if i = 0 or j = 0

(

) (

,

) ((

)) ((

))

⎧ sin i f A π sin j f A π + sin i 1 − f C π sin j 1 − f C π
⎪−
ai, jbi, j κˆ i , j ⎪
(1 − f A − f C ) × ijπ 2
, and
β=
⎨
2
qD p ⎪
i∈N* ijπ
f A sin i f A π − f C sin i 1 − f C π
if i = 0 or j = 0
⎪−
(1 − f A − f C ) × iπ
⎩

∑

(

((

)

((

)) ((

))

⎧ sin i 1 − f C π sin j 1 − f C π
⎪
f C × ijπ 2
ˆ
ai, jbi, j κ i , j ⎪⎪
.
χ=
⎨
2
qD p ⎪ sin i 1 − f C π
i∈N* ijπ
if i = 0 or j = 0
⎪−
f C × iπ
⎩⎪

∑

((

))

))

and
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Majority carrier transport

In this section, the problem of the majority carrier transport will be treated. As seen in
section 2.2.4 the problem of the majority carrier transport can be described by the
potential ϕ , which is separated into the electrical potential ϕe and the Dember potential

ϕd . However, it can be calculated quite easily (as described section 2.2.4). The Dember
potential has usually a small influence on the potential. Therefore, only the electrical
potential will be consider in this section. As seen before, the electrical potential solves
the Laplace equation and depends on the net current. In order to calculate the potential
the boundary conditions of the system must be defined.
Boundary conditions

On the front surface of the wafers, there is a front surface field (FSF), which can be
considered as a conductive surface with a sheet resistance. However, in order to
simplify the calculation, two different cases need to be considered:
•

Case 1, the sheet resistance of the front surface field is higher or

comparable to the one of the bulk. In this case, calculate the series
resistance is calculated as if there were no FSF, considering than the net
current crossing at the front surface is zero. And finally the contribution
of the FSF will be implemented by considering the sheet resistance of the
FSF (Rsh,FSF) and of the bulk (Rsh,bulk) in order to calculate the equivalent
conductivity of the bulk (σ* = W (Rsh,FSF-1 + Rsh,bulk-1) )
•

Case 2, the sheet resistance of the front surface field is much lower

than the one of the bulk. In this case, most of the lateral current will be
provided by the FSF but only after that the current has crossed the bulk
from the rear to the front. Therefore, considering that the front boundary
condition is constant potential, the series resistance needs to be added to
the series resistance calculated in Case 1.
For the rear surface, an exchange of current have to be considered, this current flow
between the contact and the emitter with no current through the passivated surface. In
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order to simplify the calculation, the current is considered homogeneous at the emitter
and at the base contact area.
Calculation of the spreading resistance

Line shaped contact:

B

A

C

W
p

General expression of the potential for the case 1:
ϕe = j ∑ ai cos(x / κ i )

κˆi cosh((z − W ) / κˆi )
σ * sinh (W / κˆi )

where κ i = p / π ,

1

i∈ N *

κˆ i , j 2

=

⎛ sin ( f A iπ ) sin ((1 − f C )iπ ) ⎞ 2
1
1
.
⎟
+
+ 2 , ai = −⎜⎜
2
⎟ iπ
fA
fC
Ldiff
κi
⎝
⎠

Spreading resistance:
Rspr =

⎛ sin ( f Aiπ ) sin((1 − f C )iπ ) ⎞
2κˆi
⎜
⎟
⎜ f iπ +
⎟ σ * tanh(W / κˆ )
f
i
π
i∈ N * ⎝
A
C
i
⎠

∑

2

Spreading resistance for the case 2 (this term should be added to Rspr of case 1):
Rspr =

⎛ sin ( f Aiπ ) sin((1 − f C )iπ ) ⎞ 2κˆi tanh(W / κˆi )
⎜
⎟
⎜ f iπ +
⎟
f C iπ
σ
i∈ N * ⎝
A
⎠

∑

2
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Square shaped contact:
C
B
A
W
p

General expression of the potential:
ϕe = j

∑a

i, j

(

cos(x / κ i )cos y / κ j

i , j ∈N *

i, j

i, j

i, j

1

where κ i = p / (iπ ) ,

ai , j

ˆ
((z − W ) / κˆ ) ,
) κ σcosh
* sinh (W / κˆ )

κˆ i , j

(

) (

(

)

2

=

1
1
1
+ 2 + 2 , and
2
Ldiff
κi κ j

((

)

) ) ((

⎧ ⎛ sin f iπ sin f jπ sin 1 − f iπ sin 1 −
C
A
A
⎪4⎜
−
⎪ ⎜
f A × ijπ 2
f C × ijπ 2
⎪ ⎝
=⎨
⎪ ⎛⎜ sin f A iπ sin 1 − f C iπ ⎞⎟
+
if i = 0 or j = 0
⎪ 2⎜
⎟
f C × iπ
⎪⎩ ⎝ f A × iπ
⎠

((

) )

) )

f C jπ ⎞⎟
⎟
⎠ .

Spreading resistance:

(

Rspr

) (

)

((

) ) ((

) )⎞⎟

⎧ ⎛
⎪4⎜ sin f A iπ sin f A jπ − sin 1 − f C iπ sin 1 − f C jπ
⎪ ⎜
f A × ijπ 2
f C × ijπ 2
κˆi
⎪ ⎝
=
⎨
2
ˆ
i , j ∈N * σ * tanh (W / κ i ) ⎪ ⎛
sin 1 − f C iπ ⎞⎟
sin f A iπ
⎜
⎪2
if i = 0 or j = 0
+
⎟
f C × iπ
⎪ ⎜⎝ f A × iπ
⎠
⎩

∑

(

)

((

2

⎟
⎠ .

) )

Spreading resistance for the case 2 (this term should be added to Rspr of case 1):

(

Rspr

) (

)

((

) ) ((

) )⎞⎟

⎧ ⎛
⎪4⎜ sin f A iπ sin f A jπ − sin 1 − f C iπ sin 1 − f C jπ
⎪ ⎜
f A × ijπ 2
f C × ijπ 2
κˆi tanh(W / κˆi ) ⎪ ⎝
=
⎨
2
σ
i , j ∈N *
⎪ ⎛ sin f A iπ
sin 1 − f C iπ ⎞⎟
⎜
⎪2
+
if i = 0 or j = 0
⎟
f C × iπ
⎪ ⎜⎝ f A × iπ
⎠
⎩

∑

(

)
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) )

2

⎟
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Calculation of solar cell voltage

By combining the information on the minority and the majority carriers the voltage of
the solar cell can be calculated for any working point,
Vcell = V junc + VBSF + Vdemb + Velec .

2.123

where Vcell is the voltage of the solar cell; Vjunc is the voltage at the junction; VBSF is the
voltage at the back surface field or at the base contact; Vdemb is the potential difference
due to the Dembler field; finally, Velec is the voltage loss due to the series resistance
losses. Each of these potentials can be calculated separately,
⎛ p + α 1 j1 + χ 2 j 2 − p 0 ⎞
⎟
V junc = Vth ln⎜⎜ back
⎟
p0
⎝
⎠
⎛ p + χ 1 j1 + α 2 j 2 − p 0 ⎞
⎟
VBSF = Vth ln⎜⎜ back
.
⎟
n0
⎝
⎠
q Dp − Dn
([α 1 − χ1 ] j1 + [χ 2 − α 2 ] j 2 )
Vdemb =

(

(

)

σ
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)

Velec = − Rspr + Rcont j out

In order to account for the full series resistance losses in the solar cell, Rcont has been
added to the term of spreading resistance calculated in the last paragraph. This term
include the contact resistance, the resistance in the finger and the resistance in the bus
bars.
2.3.4

Results and discussion

In order to illustrate the results that can be obtained using the model developed in this
section, this calculation has been applied to interdigitated back contact solar cell. For
the calculations, a structure with linear contacts allowing very high conversion
efficiencies up to 24% was chosen. The front SRV, the emitter coverage and the
distance between tow contacts are varied. The results are plotted in Figure 2.22.
Variation of the effective surface recombination of the front

The surface recombination of the front surface of the solar cell has a major impact on
the resulting efficiency. The Voc decreases logarithmically with respect to the SRV. The
jsc is decreasing also very fast with the increase of the SRV. It results in a dramatic
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decrease of the efficiency49. The fill factor (FF) increases with the SRV. This could be
explained by the fact that the decrease of the current induces a decrease of the series
resistance losses.
Variation of the rear emitter coverage

For the variation of the emitter coverage the distance between two contacts that has
been chosen is relatively small (0.4 cm), therefore the difference between high and low
emitter coverage is relatively low compared to the scale used here (in efficiency 19.7%
- 23.3%), however this effect cannot be negligible. It can be observed that the short
circuit current increases with the emitter coverage, which can be explained by the
effect called electrical shading50. By increasing the emitter coverage, the rear surface
recombination velocity is also increased, inducing a reduced Voc value. The FF also
decreases with the emitter fraction, due to the combined increase of the jsc and decrease
of the Voc. Finally, the efficiency is controlled by the jsc and therefore it increases with
the emitter coverage.
Variation of the distance between two contacts

For the variation of the distance between two contacts, the cases of large emitter
coverage (0.9) and the case of low emitter coverage (0.1) are presented. The Voc of the
large emitter coverage structure is always lower than for the low emitter coverage. This
can be explained by an increased SRV on the rear. The Jsc decreases with increasing
distance between two contacts, however it decreases much faster in the case of the low
emitter coverage than in the case of the high emitter coverage. Therefore, it is conclude
that the decrease of the current due to the electrical shading is much less pronounced in
the case of large emitter coverage in the case that the distance between two contacts is
limited by the available patterning technology. In case that the patterning technologies
would not be a limitation, the low emitter coverage cases would be advantageous as
they allow a higher Voc and therefore a higher efficiency for small distances between
two contacts.
The phenomena of electrical shading can be easily explained considering the diffusion
resistance. If the diffusion resistance between the emitter and the rest of the solar cell
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would increase, due to low emitter coverage or due to a high distance between two
contacts, then the collection probability of the emitter decreases and electrical shading

2
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Figure 2.22 Solar cell parameters obtained using the analytical model presented in this
section, for line shaped contacts. The wafer is 200 µm thick, n-type doped with a
resistivity of 10 Ω cm. On the rear passivated area, the SRV is 1 cm/s, and 50 cm/s on
the emitter and on the base contacts. When they are not varied the front SRV is
40 cm/s, the emitter coverage is 0.9, the base contact coverage is 0.1, and the distance
between two contacts is 0.4 cm. (a) The front surface recombination velocity is varied,
(b) the emitter coverage is varied (distance between two contacts 0.4 cm), (c) the
distance between two contacts is varied for two emitter fraction (0.1 and 0.9).
2.3.5

Conclusion

A method able to model interdigitated back contact solar cells was proposed in this
section. The minority carrier transport was calculated by separating the vertical and
lateral carrier transport (like for rear passivated solar cells in section 2.2). The lateral
carrier transport was treated considering three terminals on the rear of the solar cell, in
contrast with two terminals for rear-passivated cells. The method introduced here could

88

Work on solar cell theory

be easily extended to n terminals, in order to treat more complex cells designs or in
order to obtain a higher accuracy.
The results given by this model are coherent with what could be expected from the
literature on electrical shading and interdigitated back contact cell designs.

3 Work on solar cell
characterization

In order to accelerate the development of advanced
solar cell structures like rear passivated solar cells and
understanding

their

losses,

advanced

dedicated

characterization methods are needed.
Photoluminescence (PL) imaging has been developing
successfully in recent years, allowing a very timeeffective mapping of wafers and solar cells. In this
chapter, two methods based on PL imaging especially
dedicated to rear passivated solar cells are developed:
•

Calculation of rear surface recombination velocity
maps for specially prepared samples.

•

Evidence of local metal spiking through passivation
layers.
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Characterization of rear surface recombination velocity
inhomogeneity by means of photoluminescence imaging
Introduction

It was seen in section 2.2 that the lateral homogeneity of the rear surface passivation
plays a major role in the lateral transport and in the rear surface recombination. For this
reason, the local SRV on the rear surface needs to be characterized with precision.
Many of the approaches performed so far are based on macroscopic measurements
(effective lifetime, Voc, IQE …) and a calculation of the local SRV on the rear based on
an analytical model34,51,52. The approach chosen here is based on local measurements,
which is a much more direct measurement of local inhomogenities. PL imaging is used
for the measurement of the samples.
As the PL signal depends on the optical behavior of the sample, an optical model was
first developed for samples polished on both sides. In a second approach, an analytical
calculation, based on a Fourier transformation of the original PL image, allows a rear
surface recombination velocity map to be produced.
3.1.2

Optical model

In order to apply the characterization method presented in this section, the sample
needs to be prepared on double side polished wafers. In fact, due to the front side
texture of solar cells, the complex surface structure does not allow a simple calculation
of the internal refection in the sample. In the case of polished surfaces, a simple optical
model is sufficient to estimate the lateral spreading of the PL signal due to internal
reflections in the sample.
First, the reflection and transmission coefficient of each surface needs to be measured
or calculated for each angle and wavelength. In our case, the front and rear surface of
the polished silicon wafers is covered with 105 nm of thermally grown silicon dioxide
(SiO2). On the rear surface, the SiO2 layer is covered with 2 µm of thermally
evaporated aluminum. The optical properties of the SiO2 layers are measured by
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elipsometry. The refractive index of aluminum and silicon are taken from the
literature53.
uθ
r
(0,0,0)

ur

z

Figure 3.1 Schematic of the system considered for the optical modeling of the wafer
Let us consider a point in the silicon wafer with the coordinates (0,0,z) emitting light in
every direction (See Figure 3.1). The light intensity, after n internal reflections, emitted
in the direction of the surface can be calculated by considering the solid angle,
i n (z, r ) =

1
2π
.
×
4π 2 (z + nW ) r 2 + (z + nW )2

3.1

The incident angle (αn) and pass-length (dn) of the light after n reflections can be
calculated,
r ⎞
⎟,
⎝ z + nW ⎠
⎛

α n (z, r ) = arctan⎜

3.2

d n (z , r ) = r / sin (α n ) .

3.3

The light intensity transmitted at each point of the surface after n internal reflections
can be written,
n −1
n +1
⎧
⎪ R front (α n , λ ) 2 Rrear (α n , λ ) 2 n odd
t n (z , r , λ ) = (1 − ASi (d n , λ ))T front (α n , λ )⎨
n
n
⎪ R front (α n , λ ) 2 Rrear (α n , λ ) 2 n even
⎩

3.4

Where ASi is the light absorbed in the silicon, Tfront is the transmission coefficient of the
front surface, and Rfront and Rrear are the reflection coefficients from the front and the
rear surfaces, respectively.
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The angle of the light transmitted is

θ n (z, r , λ ) = arcsin(nSi (λ )sin(α n (z, r ))) .

3.5

The light emitted from the surface under certain angles is missed by the camera lens;
this signal cannot be detected. This condition results in a maximum angle (θmax) of the
light transmitted that can be captured by the camera.
Finally, the intensity collected by the camera (Cam) for any number of internal
reflections is,
Cam( z , r , λ ) =

∞

∑ if (θ (z, r, λ ) ≤ θ )i (z, r )t (z, r , λ ) .
k

max

k

k

3.6

k =0

The photons are supposed to be emitted homogenously with respect to the depth in the
wafer. The intensity collected by the camera is now independent from z,
Cam(r , λ ) =

∞ W

∑ ∫ dz × [if (θ (z, r, λ ) ≤ θ )i (z, r )t (z, r, λ )]
k

max

k

k

3.7

k =0 0

The intensity collected by the camera as a function of the distance to the emitting point
is plotted in Figure 3.2 for wavelengths between 600 nm and 1400 nm.
In order to fit the theoretical curves obtained (Figure 3.2), a simple exponential
function has been used. This function is considered the point-spread-function (H). The
theoretical spot spread function is then used to deconvolute the optical blurring of the
image (I) due to internal reflections. The convolution of a Dirac-like excitation is the
convolution function (H) itself,

δ * H = FT −1 (FT(δ ) × FT( H )) = H .

3.8

Knowing H, the deconvoluted image I can be calculated,
⎛ FT( I * H ) ⎞
⎟⎟ .
I = FT −1 ⎜⎜
⎝ FT( H ) ⎠

3.9
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Light intencity (a. u.)
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Figure 3.2 Light intensity collected by the camera as a function of the distance from the
emitting point, for wavelengths between 1000 nm and 1200 nm. The intensity could be
fitted with an exponential function exp(x/x0) with x0 = 25 µm.
In the following section, the PL images are supposed to be already deconvoluted using
the calculated spot spread function. Please notice that so far the calculations have been
carried out while assuming that both surfaces of the wafer are planar. Therefore, the
spot spread function can only be applied to this case. The results of the next section are
valid for any surface topography, at the condition that the spot spread function for
optical blurring is known.
3.1.3

Electrical model

Photoluminescence signal

In the electrical model, the front surface is supposed to be covered by an emitter with
an homogenous emitter saturation current density (j0e) and the carrier diffusion length
in the bulk (Ldiff) of the material is also homogenous. These two values are also
assumed to be known.
For a semiconductor under low injection, the photoluminescence emission is
proportional to the excess carrier density. A certain probability of re-absorption should
be taken into account, depending on the depth of emission in the wafer; in our case, the
photoluminescence signal (PL) is considered proportional to the average excess carrier
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concentration (N). It would be practically obtained if the excess carrier concentration is
sufficiently high54 (the variation of carrier density due to the diffusion should be
negligible in front of the excess carrier density). Then,
W

PL(x, y ) ∝ dzΔn(x, y, z ) = N (x, y ) .

∫

3.10

0

Calculation of the effective surface recombination velocity

First, the image is analyzed using the average of the PL signal coming from the entire
surface of the wafer. As it was previously demonstrated in section 2.2.3, the average
excess minority carrier density (Δn1D) on each plane (x,y) verifies the Poisson equation
(Eq. 2.60). This equation can usually not be solved analytically, but can by using
numerical simulation. It is supposed that the model of the solar cell in the dark can be
applied. In this case, the solution of Eq. 2.60 corresponds to the solutions of the one
dimensional linear differential equation of the second degree. Even if a few calculation
steps are necessary, the result is considered trivial, leading to,

Δn1D

⎧⎛ D n N W j lum L diff ⎞
⎛
⎞ j L
⎛
⎟ cosh⎜ W − z ⎟ + lum diff cosh⎜ z
⎪⎜
−
⎜
⎟
⎜ L diff
⎜
⎟
L
q
L
q
diff
⎝ diff ⎠
⎝
⎪⎪⎝
⎠
⎨
⎛W − z ⎞
j 0e
⎪
⎟
sinh ⎜
⎪+ N W
⎜ L diff ⎟
qn 0
⎪⎩
⎝
⎠
=
⎛
⎛ W ⎞ ⎞
⎞
j ⎛
⎟ − 1⎟ + D n sinh ⎜ W ⎟
L diff 0e ⎜ cosh⎜
⎜
⎜
⎟
⎟
⎟
⎜
qn 0
⎝ L diff ⎠
⎝ L diff ⎠ ⎠
⎝

⎞⎫
⎟⎪
⎟⎪
⎠⎪
⎬
⎪
⎪
⎪⎭

⎛
j W −z⎞
⎟ when Ldiff >> W
Δn1D ≈ N ⎜⎜1 + 0 e
qn
D n ⎟⎠
0
⎝
Where f represents the average of the function f over the PL image.

3.11
.

3.12
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The expression of the average minority carrier current (j1D) is therefore,

j1 D

⎧ ⎛ D n N W j lum L diff ⎞
⎛
⎞ j L
⎛
⎟ sinh ⎜ W − z ⎟ + lum diff sinh ⎜ z
⎪− ⎜
−
⎜ L diff ⎟
⎜ L diff
⎟
q
q
⎪⎪ ⎜⎝ L diff
⎝
⎠
⎝
⎠
⎨
⎛
⎞
j 0e
⎪
W −z⎟
cosh⎜
⎪− N W
⎜
⎟
qn
0
qD n ⎩⎪
⎝ L diff ⎠
=
L diff
⎛
⎛ W ⎞ ⎞
⎞
j ⎛
⎟ − 1⎟ + D n sinh ⎜ W ⎟
L diff 0 e ⎜ cosh⎜
⎜ L diff ⎟
⎜ L diff ⎟ ⎟
qn 0 ⎜
⎝
⎝
⎠
⎠ ⎠
⎝

⎞⎫
⎟⎪
⎟⎪
⎠⎪
⎬
⎪
⎪
⎭⎪

3.13
.

We can already obtain the effective surface recombination velocity (Seff) as defined by
Eq. 2.58,
− qS eff =

j1 D ( z = 0 )
Δn1D (z = 0 )

S eff

⎛ W ⎞ ⎛ D n N W j lum L diff
Dn ⎡
j
⎟+⎜
⎢ N W 0 e cosh ⎜
−
⎜ L diff ⎟ ⎜ L diff
L diff ⎢
qn 0
q
⎝
⎠ ⎝
⎣
=
⎛ D n N W j lum L diff ⎞
⎛
⎞ j L
⎜
⎟ cosh ⎜ W ⎟ + lum diff + N W
−
⎜ L diff ⎟
⎜ L diff
⎟
q
q
⎝
⎠
⎝
⎠

S eff

⎛ qD
j
n
+ 0e
N ⎜
⎜ L 2 n0
⎝ diff
=
⎛
j
q N ⎜⎜1 + 0 e
qn
0
⎝

⎞
⎟−
⎟
⎠
W
Dn

⎞
⎛
⎟ sinh ⎜ W
⎜ L diff
⎟
⎝
⎠

⎞⎤
⎟⎥
⎟⎥
⎠⎦

⎛ W
j 0e
sinh ⎜
⎜ L diff
qn 0
⎝

.

3.14

⎞
⎟
⎟
⎠

j lum
⎞
⎟
⎟
⎠

when Ldiff >> W.

3.15

Using the last equation, it seems that Seff over a certain area can be extracted by
averaging a photoluminescence image on this area. The problem in this approach is that
it is usually difficult to obtain the proportionality factor between the PL signal and the
excess carrier density without doing a calibration on a certain area of the same wafer.
Therefore, PL imaging will provide a relative value for Seff and the absolute value of
Seff will be given using a calibration.
However knowing Seff is of a great interest, its measurement cannot be done locally,
and PL imaging can be used to obtain image of high resolution. In this work, the goal is
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to obtain local information on the rear surface recombination velocity with the
maximum resolution that the PL imaging can provide.
Calculation of rear surface recombination velocity

φ defined by φ = Δn - Δn1D is used ones again, it accounts for the lateral transport in the
sample. As there is an emitter on the front surface, for the correct condition of
illumination (see section 2.2.3), the excess carrier density is consider as constant,
inducing φ = 0. As φ obeys Eq. 2.61,

φ=

∞

∞

∑ ∑ a (z ) × e

i 2 π ( kx + ly ) / L

3.16

k ,l

k = −∞ l = −∞

where ak ,l (z ) = bk ,l

and

1

κˆ l ,k

2

=

1 sinh ((z − W ) / κˆl ,k )
,
κˆl ,k 1 − cosh (W / κˆl ,k )

3.17

4π 2 2 2
1
k +l +
.
2
L2
Ldiff

(

)

3.18

Where ak,l are the Fourier coefficients of φ (ak,l = FTk,l(φ)). The term bk,l can be
obtained from the PL image,
W

∫

ΔN = φ + n1D dz =
0

∞

∞

∑∑

W

∫

bk ,l × e i 2π (kx +ly ) / L + n1D dz

k = −∞ l = −∞

3.19

0

By identifying the term of the sums,
⎧bk ,l = FTk ,l (N ) if k ≠ 0 and l ≠ 0
⎪W
⎨ n dz = FT (N ) and b = 0
0,0
0, 0
⎪ 1D
⎩0
,

∫

3.20

it follows,
⎧ qDn × a k ,l ' (0) = FTk ,l (jn ⋅ u z ( z = 0) ) if k ≠ 0 and l ≠ 0
⎨
⎩ j1D (0) = FT0, 0 (jn ⋅ u z ( z = 0) )

3.21
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⎧ak ,l (0) = FTk ,l (n( z = 0) ) if k ≠ 0 and l ≠ 0
⎨
⎩ n1D (0) = FT0, 0 (n( z = 0) )
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It can be obtained,
⎧
FTk ,l (N ) cosh (W / κˆ l ,k )
if k ≠ 0 and l ≠ 0
⎪ FT (jn ⋅ u z (z = 0))k ,l = qDn
2
κˆ l ,k 1 − cosh (W / κˆ l ,k )
⎪
⎪
FTk ,l (N ) − sinh (W / κˆ l ,k )
⎪
if k ≠ 0 and l ≠ 0
⎨ FT (n(z = 0 ))k ,l =
κˆ l ,k 1 − cosh (W / κˆ l ,k )
⎪
⎪ j (0) = FT (j ⋅ u (z = 0 ))
0,0
n
z
⎪ 1D
⎪⎩Δn1D (0) = FT0, 0 (n(z = 0))

3.23

The local surface recombination velocity on the back is finally given by

S rear =

j z (x, y,0)
− qΔn(x, y,0)

⎛
FTk ,l (N ) cosh (W / κˆ l ,k ) i 2π (kx +ly ) / L ⎞
⎜ qDn
⎟
e
⎜
⎟ + j1D (0)
κˆ l ,k 2 cosh (W / κˆ l ,k ) − 1
⎟⎟
k = −∞ l = −∞ ⎜
⎜ 0 if k = 0 and l = 0
⎝
⎠
=
.
ˆ
(
)
(
)
⎛
⎞
κ
FT
N
sinh
W
/
k ,l
l ,k
∞
∞ ⎜
e i 2π (kx +ly ) / L ⎟
cosh (W / κˆ l ,k ) − 1
⎜ κˆ l ,k
⎟ + Δn1D (0)
⎟
k = −∞ l = −∞ ⎜
=
=
0
if
k
0
and
l
0
⎝
⎠
∞

3.24

∞

∑∑

qS rear

3.25

∑∑

When Ldiff >> W the expression of Srear can be simplified, giving an expression that can
directly be used if the effective surface recombination on the rear surface (Seff) and the
emitter saturation current (j0e) are known. Seff and j0e need to be determined by
independent measurements independent of PL imaging.
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The simplified expression of Srear can be finally written,
⎛
FTk ,l (N ) cosh(W / κˆ l , k ) i 2π (kx +ly ) / L ⎞
⎜ Dn
⎟
e
⎜
⎟
κˆ l ,k 2 cosh(W / κˆ l ,k ) − 1
k = −∞ l = −∞ ⎜
⎜ 0 if k = 0 and l = 0
⎟⎟
⎝
⎠+S
eff
⎛
j 0e W ⎞
⎟
FT0,0 (N )⎜⎜1 +
qn0 Dn ⎟⎠
⎝
.
=
⎛ FTk ,l (N ) sinh (W / κˆ l , k ) i 2π (kx +ly ) / L ⎞
∞
∞ ⎜
⎟
e
cosh(W / κˆ l ,k ) − 1
⎟
⎜ κˆ l ,k
⎟
k = −∞ l = −∞ ⎜
⎠ +1
⎝ 0 if k = 0 and l = 0
⎛
⎞
j W
⎟
FT0, 0 (N )⎜⎜1 + 0 e
qn0 Dn ⎟⎠
⎝
∞

∞

∑∑

S rear

3.26

∑∑

3.1.4

Experimental, results and discussion

Experimental
Samples suitable for this type of characterization have been fabricated. The starting
material was of Float Zone (FZ) wafers. The surfaces of these wafers are shiny etched
on the front and the rear surface. This type of surface is supposed to be sufficiently flat,
and that the optical model of section 3.1.2 can be applied. The front surface of the
wafer was diffused with a 120 Ω/sq emitter, and the surface of the wafer was
passivated by a thermally grown silicon dioxide layer of 105 nm thickness. 2 µm of Al
was than evaporated on the rear of the wafer. A LFC process was carried out on the
rear of the sample, with different pitches in order to simulate the local recombination
on the rear contacts of a solar cell. Finally, an annealing process that guarantees the
high quality of the surface passivation with SiO2 was carried out at 425°C for 15 min.
Additional symmetrically processed samples were fabricated in order to extract j0e and
Ldiff. The effective surface recombination velocity (Seff) for each pitch value
was determined by measuring the minority carrier lifetime after etching the rear metal.
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Results and discussion
On Figure 3.3, an example of a PL image is shown. The measurement was carried out
on a sample with a LFC pitch of about 4 mm. The left picture is the original PL image.
A strong noise is observed, although the image corresponds to the integration of about
100 measurements. The right picture corresponds to the same image after applying a
low pass filter that cuts all the frequencies above 50 cm-1. The picture after filtering
looks remarkably similar to the original but smoothed; the maximum and minimum
values of the signal were not affected.

Figure 3.3 PL image of a sample with a LFC pitch of 3 mm. The graph (a) is the
original picture. On graph (b), the 50 cm-1 low pass filter was applied.
Eq. 3.26 is applied to the PL images above in order to obtain an image of the rear
surface recombination velocity. In this case, the use of a software filter (applied before
using Eq. 3.26) is even more important. In fact, Eq 3.26 works like a high frequency
amplifier – the higher the frequency, the greater the amplification. In our case, the high
frequencies are dominated by the noise, making it therefore necessary to cut them. In
Figure 3.4, Srear images are presented for different low pass filters. It can be observed
that by decreasing the filter frequency, the noise deceases and almost disappears, but
also the maximum of the surface recombination velocity decreases and the point of
high recombination increases. Therefore, it is difficult to know which image
corresponds to the real surface recombination velocity of the rear.
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Figure 3.4 Srear image for different low pass filters. The filter cuts all the frequencies
above 70 cm-1, 50 cm-1, 30 cm-1 and 15 cm-1 for the graph (a), (b), (c) and (d),
respectively. No readable image was obtained without filter.
Considering Eq. 3.26, the Srear image will always have the correct Seff given as an input
value. Therefore, the Srear image should be considered to be one possible configuration
of the rear surface recombination velocity leading to a known Seff value. In Figure 3.5,
the influence of noise on our measurement signal is illustrated. Srear represents the
frequency signal of the rear surface recombination velocity, as it is really on the
sample. This signal does not lose any intensity with the frequency, as from LFC the
change in Srear is very abrupt. The camera signal corresponds to a smoothed signal of
Srear, in this case the intensity decreases with the frequency. A random noise is also
added to this signal, because the intensity of the camera signal intensity decreases with
the frequency; for high frequency, the noise dominates the signal received by the
camera. The deconvolution (creation of the Srear map) attempts to transform the signal
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from the camera into the Srear signal. This works until the noise intensity becomes
higher than the camera signal, after which the signal needs to be deleted as it only
introduces errors. The Srear maps cannot contain more information than the original PL
image. In order to rebuild an exact Srear image, one needs to have a clear signal for all
the frequencies. If a part of the information is lost due to the noise, the best solution is
to work with the available information in order to build the closest possible
configuration of the rear surface recombination velocity to the reality. From Figure 3.4,
the optimal filter seems to be the 50 cm-1 low pass filter.

Srear
Camera signal
Signal intensity (a. u.)

Random noise
Srear image

0

2

4

6

8

10

Frequency (a. u.)

Figure 3.5 Schematic of the signal as a function of the frequency in order to illustrate
the influence of noise on the Srear maps.
On Figure 3.6 a Srear image is shown for a pitch of about 1 mm, in this case a 50 cm-1
was also applied. This image seems noisier and the signal to noise ratio is lower than
for the larger pitch, making it therefore more difficult to differentiate the point contact
from the noise. Because of the higher density of contact, it seems that the compromise
between low noises and signal accuracy is more difficult to find. In this case, the best
solution is to obtain a picture with a better signal to noise ratio.
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Figure 3.6 Srear image for a LFC pitch of 1 mm, a low pass filter 50 cm-1 was applied.
3.1.5

Summary

In this section, a method allowing a simple computation of PL images into rear surface
recombination velocity maps was proposed. The calculations are based on strong
hypotheses on the optical and electrical properties of the sample under test. Therefore,
the characterization method developed here can only be applied on the samples that
fulfill the following requirements:
•

Both surfaces of the samples should be polished, as the optical

model developed here can only be applied on polished wafers. However,
as the electrical model is independent from the optical model, if one
would use a structured surface and apply the corresponding optical
correction, the electrical model could be applied without changes.
•

Shading due to fingers should be avoided; the lifetime in the bulk

and the emitter saturation current density should be homogenous. In fact,
any change in the PL signal will be interpreted as being due to an
inhomogeneous surface recombination velocity on the rear.
•

The emitter saturation current density (j0e), the bulk diffusion length

(Ldiff), and the effective surface recombination velocity (Seff) on the rear
should be known. As PL images need a complex calibration in order to
provide information on the lifetime, only the relative change in the PL
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signal can be used. In addition, the values j0e, Ldiff and Seff are required as
additional information.
A relatively simple formula is derived for samples with a bulk diffusion length larger
than the sample thickness,
⎛
FTk ,l (N ) cosh(W / κˆ l ,k ) i 2π (kx +ly ) / L ⎞
⎜ Dn
⎟
e
⎜
⎟
κˆ l ,k 2 cosh(W / κˆ l ,k ) − 1
k = −∞ l = −∞ ⎜
⎜ 0 if k = 0 and l = 0
⎟⎟
⎝
⎠ +S
eff
⎛
j0e W ⎞
⎟
FT0,0 (N )⎜⎜1 +
⎟
⎝ qn0 Dn ⎠
.
=
ˆ l ,k ) i 2π (kx +ly ) / L ⎞
⎛
(
)
(
κ
FT
N
W
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/
,
k
l
∞
∞ ⎜
⎟
e
cosh(W / κˆ l ,k ) − 1
⎜ κˆ l ,k
⎟
⎟
k = −∞ l = −∞ ⎜
⎝ 0 if k = 0 and l = 0
⎠ +1
⎛
j0e W ⎞
⎟
FT0,0 (N )⎜⎜1 +
⎟
⎝ qn0 Dn ⎠
∞

∞

∑∑

S rear

∑∑

Where fast Fourier transform can be used, for an easy and fast computation of the Srear
images.
The developed method has been applied on samples presenting on the rear surface a
passivation layer and local contacts. The conversion of the PL image into a Srear map
induces an amplification of the high frequency of the image. In our experimental setup,
the noise forced us to use a low pass filter in order to obtain a readable Srear map. As the
final result depends on the filter used, the maps should be interpreted as one possible
configuration of the rear surface recombination velocity, rather than a measurement of
an absolute value of Srear.
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Metal spiking through rear passivation layers:
characterization and effects on solar cells
Introduction

Until recently most of the rear passivated solar cells were produced on small samples,
and many of them featured evaporated metal contacts55. Technological improvements
in rear-surface passivation techniques and contact-formation techniques allow the
production of large-area rear passivated solar cells using mass-production equipment.
The use of large-area wafers, the need of driving the process costs down, and the used
firing steps increase the probability of defect formation in the passivation layer.
Through some of these defects in the passivation layers, metal could penetrate, forming
a weak contact with silicon. In this section, they will be named “metal spiking through
dielectric” (MSTD). As the MSTD are, most of the time, unwanted, their electrical
activity is not controlled and they represent a potential danger to the passivation
quality.
3.2.2

Formation of defects in the passivation layers

In order to characterize and quantify the defects through the passivation layer,
measurements of the layer resistivity were performed. The experimental conditions
simulate the rear of a solar cell. On the front side of the wafer the dielectric under
investigation has been deposited and covered by aluminum dots (the Al thickness is
higher than 0.5 µm), while the rear side of the sample was entirely covered by
aluminum, forming a planar contact on the rear. p-type wafers with a resistivity of
1 Ω cm were used. Two types of samples have been prepared with evaporated
aluminum and screen-printed aluminum. Then the resistance is measured via
contacting front and rear of the sample (see Figure 3.7). From the measured resistance
Rs and the area of the dot size, the area normalized resistance is calculated.
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Measure
Rs

Metallic dots
Defect in the layer
Layer under investigation
Silicon wafer
Metal on the back

Figure 3.7 Setup used for the measurement of the dielectric layer or dielectric layer
resistivity.
MSTD of evaporated aluminum
Three different round-shaped dot sizes have been prepared for these samples (diameter
of 1 mm, 3 mm and 6 mm), an equal amount of dots of each size were measured for
each parameter variation. For the resistance measurement, a picoamperemeter was
used, applying successively 1 V and -1 V. This technique is further described by
Reichel et al.56. Despite the high accuracy of this measurement technique in the high
resistance range, it is limited in current, giving a minimum for each dot size (see Figure
3.8 a). Therefore, the values obtained in this study can only be interpreted as an
indicator of the resistance given by the dielectrics.
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Figure 3.8 (a) Resistance for different types of surface preparation leading to different
surface topography. The aluminum is evaporated, the dielectric layers are PECVD
SiNx and SiOx with thicknesses ranging 100 – 200 nm,. The samples have been
annealed during 25 min at a temperature between 300°C and 450°C. Between 270-400
dots were measured per surface texture. (b) Explanation of the box diagram.
In many solar cell process flows, no firing would be performed after the deposition of
aluminum; eventually an annealing (with temperature ranging from 300°C - 450°C)
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could occur at the end of the solar cell process. The dielectrics used for this study are
SiOx and SiNx by plasma-enhanced chemical vapor deposition (PECVD) with a
thickness between 100 nm and 200 nm. Figure 3.8 shows the measured resistivity
based on samples with three different surface topographies, including all layer types,
layer thicknesses, and annealing temperature variations. The resistivities are obtained
within a very large range of values spreading over 11 orders of magnitude. This
indicates that at the microscopic scale the contacts that are formed have probably very
different sizes, densities and/or contact resistances. Two main groups of resistance can
be identified: the first in the range of 109 Ω cm corresponding to uncontacted dots, the
second in the range of 102 Ω cm corresponding to dots having a good contact. For the
textured samples almost all the measured values are situated in the low resistivity
region, while for the smooth surface roughness, the values are scattered broadly with
emphasis to higher resistance. In summary, the surface preparation and the resulting
topography is a dominant factor (within the described study) for the formation of
MSTD.
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Figure 3.9 Resistivity of PECVD SiNx and PECVD SiOx layers for evaporated Al dots
as a function of the layer thickness and the annealing temperature. The samples are all
shiny etched or damage etched, showing no major difference between these two surface
roughnesses. Between 16-40 dots were measured per variation.
In Figure 3.9 the resistivity is plotted for damage-etched and shiny-etched samples,
coated with PECVD SiNx and SiOx, with different annealing temperatures applied. As
is expected, thick dielectrics have the tendency to be more resistive than thinner
dielectrics of the same composition. SiNx shows a higher resistivity than SiOx,
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especially for annealing temperatures above 400°C, while for the samples coated with
SiOx, a strong decrease in the resistivity can be observed in this range of temperature.
This phenomenon is generally explained by a reduction of the SiO2 by the Al, which
can than penetrate the dielectric layer, and form a contact57.
MSTD of screen-printed aluminum
The formation of MSTD with screen-printed aluminum and firing are also studied here,
as this type of metallization is often used in the fabrication of PERC solar cells. Six
different dot sizes have been prepared (with a diameter of 1 mm, 2.5 mm, 5 mm,
10 mm, 15 mm and 25 mm). The passivation layer used for this study is a 20 nm thick
layer of PECVD Al2O3, covered by 80 nm of PECVD SiNx or PECVD SiOx. All the
samples have been fired at a set peak temperature of 870°C for 2 - 3 s. Fritless
aluminum paste was screen printed on passivation layer stacks. For the resistance
evaluation, the current voltage (IV) characteristics are measured between -5 V and 5 V.
The resistance was then fitted on the linear part of the IV curve. This technique offers a
higher accuracy in the low resistance range compared to the one described in
section 2.1.
The resistance is plotted in Figure 3.10. It can be noticed that using screen-printing, a
higher ratio of samples is properly contacted compared to the Al-deposition using
evaporation. The as-cut samples present a very low resistance due to their rough
surface. The samples coated with SiOx present resistances, which are orders of
magnitude lower than for the evaporated Al even on shiny-etched surfaces. The last
could be explained by the fact that the critical temperature for PECVD SiOx (~400°C),
observed in Figure 3.9, is much lower than the temperature used for the firing (870°C).
At high temperatures, aluminum can reduce SiO2, in this case it seems that the
aluminum was also spiking through the Al2O3 deposited by PECVD57. After firing, the
SiOx layer might be consumed completely.
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Figure 3.10 Resistance measured for PECVD Al2O3 - SiNx and Al2O3 - SiOx layer
stacks, for screen printed Al dots fired at 870°C, as a function of the wafer surface
roughness. Between 20-40 dots were measured per variation.
Defects in the passivation layer have been observed using scanning electron
microscopy (SEM). In an example (Figure 3.11), a contact can be observed between
silicon and metal, as well as a cavity in the screen-printed metal.

Figure 3.11 SEM picture of the cross section of a sample coated with screen-printed
aluminum after firing. A local opening of the passivation layer is observed with metal
penetrating in the silicon. A cavity is also observed in the aluminum due to local
melting of the aluminum. In fact, the melting temperature of the Si-Al eutectic is lower
than that of pure aluminum.
To conclude this section, the resistivity of dielectric layers was measured in different
conditions close to their application in solar cells (see Figure 3.8). The annealed
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samples with evaporated aluminum generally have a higher resistivity than the fired
screen-printed samples. The surface preparation is also a very important parameter23:
the rougher the wafer, the lower the resistivity, with very low resistivity for textured
and as-cut samples. Samples deposited with PECVD SiNx show a higher resistivity
compared to samples coated with PECVD SiOx, especially after a temperature step
over 400°C. This is probably due to the reduction of SiOx by aluminum at high
temperatures. Finally, the combination of resistance measurement with a quantitative
pinhole investigation58 could help to further understand the cause of the formation of
MSTD.
3.2.3

Characterization of metal spiking through the rear dielectric layer in
solar cells

Experimental
Industrial-type rear passivated solar cells were produced in order to study the influence
of MSTD. The rear surface is passivated using a stack of thin thermal oxide and a
PECVD layer stack. The solar cells present screen-printed contacts on the front and on
the rear. In order to contact the screen-printed aluminum and the silicon through the
passivation stack, LFC23 are formed on the rear. However, in our case the solar cells
were mainly characterized before the LFC process, meaning that the aluminum was
already lying on the passivation layer with no contact to the silicon.
Characterization by photoluminescence-imaging
The solar cells were measured by means of photoluminescence (PL) imaging before the
formation of the base contacts. The images were performed under open-circuit (OC)
and short-circuit (SC) conditions. Under OC conditions, the PL image should be
homogenously bright, while reduced intensities indicate material- or process-induced
defects. In the case of finished contacts, the PL image under SC conditions should look
homogeneously dark, because all the charge carriers are drained out of the cell without
being able to recombine radiatively. If no contacts were formed, the PL signal is
expected to be the same for OC and SC conditions and deviations can be attributed to
MSTD. The solar cell characteristics before LFC were mainly limited by a very high
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series resistance because the contacts have not yet been formed. Although no current is
expected to flow under SC conditions, it can be observed that a low amount of current
was collected through local contacts formed at MSTD. The PL image under SC
conditions (Figure 3.12 b) presents dark spots and large dark areas compared to the OC
PL image (Figure 3.12 a). Under SC conditions, the local junction potential is dropping
in the regions that are contacted by MSTD, inducing a low PL-intensity.

Figure 3.12 Photoluminescence correlation between contact and recombination area,
(a) PL image in OC conditions before LFC, (b) PL image in SC condition before LFC,
(c) ratio of jcol / jlum under SC condition before LFC, (d) dark saturation current density
of the finished cell.
A simple model was used in order to extract the local ratio of current that can be
collected in SC (jcol) over the light-generated current (jlum). The PL signal is
proportional to the recombination current. The current generated in the solar cell has
only the option to recombine or to be collected at the contact. Under OC condition, it is
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obvious that all the generated current recombines, so the recombination current using
the OC PL image can be scaled. Under SC conditions, the current that does not
recombine is collected. Therefore, the ratio of collected current over the generated
current can be written as
jcol / jlum = 1 - PLsc / PLoc,

3.27

where PLoc and PLsc are the PL signals under OC and SC conditions, respectively.
Figure 3.12 (c) is an image of the ratio of jcol over jlum, which is independent from the
local lifetime. One should note that due to a small amount of reflected light, which
cannot be filtered, this method does not provide accurate values for ratios exceeding
90%. In Figure 3.12 (d), the dark saturation current of the finished solar cell (after
LFC) is plotted; this image has been calculated from voltage calibrated PL
measurements using the method presented in ref. 59.
By comparing the image of the collected current ratio before LFC and the dark
saturation current on the final cell, a good correlation is observed. An increased dark
saturation current indicates in this case a stronger recombination due to a poor quality
of passivation stack and aluminum layer caused by MSTD spots. The increased
recombination can be explained by the fact that the SRV of a silicon surface in direct
contact with metal is typically higher than the SRV of an area passivated by a
dielectric. The formation of this contact is therefore harmful for the local passivation
quality.
3.2.4

Conclusion

In this section, the uncontrolled formation of contacts through the passivation layer was
investigated.
In the first part, the formation of these contacts was studied, based on the measurement
of the dielectric layer resistivity. This includes the influence of parameters like surface
roughness, metallization technique and post-metallization annealing for different
dielectrics.
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In the second part, a characterization of these contacts on solar cells was proposed. The
characterization based on photoluminescence imaging is performed before the
finalization of the rear contacts. A good spatial correlation between the contacts and
dark saturation current density suggests that these contacts can harm the rear surface
passivation quality.

4 PECVD aluminum
oxide layers for c-Si
surface passivation

In this chapter, the development of process of
deposition of Al2O3 by means of PECVD is treated. The
layers obtained show a very high passivation quality on
p-Si and p++-Si. Therefore, they are of a great interest
for c-Si photovoltaic applications.
•

The great potential for this layer to be applied in
the industrially raised the motivation to develop a
reliable,

homogeneous

and

high-throughput

process.
•

In addition, these layers were characterized in
order to understand their physical and electrical
properties.

•

Finally, PECVD Al2O3 layers were applied on high
efficiency solar cells. A potential of more than 21%
efficiency on rear passivation p-type solar cells
was shown.
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PECVD aluminum oxide layers for c-Si surface passivation

Introduction

Motivation
Crystalline silicon solar cell technology currently represents the main share of the
photovoltaic (PV) market. Industrially manufactured crystalline silicon solar cells
typically have a front surface anti-reflection coating (ARC) of plasma-enhanced
chemical vapor deposited (PECVD) hydrogenated amorphous silicon nitride
(a-SiNx:H), a local metal front contact grid and a full-area aluminum rear contact. The
latter provides an Al-back-surface field (Al-BSF) responsible for limited electrical rear
surface passivation. In order to reduce the amount of expensive silicon material used,
the industry is continuously moving towards thinner solar cells. However, the thinner
solar cells become, the more the overall efficiency is limited by surface recombination.
P-type silicon substrates are typically used in the Si PV industry rather than n-type
substrates. One reason for this choice is the lack of high-quality passivation for p-type
emitters (B or Al doped). However, n-type solar cells show interesting properties when
compared to p-type, such as a higher tolerance to impurities present in low-grade
silicon (for example Fe10), and are not suffering from oxygen-boron-complex
degradation11.
Brief review on the most common passivation layers
Positively charged dielectric layers such as a-SiNx:H60 provide good passivation for
lowly and highly doped n-type silicon, as well as for lowly doped p-type silicon
substrates. The built-in positive charges present in a-SiNx:H (typically in the range of
Qtot ~ 1012 cm-2 )61 induce an accumulation or inversion layer on n-type and p-type
silicon surfaces, respectively. It keeps the Fermi level at the interface far from the
intrinsic level, where the recombination centers are more efficient. This kind of
passivation is referred to as field-effect passivation.
In the case of the passivation of p-type solar cell rear surfaces, the use of a-SiNx:H
leads to an inversion channel. The last works as a parasitic emitter, which is shunted at
the local p-contacts in most cases. The shunted inversion channel can finally be seen as
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a second solar cell working against the real solar cell, inducing local current losses on
the rear62,63. After forming gas annealing or Al-nealing64, thermally grown silicon
dioxide (SiO2) provides very good passivation on lowly doped p-type silicon. This very
classical passivation layer for silicon is used in the high-efficiency passivated emitter
rear locally diffused cells (PERL)25,65. However, the high thermal budget during
oxidation limits the application of this passivation layer to specific silicon materials.
An alternative approach uses a stack of thin thermal oxide and PECVD dielectrics
instead of a thick silicon oxide layer66,67. Amorphous silicon (a-Si:H) obtained by
PECVD has also shown good passivation quality on p-type silicon68, and has been
demonstrated on solar cells69,70. However, a-Si:H layers show poor stability at higher
temperatures, strongly limiting the range in which thermal processing can be carried
out after the deposition of such a layer.
In addition, a-SiNx:H does not provide a good surface passivation for boron-doped (ptype) emitters used in n-type solar cells71,72. Layers of a-Si:H and Si-rich a-SiCx:H
show significant absorption that limits their application possibility for the front side.
Thermal SiO2 does not exhibit the same high level of surface passivation for p-type
emitters as it is observed for phosphorus-doped emitters73,74.
Review on passivation by aluminum oxide layers
Before being used for photovoltaic application, aluminum oxide has been extensively
studied for semiconductor device applications. From an early work on semiconductor
devices (end of the 1960s / beginning of the 1970s) SiO2, Si3N4 and Al2O3 can be
considered as three classical dielectrics for the passivation of silicon and germanium
surfaces75,76. The methods used at this time for the deposition are essentially chemical
vapor deposition (CVD) at temperatures above 800°C76 and using sputtering of
aluminum in an oxygen argon atmosphere76. Despite their relatively low trap density in
contact with silicon, the layers are reported to be porous and charged76. The last
properties represent a real drawback for metal oxide semiconductor field effect
transistors (MOSFET)77 that have been constantly gaining in importance from the
1970s until today. Because of its excellent dielectric properties, low trap density and
low charge density, silicon dioxide has been dominating the other dielectrics in the
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semiconductor sector until the last decade. However, motivated by the goal of
replacing SiO2 by a dielectric with a better radiation and alkaline stabilities, Pande et
al.

78

developed in 1982 a PECVD process for Al2O3 layers, using metal organic

precursor trymethylaluminum (TMA). Nevertheless, no alternative dielectric could
frighten SiO2 until the last decade. Then, the constant reduction of the size of the
electronic devices following Moore’s law79 approaches the point when the SiO2
thickness necessary for the capacitance coupling of the channel became too low for a
proper insulation of the gate (mainly due to tunneling currents). The concept of
replacing SiO2 by high-k dielectrics began to emerge80. With a dielectric constant more
than double comparing to SiO2, Al2O3 has been once more seriously considered to be
applied on MOSFET80. Despite its high interface quality with silicon, the high negative
charge density of Al2O3 layers and the availability of a better alternative (HfO2)81
vanished the chances of Al2O3 layers to be applied on MOSFET devices82 with a high-
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Figure 4.1 Evolution of the number of articles treating about the use of aluminum
oxide for silicon solar cells and MOSFET over the 50 last years. (a) the 50 last years
are reported by summarizing 5 years, (b) zoomed in the last 10 years.
In the silicon photovoltaic field the first reported use of aluminum oxide layers for
surface passivation dates back to the 1980s60. The Al2O3 layers were deposited on a
thin thermally grown SiO2 layer, using atmospheric pressure chemical vapor deposition
(APCVD). In this study60, the layer stack is reported to be negatively charged and the
surface recombination was estimated using SRH statistics21 (Eq. 2.18) to be
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approximately 200 cm s-1. Even though these interesting first results exist, Al2O3 was
almost absent from silicon photovoltaic publications for more than ten years and
surfaced back in 2004 in the work of Agostinelli et al.

83,84

with the aim of applying it

for rear surface passivation of p-type solar cells. For the deposition of the layer
Agostinelli et al. used spin-on sol-gel83 and atomic layer deposition (ALD)84.
Shortly after the work of Agostinelli et al., a series of excellent results has attracted the
attention of the photovoltaic community, and until now, aluminum oxide is still subject
to a great interest. Hoex et al. shows that unlike the other common passivation layers,
Al2O3 layers can provide excellent passivation on lowly85 and highly-doped86 p-type
silicon without risking to create a depletion and inversion region. The deposition of
these layers has been carried out using plasma-assisted atomic layer deposition (PAALD). Following these excellent results, the PA-ALD Al2O3 layers from Hoex et al.
have been applied on solar cells:
•

On the rear surface of p-type solar cells, leading to efficiencies

above 20%87.
•

On the front surface of n-type solar cells, leading to efficiencies

above 23%65.
The ALD technique88 cycles reactant gas insertions and purges in order to achieve a
precisely controlled deposition, atomic layer by atomic layer. Therefore, typical
deposition rates of PA-ALD drastically limit its application in a commercial production
line. One approach to circumvent this problem is to use only thin PA-ALD Al2O3
layers (~7 nm89, and ultrathin layers90), with the intention of decreasing the total
deposition time to an industrially viable value.
Other approaches consist of reaching high passivation quality using deposition
techniques with a much higher throughput than PA-ALD. Such techniques like plasmaenhanced chemical-vapor-deposition91,92 (PECVD), radio frequency sputtering93 (RF
sputtering) and spatial atomic layer deposition94 has been considered for this proposes.
These processes have the potential to reach the throughput needed for industrial solar
cell production, without compromising significantly the passivation quality. In this
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work, an industrially relevant aluminum oxide deposition process based on PECVD is
used, in order to provide a high-quality passivation for highly and lowly boron-doped
silicon surfaces.
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Passivation of p-type silicon surfaces by PECVD aluminum
oxide
Passivation of lowly doped p-type silicon surfaces

Sample preparation
Aluminum oxide (Al2O3) layers have been developed using an inline industrial-type
PECVD system (Roth&Rau SiNA). This system is currently in extensive use in the
crystalline Si PV industry, typically used to deposit a-SiNx:H ARC layers on
commercial mono- and multi-crystalline silicon solar cells. Commercial inline systems
of this type reach production throughputs of up to 4000 wafers per hour, and are not a
limiting step in production. The plasma is created by 2.45 GHz microwave (MW)
pulses, which are introduced to the reaction chamber via a linear antenna. During the
process, the chamber pressure is approximately 0.15 mbar and its temperature is around
300°C. Nitrous oxide (N2O), trimethylaluminum (TMA, Al(CH3)3) and argon (Ar)
were used as reactant gases.
The layer characterization was performed on p-type (boron-doped) shiny-etched
Float-Zone (FZ) wafers with a crystal orientation of (100), 1 Ω cm resistivity and
250 µm thickness. Prior to the deposition, a wet chemical surface cleaning consisting
of a hot nitric acid (HNO3) treatment, followed by a short dip in diluted hydrofluoric
acid (HF) was carried out. The layers were deposited on both sides of the wafers in
order to obtain a symmetric test structure. This established test structure has the
advantage that the effective surface recombination velocity (Seff) can be directly
extracted from the effective excess carrier lifetime (τeff). The maximum surface
recombination velocity Smax can then be calculated using95
S max =

W
2 × τ eff

4.1

Where W is the wafer thickness. This equation assumes an infinite bulk lifetime, which
is practically not the case; it results that the surface recombination velocity will be
systematically over-estimated. The effective carrier lifetime of the sample was
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determined using a Sinton Consulting96 WCT-120 lifetime tester, operated in transient
mode.
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Figure 4.2 Effective minority carrier lifetime τeff, and the corresponding Smax of c-Si
(FZ (100), p-type, 1 Ω cm, 250 µm thick), on symmetrically passivated front and back
surfaces using industrial inline PECVD aluminum oxide layers as a function of the
excess carrier density Δn (Al2O3 thickness: 50 nm).The sample was annealed at a
temperature of 425°C prior to the measurement.
As-deposited lifetimes were measured in the range of 1 µs. To achieve the full surfacepassivation potential, a forming gas anneal (FGA) was applied with temperatures of
425°C for 15 min. In Figure 4.2, the effective carrier lifetime depending on the excess
carrier density is presented. For solar cells under standard irradiation (~1 sun), the
excess carrier density typically varies from 1013 cm-3 to 1015 cm-3. In this range,
PECVD Al2O3 shows a stable minority carrier lifetime of approximately 1.2 ms. Unlike
a-SiNx:H and SiO2 the lifetime achieved with PECVD Al2O3 are not observed to
decrease strongly at low injection levels. B. Hoex et al.89 interpreted this phenomenon
as an effect of the accumulation layer induced by negative-charge passivation.
The layer presented above was deposited with a high dynamic deposition rate of
25 nm m min-1, which corresponds to an equivalent static deposition rate of
100 nm min-1. Using PA-ALD one cycle corresponding to the deposition of one
molecular layer (~ 0.13 nm) takes 30 s

85

. Thus, the deposition rate for PA-ALD is
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calculated to be 0.26 nm min-1. Therefore, our PECVD is more than one order of
magnitude faster than PA-ALD, without significantly sacrificing the resulting
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Figure 4.3 Refractive index n and extinction coefficient k of PECVD aluminum oxide as
a function of the incident photon wavelength, measured using elipsometry.
The refractive index and the extinction coefficient of the layer are shown Figure 4.3.
The wavelength range of the spectral elipsometer is 250 to 1000 nm. In this range, the
refractive index is measured to be between 1.60 and 1.65, while the photon absorption
was below the detection limit. This is comparable to PA-ALD Al2O3 values85 reported
to be between 1.60 and 1.65. In addition, it allows good optical properties for front or
back surface application on solar cells. Indeed, J. Benick et al.65 showed that thin
aluminum oxide layers can be used in combination with silicon nitride for ARC layers,
while J. Schmidt et al.87 showed that aluminum oxide exhibits similar behavior to SiO2
for internal back reflection at the rear of Si solar cells. The same characteristics are also
expected for PECVD Al2O3 layers presented in this section, which will be verified for
p-type solar cells in Section 4.6. Additionally, a model of stoichiometric Al2O3 mixed
with 20 % voids (by volume) was found to fit the measured values. The porosity of the
PECVD Al2O3 layer is thus estimated to be 20%.
The exact composition of the layer has been determined by X-ray photoelectron
spectroscopy (XPS). The measurement has been performed on the surface of the
deposited layer after 15 s of Ar sputtering. The layer is found to be quasi-
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stoichiometric with 60 % oxygen (O), 36 % aluminum (Al) and 4 % carbon (C), where
nitrogen (N) and silicon (Si) were not detected. A similar ratio has been previously
observed78 in early work on PECVD aluminum oxide. The small carbon content is
attributed to the methyl groups of TMA. As the studied aluminum oxide layer is proved
to be very close to the stoichiometry, the term “Al2O3” can be use for the PECVD
aluminum oxide developed in this work.
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Figure 4.4 High-frequency and quasi-static capacitance-voltage measurements of a
30 nm thin PECVD Al2O3 layer deposited on a p-type doped silicon substrate (1 Ω cm).
A negative charge density of Qtot = - 2.1 1012 cm-2 was calculated from these curves.
High-frequency and quasi-static capacitance-voltage (CV) measurements using a
mercury probe were performed in order to extract the charge density (Qtot) and the
interface trap density (Dit) of the Al2O3 Si interface. The Dit value was calculated using
the method of Castagné and Vapaille14. Values of Qtot = -2.1×1012 cm-2 and
Dit = 1.7×1011 eV-1 cm-2 were measured for a 30 nm thick PECVD aluminum oxide
layer after FGA. A stack composed of the same 30 nm PECVD aluminum oxide layer
with a 100 nm PECVD silicon oxide was also measured. In this case, a Dit value of
2-5×1010 eV-1 cm-2 was calculated. The high density of negative charges induces an
accumulation layer on p-type silicon, producing a field effect passivation. Low Dit
associated with high negative surface charge density can explain the excellent
passivation shown by PECVD Al2O3 layer on p-type silicon. These measurements
show also that Dit at the Si / Al2O3 interface after annealing can be as low as at a
Si / SiO2 interface. A thin SiOx layer (thickness below 5 nm) is often observed at the
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interface between c-Si and Al2O3 after annealing85 (see Figure 4.30). Johnson et al.82
suggested that the negative charges in stoichiometric aluminum oxide are situated close
to the SiOx / Al2O3 interface, which may also be occurring in our case. An interstitial
SiOx layer between Al2O3 and c-Si may provide a good interface quality with c-Si, and
low Dit values.
Table 4-1 Summary of aluminum oxide deposition techniques used for passivation of cSi p-type surfaces. The values reported are after annealing.
Deposition technique

Si substrate

APCVD60
sol-gel83
PA-ALD89
PECVD92 (with CO2)
rf sputter AlOx97
PECVD (this work)

p-type, 2 Ω cm
FZ p-type, 1 Ω cm
FZ p-type, 2 Ω cm
Cz p-type, 10 Ω cm
FZ p-type, 0.8 Ω cm
FZ p-type, 1 Ω cm

Seff (cm s-1)
210
100
~6
~10
~55
<10

Qtot (cm-2)
-3×1012
-1.6×1012
-1×1013
-2.1×1012
-3×1012
-2.1×1012

Table 4-1 summarizes aluminum oxide deposition techniques used for passivation of pdoped silicon surfaces. The highest passivation quality is obtained using PA-ALD, but
the measured surface recombination velocity is not significantly lower than obtained
using PECVD. The deposition conditions used with PA-ALD, high vacuum, separation
of adsorption and reaction steps, and the exact control of layer thickness are therefore
shown not to be essential. Nearly the same surface recombination velocity can be
achieved using a large scale (>1 m2) PECVD deposition under low vacuum condition
(~0.15 mbar), obtaining the layer at an equivalent static deposition rate more than one
order of magnitude higher. For all deposition, techniques cited a negative charge
density between 1012 and 1013 cm-2 is reported for aluminum oxide after annealing.
Although the charge density achieved is higher using PA-ALD than using PECVD, this
does not necessarily mean a lower potential in terms of passivation quality for PECVD
Al2O3. For example, a saturation of field-effect passivation has been observed
experimentally using corona charging on SiO231.
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Conclusion
Al2O3 layers were successfully deposited using a large scale (> 1 m2) PECVD system
on FZ-Si wafers (p-type, 1 Ω cm, shiny-etched surfaces, 250 µm thick) at an equivalent
static deposition rate of 100 nm min-1. Effective surface recombination velocities Seff
below 10 cm/s were achieved after forming gas annealing, which is comparable to the
record values reported using PA-ALD. High negative charge densities of
Qtot = -2.1×1012 cm-2 and low defect densities of Dit = 1.7 1011×eV-1 cm-2 were detected
based on CV measurements. The PECVD aluminum oxide layers have a measured
refractive index of n = 1.61 at a wavelength of 632 nm, making them well suited for the
passivation of p-type surfaces at both the front and the rear side of crystalline silicon
solar cells.
4.2.2

Passivation of highly doped p-type silicon surface

Introduction
State-of-the-art silicon solar cells are made out of boron-doped Czochralski-grown
silicon (Cz-Si). In spite of constant improvement of the solar cell structures and
production technologies, the efficiency is limited by the recombination mechanism
inherent in boron-doped p-type material (oxygen-boron-complex traps98). This
limitation is estimated to be around η = 20 %99. In order to overcome this limitation the
solar cells have to be processed from special p-type material (Ga-doped, magnetically
casted or float-zone p-type Si) or from n-type silicon. A major issue to implement the
n-type wafer technologies is the passivation of the emitter surface, with an industrially
feasible process.
Sample preparation
The samples used for this experiment have been prepared starting from FZ n-type
silicon wafers (10 Ω cm, polished, <100>, 200 µm thick). Six boron emitters with
different doping profiles and different surface doping concentration (Nsurf) have been
prepared. The same boron diffusion process was used for all the emitters presented in
this paper. After diffusion, the boron glass has been removed from the wafer surface
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and different combinations of drive-in and oxidation processes were carried out in
order to obtain the six different emitters.

Boron concentration NA (cm )

-3

Emitter 1, 80 Ω/sq.
Emitter 2, 85 Ω/sq.
Emitter 3, 90 Ω/sq.
Emitter 4, 120 Ω/sq.
Emitter 5, 130 Ω/sq.
Emitter 6, 180 Ω/sq.
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Figure 4.5 Boron concentration as a function of the depth in the wafer. The
measurement has been performed using the ECV and SIMS methods. Emitter 1 and 3
where measured by SIMS and the others by ECV.
The doping concentration profiles of the emitters have been measured using
electrochemical-capacitance-voltage (ECV) measurement or secondary ion mass
spectroscopy (SIMS) (see Figure 4.5). The ECV technique involves an electrolytic
etching of the wafer surface while the doping concentration of the surface is measured
using a capacitance-voltage (CV) measurement. As it is an electrical measurement, the
doping concentrations correspond to the substitutionnal boron concentration or the
electrically active boron concentration (NA). This value is relevant for our study as NA
is the parameter influencing the charge carrier concentration and transport, the Auger
recombination and the surface recombination velocity. SIMS gives a higher depth
resolution for the measurement of the doping concentration. However, weather the
detected boron was electrically active cannot be directly known from this
measurement. It is assumed to correspond to the electrically active boron concentration
as the maximum boron concentration measured is more than one order of magnitude
below the maximum electrically active boron concentration100.
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After completing the emitter formation processes, a wet chemical cleaning has been
carried out in order to prepare the wafer surface for passivation. The cleaning consists
of an oxidation of the wafer surface in hot HNO3 followed by a dip in diluted HF. This
cleaning has been applied in such a way that the emitter integrity was conserved.
Three passivation layers are compared in this section: thermally grown SiO2 layers
ranging 50-100 nm, a 20 nm thick PA-ALD Al2O3 layer and a 20 nm thick PECVD
Al2O3 layer. The thermally grown SiO2 has been formed during an oxidation drive-in
process resulting in different oxide thickness, for this reason the silicon dioxide
passivation comparison is not available for all the emitters of this paper. The PA-ALD
process was carried out in laboratory scale tool (OpAL, Oxford Instruments), while the
PECVD process was carried out in an in-line industrial deposition tool (SiNA, Roth &
Rau) allowing a high throughput and a high deposition rate91. Finally, the samples have
been annealed for 25 min under forming gas atmosphere, at a temperature of 450°C.
After this step, the samples are ready, they present a symmetrical structure with an
emitter on both sides covered by a passivation layer.
Result and discussion
In order to extract the emitter saturation current density (j0e) a carrier lifetime
spectroscopy at high injection was carried out using a lifetime tester (Sinton instrument
WCT-120). From these measurements, the values of j0e were estimated using a linear
fit based on the formula of Kane and Swanson101,
1

τ eff

−

1

τ Auger

=

1

τ SRH

+2

j0e (N D + Δn )
.
2
qni W

4.2

Here τeff is the effective lifetime measured, τAuger is the Auger lifetime calculated from
Kerr and Cuevas parameterization20, τSRH is the trap assisted recombination in the bulk
(Shockley-Read-Hall recombination
10

(ni = 1×10

21,102

), ni is the intrinsic carrier concentration

-3 103

cm ) , q is the elementary charge, W is the wafer thickness, ND is the

base doping concentration and Δn is the excess carrier concentration. The j0e value has
been calculated at an injection level ranging 1-2×1016 cm-3 where the recombination is
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expected to be dominated by the emitter recombination than Auger recombination in
the bulk.
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Figure 4.6 (a) The inverse lifetime as a function of the carrier density, (b) j0e is plotted
as calculated from Eq.4.2, the τSRH is supposed to be 10 ms for all the wafers. The
passivation layer is PECVD Al2O3. These curses superposed almost exactly with the
one obtained with ALD Al2O3.
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Figure 4.7 Emitter saturation current density (j0e) as a function of the surface boron
doping concentration (Nsurf). The measurement has been performed at an injection
level of 2×1016 cm-3.
In Figure 4.6 a, the inverse lifetime is plotted as a function of the injection level. The
inverse lifetimes are observed to be very linear for all the emitters except for the
Emitter 1. In Figure 4.6 b, the j0e is plotted as calculated from Eq. 4.2, the τSRH is
supposed to be 10 ms for all the wafers. This graph is used to verify the uniqueness of
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the j0e within a large range of injections. For all the emitters beside the Emitter 1, j0e
can be extracted with a high accuracy. For Emitter 1, the maximal value of j0e
(36 fA/cm2) is taken.
In Figure 4.7 the j0e is plotted as a function of the surface doping concentration (Nsurf)
of each emitter. It can be observed that the results of the two samples per variation are
very close to each other showing a good repeatability of the results. The result given by
the samples passivated with Al2O3 cannot be clearly distinguished from each other,
although different deposition techniques were employed for the deposition of Al2O3
(PECVD and PA-ALD). Therefore, the two passivation layers can be considered as
equivalent on boron emitters. The samples passivated by SiO2 present clearly higher
values of j0e. This shows that silicon dioxide cannot passivate boron emitter as
effectively as Al2O3104,105.
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Figure 4.8 Simulated emitter saturation current density (j0e) as a function of the
surface recombination velocity for two exemplary emitters. The lines are guides for the
eye.
For each emitter, the value of j0e has been simulated considering different surface
recombination velocity (SRV). The simulation has been performed using an excel
program developed by McIntosh and Altermatt106. The calculations were performed
based on Fermi-Dirac statistics and Auger recombinations were calculated using Kerr
and Cuevas’ parameterization20. In Figure 4.8 the simulated j0e is plotted as a function
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of the SRV for two boron emitter. It can be observed that the emitter with the lowest
Nsurf (emitter 6) presents a lower j0e value until a certain value of SRV, for high SRV
the J0e is lower for the emitter with the highest Nsurf (emitter 2). In this case, the high
doping concentration is shielding the carriers from the surface and limits the
recombination. It can be noticed that for low SRV the values saturate to a minimum
(j0min). This saturation begins when the recombination in the emitter is dominated by
Auger recombination.
When the J0e is close to its minimum, the emitter recombination (dominated by Auger
recombination) becomes relatively insensitive to the SRV. In this range, a small
variation of J0e is equivalent to a large variation of the SRV. Therefore, the SRV cannot
be determined with precision. SRVmin is defined as the minimal value of the SRV that
can be measured on an emitter with a sufficient accuracy. As this phenomenon is
depending on the Auger recombination in the emitter, the SRVmin needs to be
determined for every emitter.
The minimum surface recombination velocity (SRVmin) is determined by the same
simulation as presented above. It corresponds to the SRV for which the simulated j0e is
10 % higher than j0min. In Table 4-2 , the values of j0min and SRVmin are reported for
each emitter and the j0e measured for the emitter passivated with Al2O3. It can be
noticed that the j0e values follow the same tendency as the theoretical j0min values.
Additionally for the emitters 3 to 6 the measured j0e is below j0min. For these emitters,
the only conclusion that can be made is that the SRV values can only be equal on lower
than the SRVmin values.
Table 4-2 Measured emitter saturation current density (j0e), theoretical minimum of the
emitter saturation current (j0min) and surface recombination velocity (SRVmin)
corresponding to j0e = 110% j0min for 6 emitters.

Emitter 1
Emitter 2
Emitter 3
Emitter 4

j0e average Al2O3
(fA.cm-2)
< 35
18 - 26
16 - 18
8.6 - 10

j0min
(fA.cm-2)
22.4
24.6
21.0
13.4

SRVmin
(cm.s-1)
50 ± 2
150 ± 5
45 ± 2
50 ± 2

130

PECVD aluminum oxide layers for c-Si surface passivation

-1

Surface recombination velocity [cm.s ]

Emitter 5
Emitter 6

6.5 - 7
5 - 5.5

35 ± 2
6±1

10.4
5.6

5

10

SRV Al2O3 (this paper)
4

10

SRV SiO2 (this paper)
SRV Al2O3 (Hoex et al.)
SRVmin

3

10

Empirical model

2

10

1

10

0

10 17
10

18

10

19

10

20

-3

10

Surface doping concentration [cm ]

Figure 4.9 Surface recombination velocity for boron emitters passivated with Al2O3
layers deposited with PECVD or PA-ALD. The formula for the empirical model is
Eq.4.3. The values of Hoex et al. were published in ref. 105. The error bars belong to
the SRV Al2O3, points, when only the maximum of the SRV could be determined, the
error bar starts from 0.
In Figure 4.9 the surface recombination velocity is plotted as a function of the surface
doping concentration. Results published by Hoex et al.105 have been plotted with the
result of this thesis. The SRV presented in this study are much lower than the one
published by Hoex et al.. In fact, Hoex et al. used deeper emitters with a lower sheet
resistance; it is very likely that the SRVmin of these emitters are higher than the ones
used in this study. This could explain the difference between the SRV calculated.
However, the surface passivation applied might be of similar quality. As for most of
the emitters of this study, the SRV could be only estimated to be equal or below the
SRVmin, an empirical formula of the maximal surface recombination velocity (Smax) as
a function of the surface doping concentration is proposed,
α

⎛N
⎞
S max = S 0 ⎜⎜ surf + 1⎟⎟ .
N
⎝ 0
⎠

4.3

Where N0 = 3x1017 cm-3, S0 = 2 cm s-1 and α = 1. Eq. 4.3 was inspired by the work of
Cuevas et al.74. The value of one has been added in order to have a saturation of the
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SRV at S0. In fact, it is very difficult to precisely measure surface recombination
velocities below 2 cm s-1.
Conclusion
In this section, very low emitter saturation current densities were obtained on borondoped emitters using Al2O3 layers for the surface passivation. The two different
deposition techniques used for deposition of Al2O3, PA-ALD and PECVD, gave an
equivalent passivation quality in a large range of surface doping concentration. The
challenge of the determination of very low SRV on emitters was pointed out. As high
sheet resistance emitters were used, the surface recombination velocity could be
determined until a low value. Based on these results, an empirical formula of the
maximal surface recombination velocity for boron emitters passivated with Al2O3 was
proposed. The use of emitters with thinner profiles and substrates with a low doping
concentration could allow a more accurate determination of very low surface
recombination velocities.
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Development of Al2O3 deposition process
Homogeneity and repeatability of the deposition quality

Thickness homogeneity of the process
To show that a process is applicable in the industry, it should prove that it fulfills high
quality criteria in terms of homogeneity and repeatability. A PECVD system normally
used for the deposition of SiNx was adapted to allow for a high-quality deposition of
Al2O3 layers. In Figure 4.10, the deposition of Al2O3 on the carrier is shown for the
dynamic and the static mode, the PECVD tool is in the same configuration as for
nitride deposition.

(a)

(b)

Figure 4.10 Picture of the deposited layer before the optimization of the gas escape
distribution, (a) deposition in the dynamic mode, (b) deposition in the static mode.
It can be observed that the deposition is very local and near the gas inlets. It results in a
wave shaped deposition thickness with a higher layer thickness close to the gas inlets
and a lower deposition thickness between two gas inlets. Observing the picture in static
mode, one can notice that the deposition occurs on the sides of the plasma close to the
lines of gas inlets, but not between, under the plasma source. One can also notice that
the deposition is more pronounced on the side of the carrier than in the middle.
The deposition inhomogeneity between the middle and the sides of the carrier is the
most important as it leads to a thickness inhomogeneity of ± 25%. This phenomenon is
attributed to the central gas escape in the PECVD system as it can be observed in
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Figure 4.11. In order to distribute the gas escape more homogeneously a self-designed
construction (Figure 4.12) was installed in the system on top of the central gas escape.

Figure 4.11 View of the of the standard gas escape as built in the PECVD system

Figure 4.12 Construction installed in order to optimize the gas-escape distribution.
The bottom cylinder represents the central gas escape of the deposition system, and the
upper circles represent the holes from which the gases are evacuated, when this system
is installed.
In Figure 4.13, the thickness homogeneity before and after gas escape optimization are
compared. The optimization of gas-escape distribution leads to a reduction of the
thickness homogeneity from ± 25% to ± 10%. However, the wave shape is not reduced
by this optimization, because the wave shape of the layer thickness is probably
independent from the gas escape distribution and stems from a local deposition of the
layer close to the gas inlets.
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Figure 4.13 Relative layer thickness as a function of the position on the deposition
carrier, for the case before and after the gas escape optimization.
As the inhomogeneity of the aluminum oxide layer thickness could be reduced
substantially by changing the configuration of the deposition tool, the next focus is the
influence of deposition parameters on the thickness homogeneity.
Microwaves are introduced into the deposition chamber via a linear antenna. Two
microwave sources are connected to this antenna, one on each side of the antenna. The
power in the microwave antenna decays linearly with the distance to the microwave
source. Therefore, if the power level is insufficient the power distribution can exhibit
inhomogenities (see Figure 4.14).
In order to study the influence of the power injected in the chamber on the layer
homogeneity, the peak power of the microwave pulse and the mean power of the
microwave were varied. In Figure 4.15, the Al2O3 layer thickness as a function of the
position is plotted for three mean power and three peak power settings. It can be
observed that the homogeneity of the thickness is mainly affected by the peak power,
however the mean power is slightly influencing the homogeneity, and it has a
noticeable influence on the layer thickness. The use of the maximum peak power and
the maximum mean power allows to combine an homogeneous layer thickness with a
high deposition rate.

PECVD aluminum oxide layers for c-Si surface passivation

135

Figure 4.14 Explicative sketch of inhomogeneity due to linear decreases of the plasma
power (this picture has been copied from 107)
Mean microwave power (kW)
0.7

1.0

0.4

20

Al2O3 layer thickness (nm)

10

3.5
Peak power 3.5 kW
Mean power 0.7 kW

Peak power 3.5 kW
Mean power 1.0 kW

0

Peak power 3.5 kW
Mean power 0.4 kW

Peak power 2.5 kW
Mean power 0.7 kW

30

Peak power 2.5 kW
Mean power 0.4 kW

20
10
0
30

2.5
Peak power 2.5 kW
Mean power 1.0 kW
Peak power 1.5 kW
Mean power 1.1 kW

Peak power 1.5 kW
Mean power 0.7 kW

Peak power 1.5 kW
Mean power 0.4 kW

20

Peak microwave power (kW)

30

1.5

10
0
0

200

400

600

800 0

200

400

600

800 0

Position on the carrier (mm)

200

400

600

800

Figure 4.15 Aluminum oxide layer thickness as a function of the position on the carrier
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Homogeneity and repeatability of the passivation quality
For most of its application, the main interest of using Al2O3 is the high passivation
quality it can provide. For this reason a high-quality, homogeneous and repeatable
passivation is a necessary condition for the application of the PECVD Al2O3 processes
in the industry.
In order to measure the passivation quality over the carrier width, six samples of
50 mm × 150 mm were placed one after the other covering most the carrier width. The
material used was FZ-Si wafers, p-type 1 Ω cm, with a shiny etched surface. After the
deposition process, a firing at 870°C has been carried out.
In Figure 4.16, a PL images of the sample as they were placed on the carrier is shown.
Even though it is difficult to extract the absolute lifetime based on a PL signal only, the
homogeneity of the passivation quality can be qualitatively observed.
The first image (Figure 4.16 (a)) shows a homogeneous deposition quality with an
effective carrier lifetime of minimal 600 µs. For the following images, the same
deposition process was applied. The passivation quality resulting from these processes
is very inhomogeneous and no similarities between the results can be observed, besides
the fact that the effective carrier lifetime at the peak is ranging 1 ms for all the
experiments. Finally, strong inhomogenities are observed in the deposition process
resulting in very low lifetimes in many regions of the carrier, these regions seem to be
distributed randomly. In this condition, the quality of the passivation for this process
can be described as inhomogeneous and not repeatable.
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Figure 4.16 Evolution of the process homogeneity with time, PL image of the samples
after deposition and firing, the same process was repeated 5 times with one month
period. The scale is arbitrary but the homogeneity can be observed. Process performed
at the date of (a) 29 April 2010, (b) 28 May 2010, (c) 24 June 2010, (d) 13 July 2010,
(e) 05 August 2010.
In order to understand this phenomenon, the quality of the passivation is characterized
at each step of the layer formation. Reconstructing, the deposition of a sample in a
dynamic mode the following events happen:
•

The sample approaches the first line of gas inlets.

•

The sample is coated with a first layer of Al2O3 under the first line

of gas inlets.
•

The sample gets under the linear antenna, where no deposition

occurs.
•

The sample is coated with a second layer of Al2O3 under the second

line of gas inlet.
•

The sample leaves the second gas line of gas inlets and the

deposition is finished.
For this experiment, the plasma was turned off during the deposition process in the
dynamic mode. The plasma is programmed to turn off when the samples are under the
plasma source, in this way each step of the deposition process can be characterize
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separately. In order to obtain the local carrier lifetime the rear side of the samples need
to be deposited with a very high quality and homogeneous passivation layer, for this
reason the silicon wafers are round with 150 mm of diameter, FZ grown, p-type
1 Ω cm, which were previously deposited on the rear side with 15 nm of ALD Al2O3.
In Figure 4.17, a µWPCD mapping of the samples coated using the procedure
described above is plotted. On the top picture (a), on the left wafer, first a low lifetime
area that corresponds to the region where no deposition occurred is identified (before
the first line of gas inlets). Then the front of the first line of gas inlets can be seen, after
which the passivation quality is relatively homogeneous. The second wafer also
exhibits a homogenous passivation quality. It corresponds to the region under the linear
antenna. Finally on the right wafer, bands with low lifetime appear, they correspond to
the deposition under the second line of gas inlets. It can be concluded that the
deposition quality after the second gas inlets is decreased in some areas, and this could
be the reason for the inhomogeneity observed Figure 4.16. After optimization of the
plasma source design (Figure 4.17 (b)) a high passivation quality was obtained from
the beginning until the end of the deposition process.

(a)

(b)
Figure 4.17 µWPCD measurement of partly deposited samples (a) before and (b) after
optimization of the gas inlets configuration. The scale is from 20 µs to 1 ms. After
deposition the layers were annealed at 450°C for 10 min
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Figure 4.18 Effective carrier lifetime as a function of the position on the carrier for
three repetitions of the same process. The material used was FZ wafers 250µm, p-type
1 Ω cm, with a shiny etched surface. After the Al2O3 deposition, the layers were fired at
870°C.
The homogeneity and the repeatability of the passivation quality, after optimization of
the gas inlets configuration, have been tested. As before, six samples of
50 mm × 150 mm were placed one after the other, covering the carrier width. The
material used was FZ-Si wafers, p-type 1 Ω cm, with a shiny etched surface. After the
deposition process, a firing at 870°C was carried out.
The effective charge carrier lifetime as a function of the position on the carrier is
plotted in Figure 4.18 for three repetitions of the same process. The passivation is
observed to be homogeneous with a very high quality leading to lifetimes higher than
1 ms on most of the carrier. The passivation quality and homogeneity are also observed
to be very repeatable.
Conclusion
By studying the homogeneity and the repeatability of the Al2O3 layer deposition by
PECVD, it was obtained that the plasma source configuration usually used for the
deposition of SiNx is not suitable for the deposition of Al2O3. In fact PECVD Al2O3
deposition is very local, an optimization of the plasma source (gas inlet) design was
therefore necessary in order to achieve the homogeneity and the repeatability that are
required for an industrial process.
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4.3.2

Influence of the temperature during the deposition

Experimental
For this experiment, p-type (boron-doped) shiny-etched float-zone (FZ) wafers with a
crystal orientation of (100), 1 Ω cm resistivity and 250 µm thickness were used as
stating material. The sample preparation procedure was the same as described in
section 4.2, including the same cleaning procedure, and the same PECVD Al2O3
deposition process. During the experiment, only the temperature of the deposition has
been varied. All the other parameters like the sample carrier velocity stayed fix. After
the deposition process, an annealing in nitrogen was carried out at a temperature of
450°C for 10 min.
For the characterization of the samples, only the optical properties of the films were
characterized by spectral elipsometry, and the passivation properties were obtained
using a Sinton Consulting96 WCT-120 lifetime tester.
Results and discussion
Optical properties as a function of the temperature
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Figure 4.19 (a) Layer thickness as a function of the deposition temperature, (b)
refractive index as a function of the deposition temperature. All the depositons have
been carried out at a carrier speed of 100 cm min-1. The boxes constitute a statistic on
six samples.
The dependence of the film’s optical properties with respect to the sample temperature
during the deposition process is plotted in Figure 4.19. The deposition rate at room
temperature is up to five times higher than for temperatures equal to or exceeding
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200°C. A much larger spreading of the thickness values is also observed for the
samples deposited at room temperature, due to the great inhomogeneity of this process
over the deposition carrier. The refractive index of the room temperature deposited film
is very close to 1, probably due to a very high film porosity that could also explain the
growth rate.
It is known that for PECVD processes, the density of the film usually increases with
the deposition temperature. This phenomenon is usually explained by the competition
between the rate of the different steps of the reaction (adsorption, desorption and
oxidation). As the adsorption rate is usually increasing with the substrate temperature,
at low temperature the oxidation of the film occurs although only a low fraction of the
substrate is covered by the precursor. It would result in a higher quantity of voids, a
lower film density and a higher growth rate.
For the samples deposited at a temperature at 200°C or higher the layer thickness is
stable at about 18 nm, and the refractive index starting at 1.55 for a deposition
temperature of 200°C increases until 1.6 for a deposition temperature of 300°C and
then stabilizes ranging 1.55-1.6. The increase of the reflective index between 200°C
and 300°C can be attributed to an increase of the film density as described above.
Model of the layer growth
In order to further explain the dependence of the optical properties of the deposited
layer on the substrate temperature during the deposition, propose a basic model is
proposed. The surface of the wafer is covered by sites of Al(CH3)x precursors. The
fraction of unoccupied sites is noted as n0 and the fraction of sites occupied is noted as
n1. Obviously, n0 + n1 = 1 is verified. After adsorption of a precursor an unoccupied
cite transforms in an occupied site, while after desorption or oxidation of a precursor an
occupied site transform in an unoccupied site. The adsorption rate of precursors is ua,
the desorption rate of precursors is ud and the oxidation rate of the precursors is uox.
The number of occupied sites present at every instant is calculated
∂n1
= n0ua − n1 (ud + uox ) .
∂t

4.4
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Supposing, that the reaction is in steady state, n1 would then be constant over time, it
follows,
n1 =

4.5

ua
.
u d + u ox + u a

However, the growth of the layer, the ratio of sites that stay unoccupied n0 is constant
(steady state condition). Therefore, these sites are supposed to be staying empty and
contribute to the porosity of the layers. The relative density of the layer is then n1.
In order to calculate the different reaction rates, the calculation of the activation energy
from Widjaja et al.108 (see Figure 4.20) was used. For the adsorption, there are two
possibilities:
•

The energy generated by the first step of the reaction is used for the

second step. In this case the absorption would have a negative activation
energy with a very low value EA ~ -0.09 eV. Then, it is consider that the
reaction rate ua0 is almost independent from the sample temperature.
•

The energy generated by the first step of the reaction is not used for

the second step. In this case the absorption would have an activation
energy of EAa = 0.52 eV and follow the Arrhenius law.
Therefore the adsorption rate of the precursor can be written,
⎛E
ua = ua 0 + ka exp⎜⎜ Aa
⎝ k BT

⎞
⎟.
⎟
⎠

4.6

For the desorption rate the activation energy is EAd = 0.61 eV
⎛E
u d = k d exp⎜⎜ Ad
⎝ k BT

⎞
⎟.
⎟
⎠

4.7

For the oxidation rate of the precursor the reaction occurs between the adsorbed
precursor and oxygen species exited by the plasma, which have therefore a much
higher temperature than the substrate. the oxidation rate is supposed not to depend on
the substrate temperature and is therefore constant for our experiment.
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Figure 4.20 Energy of activation of adsorption and desorption of a precursor molecule
by the surface. The picture was taken from 108.

In Figure 4.21, the ratio of density of aluminum oxide (or packing factor) as a function
of 1/(kBT) is plotted. The packing factor (p) of the layer was calculated from the
refractive index (n) supposing a linear behavior of the refractive index109,
n1 =

n −1
,
n Al 2O 3 − 1

4.8

where nAl2O3 is the reflective index of a dense Al2O3. The refractive index from ALD
layer110 (nAl2O3 = 1.65) is used. The model corresponds to the equation 4.5 where uox ,
ua0, ka and kd have been fitted.
It was observed that the model suggested in this work can fit the values of density that
were evaluated. This shows that the behavior of the optical properties with the substrate
temperature (Figure 4.19) can be explained by a competition between adsorption rate
and reaction rate. It does not correspond to a formal proof of the model, which is
probably too simple in order to represent the reaction kinetics with precision.
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Figure 4.21 Relative density of the layer plotted in the Arrhenius manner.
Passivation quality as a function of the deposition temperature
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Figure 4.22 Effective carrier lifetime as a function of the deposition temperature.
The effective carrier lifetime as a function of the deposition temperature (supposed to
be close to the set temperature) is plotted in Figure 4.22. It is observed that the lifetime
after annealing is strongly depending on the deposition temperature. The maximum of
the lifetime is observed at 300°C with a value of about 1 ms.
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For deposition temperatures below 300°C, the decrease of the lifetime can be attributed
to the low film density. This is also expressed in a lower refractive index, as pointed
out in the previous section. In fact, if the film density is low from the beginning of the
film growth, a very high dangling bond density can be expected. Especially were where
voids are present. This would then induce a higher density of traps and therefore a
higher recombination rate.
For deposition temperatures above 300°C, the decrease of the lifetime can be attributed
to a low hydrogenation of the film and therefore a low hydrogenation of the aluminum
oxide silicon interface. Indeed the density of interface traps is often related to interface
hydrogenation. Supposing that the hydrogen in the aluminum oxide layer is related to
the presence of CH3 groups remaining from non-finished reactions (see section 4.5.2),
and accounting for the fact that the density of the film increases with the temperature
(Figure 4.19), it follows that the quantity of CH3 groups decreases with increasing
temperature and therefore the quantity of hydrogen at the interface decreases as well.
4.3.3

Influence of the oxidant gas

Experimental
For this experiment, material p-type (boron-doped) shiny-etched Float-Zone (FZ)
wafers with a crystal orientation of (100), 1 Ω cm resistivity and 250 µm thickness was
used as the starting material. The sample preparation procedure was the same as
described in section 4.2, including the same cleaning procedure, and the same PECVD
Al2O3 deposition process. During the experiment, only the ratio of oxidant gas (ratio of
N2O / O2) has been varied. All the other parameters stayed fix. The total oxidant gas
was kept constant at the value of 1000 sccm.
After the deposition process for half of the samples an annealing in nitrogen was
carried out at a temperature of 450°C for 10 min, the rest of the samples were fired at
870°C.
For the characterization of the samples, spectral elipsometry was performed, a
measurement of the lifetime using a Sinton Consulting96 WCT-120 lifetime tester, and
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the layer charges have been measured using the corona SPV measurement technique
(COCOS).
Results
For all the gas ratios used, aluminum oxide layers with stable optical properties could
be obtained, the refractive index values were between 1.56 and 1.60 and the thickness
values were ranging 18-22 nm. These variations are attributed to the residual
inhomogeneity of the deposition after the optimizations performed in Section 4.3.1.
The effective carrier lifetime is plotted as a function of the ratio of O2 / N2O in Figure
4.23. A quasi-linear behavior between both values is observed. An effective carrier
lifetime of about 2 ms was obtained for 100% O2 as the oxidant gas whereas 0.3-0.7 ms
were obtained for 100% of N2O.
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Figure 4.23 Effective carrier lifetime as a function of the ratio of oxidant gas O2 / N2O.
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Figure 4.24 (a) Interface defect density for samples after annealing and after firing, (b)
negative charge density as a function of the ratio of the oxidant gas O2 / N2O.
In order to understand the behavior of the effective lifetime as a function of the ratio
O2 / N2O, the interface trap density and the charge density Dit in the layer Qtot were
measured. A relatively large spreading of the Dit is observed, between 1010 cm-2 eV-1
and 1011 cm-2 eV-1 (see Figure 4.24 (a)). However, no remarkable correlation between
the Dit and the lifetime was observed. This might be due to the fact that the
measurement tool used for the extraction of Dit has a limited precision in the range
below 5×1010 cm-2 eV-1. For the negative charge density, a linear relation between the
charge density and the oxidant gas ratio was obtained (see Figure 4.24 (b)), from
0.5-1×1012 cm-2 for 100 % of N2O to 2.5-4×1012 cm-2 for 100 % of O2. There is here
strong correlation between the evolution of the effective lifetime and the charge density
in the layer. This phenomena can be attributed to the field effect passivation, more
effective for high negative charge densities, inducing a higher lifetime when the charge
density increases. A detailed interpretation of this phenomenon based on SRH detailed
balance is given in Section 4.5.1. This section is limited to the fact that the oxidant gas
ratio influences the negative charge density, which impacts the effective carrier lifetime
through the field effect passivation. The highest effective lifetime and therefore the
lowest surface recombination velocity are obtained for the 100% of O2, where the
highest charge densities and therefore the strongest field effect passivation have been
measured.
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Characterization of PECVD Al2O3 passivation layers for
industrial solar cell application

Introduction
Aluminum oxide (Al2O3) became a material of high interest for c-Si photovoltaic
applications87. As it was shown in section 4.2 for PECVD Al2O3 layers, it leads to a
very effective p-type silicon surface passivation 89. This layer provides a combination
of low interface state density and high negative charge density

111

. The low interface

defect density is commonly attributed to an efficient dangling bond saturation that is
given by an interfacial silicon oxide (SiO2)112 (see also section 4.5.1). The high
negative charge density induces an accumulation layer on p-type silicon. That leads to
a field effect passivation, the negative charge carriers are repelled to the silicon bulk
where the defect density is typically much lower than at the interface.
The first outstanding passivation quality was demonstrated for Al2O3 deposited with
plasma-assisted atomic layer deposition (PA-ALD).112. However, the very low
deposition rates are the main drawback of classical ALD systems; it would limit the
spreading of this process in the photovoltaic industry where high throughput and low
process cost are required. Since then other deposition methods have demonstrated very
high passivation quality (sputtering
PECVD

92,113

97

, plasma-enhanced chemical vapor deposition

(section 4.2) , thermal ALD 114).

Besides the high throughput of the deposition process, more requirements are to be
fulfilled in order that a process could be applied in the industry:
•

The layers should provide excellent passivation after firing. State-

of-the-art metallization processes used in the industry are based on
screen-printing technology. These processes require a short thermal
process (~870°C for 2-3 s) called firing.
•

The layers should be stable while a metal is present on top. By

observing the results of section 3.2, it can be concluded that SiNx
capping layers can be employed on the top of the Al2O3 passivation
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layer. Nevertheless, additionally the layer stack should be mechanically
stable and present as less pinholes as possible.
•

The process should be as cheap as possible. Even though a very

efficient use of TMAl during the PECVD Al2O3 deposition process is
possible115, this precursor is very expensive. One approach is to use
Al2O3 layers as thin as possible in order to reduce the amount of
precursor used per wafer.
Therefore, in order to provide the assurance that the PECVD Al2O3 layers developed in
this work are suitable for industrial application, investigations concerning the points
mentioned above need to be conducted. The firing stability of Al2O3 should be tested,
the combination of Al2O3 layers with several capping layers (protection against metal)
should be also investigated and the thickness of the Al2O3 layers should be varied.
The studies on these topics are not only interesting from an industrial perspective but
also from a scientific perspective. For example it has been observed that for aluminum
oxide deposited with ALD, the passivation quality decreases for very thin layer
thicknesses114. The carrier lifetime begins to decrease for layers thinner than 5-7 nm for
plasma-assisted ALD and 10-15 nm for thermal ALD. In order to guarantee the quality
of the passivation, the limitation of the outstanding passivation quality of aluminum
oxide films should be understood.
In order to investigate the points mentioned above three experiments have been
conducted:
•

An experiment on thick aluminum oxide layers in combination with

several capping layers. The comparison of the passivation quality before
and after firing is also included.
•

An experiment on thin aluminum oxide layers without capping

layers. The comparison of the passivation quality before and after firing
is also included.
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•

The study of thin aluminum oxide layers in combination with

capping layers in order to increase the passivation quality for very low
Al2O3 thicknesses. Within this case, the passivation quality is tested only
after firing.
4.4.1

Experiments on thick (above 20 nm) Al2O3 layers

Sample preparation
The preparation of two different types of samples was necessary. The first type of
samples was symmetrically coated on both sides repeating exactly the same PECVD
processes. These symmetric samples were used for a simplified interpretation of the
effective lifetime measurement. The other type of samples, coated on one side only,
was used for contact-less capacitance voltage (CV) measurements. In fact, the need of
a good capacitance coupling on the rear of the sample does not allow a thick
passivation stack on the rear surface.
The material used was shiny-etched p-type FZ silicon wafers (1 Ω cm, 250 µm thick
and (100) crystal orientation) with a very high carrier lifetime in the bulk. Shortly
before the deposition process, a wet cleaning consisting of hot HNO3 followed by a
short HF dip was carried out. All the dielectric layers including aluminum oxide91 have
been deposited in an industrial-type inline PECVD system applying the same type of
process that was presented in section 4.2.1. In some cases, capping layers were used;
this layer was deposited after the Al2O3 layers in the same PECVD system. The
capping used were SiNx processed at 400°C using SiH4 and NH3, and SiOx processed at
300°C using SiH4, Ar and N2O. The annealing has been performed in nitrogen
atmosphere at a temperature of 450°C for 10 min. The firing took place at an industrialtype fast firing furnace at a peak temperature of 870°C. All reported temperatures are
set temperatures of the tools, which can slightly differ from real wafer temperatures.
Blistering at high temperature
After the 870°C firing step, blistering was observed on several wafers coated with
aluminum oxide. In Figure 4.25, a cross section of one blister obtained by scanning
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electron microscopy (SEM) is presented. The SEM picture shows that the blister is
covered with the upper coat of the Al2O3 layer; therefore, it seems that the blister
occurs at the Al2O3 / c-Si interface. It could be due to a strong effusion of water or
hydrogen, such high-temperature effusion has been reported by Dingemans et al.116.
The blistering of PECVD Al2O3 layers could only be observed after firing, as the
annealing temperature used here is too low for major out-gazing116. It can be directly
observed by the eyes when the Al2O3 layer thickness is 50 nm or thicker. For Al2O3
layers between 30 nm and 50 nm the blistering is difficult to observe without a
microscope. For Al2O3 layers of 20 nm or lower no blistering could be observed after
firing, even using SEM for the wafer inspection. The SEM images of two samples
exhibiting 30 nm and 50 nm PECVD Al2O3 layers are presented in Figure 4.26.
Comparing the two pictures, the density of blisters is much higher for the thick Al2O3
layers. Even though the blistering density could be inhomogeneous over the sample,
the last observation on the blistering density holds true for all samples and areas on the
samples. The blistering is typically due to a strong effusion of gas, therefore the
dependence of the blistering on the Al2O3 layer thickness seems to show that this gas is
contained in the bulk of the layer after deposition.
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Figure 4.25 SEM image of one blister in cross section. The layer is 50 nm PECVD
Al2O3 fired at 800 °C. The SEM picture was taken with a magnification of 50 k at an
acceleration voltage of 3 kV.
It was also observed that the same blistering behavior for samples with PECVD SiNx or
SiOx capping layers of about 90 nm, deposited on the top of the Al2O3 layer. The
capping layers neither prevent nor enhance the blistering of the stack. It seems that the
blistering only depends on the Al2O3 and on the potential gas effusion of this layer. The
deposition of the Al2O3 layer and the capping layer in the same vacuum is also not
preventing the layer to present blistering, showing that the gases causing the blistering
are coming from the layer deposition process rather than from the absorption of
ambient gas after the deposition.
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Figure 4.26 SEM images of the surface of two samples covered with (a) 30 nm Al2O3
and (b) 50 nm Al2O3 after firing. The SEM picture was taken with a magnification of
(a) 450 and (b) 350 at an acceleration voltage of 3 kV. The digital image has been
stretched to obtain the same scale.
Firing stability of the passivation quality
In this paragraph, the lifetime of symmetrical samples are shown with different stack
configurations. The aluminum oxide thickness was varied in the range 20-50 nm and
several capping layer were used (90 nm SiOx, 90 nm SiNx or none). The carrier lifetime
was measured after deposition, annealing and firing. The lifetime was measured using a
Sinton Consulting WCT-120 lifetime tester. In Figure 4.27, the effective carrier
lifetime is plotted for all the sample variations.
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Figure 4.27 Effective carrier lifetime as a function of the PECVD Al2O3 layer
thickness, for passivation layer without capping, with SiNx capping or with SiOx
capping. Three temperature treatments are presented: as deposited, annealed at 450°C
for 10 min in N2 and firing at 870°C for 2-3 s. The substrate is shiny etched, p-Si
1 Ω cm, FZ, (100)-oriented, 250 µm. The stripes area shows the thickness range where
blistering was observed.
In the as-deposited state, the samples without capping and the ones with SiOx capping
exhibit a very low lifetime between 1-20 µs. However, the samples with SiNx capping
present much higher lifetime, almost as high as after annealing. The very low lifetime
in the as-deposited state has been already reported for PECVD and ALD aluminum
oxide91,112. In fact, an annealing in the range of 400°C is needed in order to activate the
passivation. The SiNx capping is deposited at 400°C while the SiOx is only deposited at
300°C, this could explain the activation of the passivation for some samples with a
SiNx capping. In the case of Al2O3 with a capping layer the state “as-deposited” is
ambiguous, because the passivation could be activated by the capping-layer deposition
process117. In the rest of this section, for the samples with a capping layer, only the
annealed and the fired state are considered.
For the annealed and fired state, most of the samples’ carrier lifetimes are situated on a
relatively high level between 500 and 1000 µs, showing that PECVD-Al2O3
passivation layers are stable to firing. For Al2O3 layers without capping and with SiOx
capping the lifetime is on a very similar level after annealing and after firing even for
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thick aluminum oxide layers, where blistering is observed. It means that in this case
even the mechanical failure of the passivation layer is not affecting dramatically the
passivation quality. For Al2O3 with SiNx capping, with an Al2O3 layer thickness
ranging 20-30 nm, the lifetime have very similar value than the other passivation
variation. For 50 nm thick films, the passivation quality seems to be lower after firing;
however, the carrier lifetime is still ranging 100-300 µs, which is surprisingly high
when considering the important blistering.
Finally, for the experiment performed here, it seems that for PECVD Al2O3 layers
ranging from 20 nm to 50 nm, neither the film thickness, nor the capping layer, nor the
blistering dramatically affects the passivation quality; for all these cases, a high
passivation quality can be reached in the annealed and fired states. Therefore, single
PECVD Al2O3 layers are sufficient to provide a high-quality and firing-stable surface
passivation. In the next section, the passivation mechanism is studied in more detail by
measuring the interface defect density (Dit) and the total charges in the passivation
layer (Qtot).
Dit and Qtot measurements
Aluminum oxide passivation layers including the ones deposited by PECVD provide
on p-Si surfaces a good chemical passivation combined with a strong field-effect
passivation. The first is attributed to the low density of interface traps Dit and the
second to the high negative charge density (|Qtot| > 1012 cm2)111,118. The most classical
method that combines the measurement of the Dit and Qtot is the high-frequency and
quasi-static capacitance-voltage measurement (CV). In this case, corona charges are
used in order to charge the surface and a measurement of surface-photo-voltage allows
to obtain the surface barrier. This technique can be related to as contactless CV
measurement, the system applied for this work is CFORS from Semilab SDI119. A few
results measured with the classical (contacting) CV method are also represented. These
measurements have been performed using a setup from 4 Dimensions with a contact
provided by Mercury (Hg) probe. The results from both measurements are presented in
Figure 4.28.
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It can be first noticed that the few measurements from classical CV are coherent with
the measurements provided by the CFORS system. The polarities of the charge
densities were measured to be negative for all the layer stacks used in this study. With
a relatively stable value ranging 1-3×1012 cm-2 after annealing and 2-4 1012 cm-2 after
firing. The charge density seems to be independent of the Al2O3 layer thickness and the
capping layer used. In fact silicon nitride is known to contain positive charges
(~ 1012 cm-2) when deposited directly to a crystalline silicon surface. However, the
overall charge quantity in the stack does not seem to be affected by the capping layer.
This might be due to the fact that in order to charge the SiNx, electrons have to tunnel
from the silicon nitride to the silicon through the Al2O3 layer. In the range of Al2O3
layer thicknesses used here, the tunneling probability is expected to be too low to
charge the SiNx with a high positive charge density.
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Figure 4.28 Interface tarp density (Dit) and charge density in the dielectric (Qtot) as a
function of the PECVD Al2O3 layer thickness, for a passivation layer without capping,
with SiNx capping or with SiOx capping. The global polarity of the charges in the layer
is negative for all the stacks. Measurement results from COCOS measurements are
indicated by the square or circle-shaped symbols and results from classical CV are
also presented where - , + , × , represent Qtot in the as-deposited state (in green),
annealed state and fired state, respectively, for the Dit the same symbols are put in a
circle. The limit of detection for the Dit is about 5×1010 cm-2 eV-1 and the accuracy for
Qtot is lower than 1011 cm-2.
The values of the interface trap density are more spread than the charge density,
typically ranging 5-200×1010 cm-2 eV-1. In this case, different samples were used for
the measurement of the carrier lifetime and the evaluation of the Dit and Qtot. It is
therefore not possible to correlate directly the Dit and the carrier lifetime. All the
samples after annealing or firing have relatively low Dit values (Dit < 4×1011 cm-2eV-1)
except a few samples that heavily blistered (with an Al2O3 thickness of 50 nm) and that
also suffer from leakage. Additionally, it was shown that very low Dit values
(Dit < 1011 cm-2eV-1, that could correspond to a high-quality SiO2 passivation layer at
the interface c-Si / Al2O322) were reached by a majority of the samples either annealed
or fired, and this independently from the capping layer. Finally it should be noticed that
the interface trap density in the as-deposited state is very high, this could explain the
low lifetime measured111.
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A hydrogenation of the Al2O3 Si interface is often believed to be necessary to provide
low Dit and the resulting high carrier lifetime, this is the object of the next section.
Hydrogen profile by nuclear reaction analysis
In order to study the hydrogen concentration in the passivation layers nuclear reaction
analysis (NRA) measurements were performed at Helmholtz-Zentrum DresdenRossendorf. This characterization provides the atomic hydrogen concentration in the
depth of the layer (Figure 4.29).120 A more detailed description of the measurement
techniques is available in the Annex A.
By comparing the H concentration profile for the PECVD Al2O3 layers without
capping, it can be notice that the [H] value in the bulk of the film decreases with the
temperature of post-deposition treatment. The lowest [H] value is therefore observed
after firing and the highest directly after deposition. However, the [H] value at the
Al2O3 Si interface is maintained at 7% after annealing and 4% after firing. The
remaining hydrogen at the surface seems to be sufficient in order obtain the low Dit
measured even after firing. The dependence of the H concentration in the Al2O3 bulk
can be explained by the effusion of hydrogen after a high-temperature treatment as
already reported by Dingemans et al 121.
The second group of samples measured by NRA presents a SiNx capping layer
covering the Al2O3 layer. It can be noticed that the [H] value is significantly higher in
the SiNx:H capping layer compared to the Al2O3 layer. Additionally the [H] value in
the aluminum oxide layer increases towards the interface with the SiNx, meaning that
hydrogen might have diffused from the SiNx:H to the Al2O3. This diffusion was
probably activated by the thermal process as it has been already observed for the
passivation of defects in silicon122. However, the hydrogen concentrations at the
interface Al2O3 Si are not higher than the one without capping layer, 5% after
annealing and 4% after firing.
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Figure 4.29 Atomic H-concentration profile in the passivation layer thickness
measured by NRA. The layers investigated have a PECVD Al2O3 layer with a thickness
of about 20 nm. The stacks all have an Al2O3 layer, without capping, with SiNx capping
or with SiOx capping. The layers are in the annealed or fired state; only the layer
without capping is shown in the as-deposited state.
The third group of samples measured by NRA present a SiOx capping layer deposited
after the Al2O3 in the same PECVD equipment. In contradiction with SiNx, the [H]
value is equal or lower in the SiOx capping layer compared to the Al2O3 layer. The [H]
values in the aluminum oxide layer decrease towards the interface with SiOx. It could
be supposed that hydrogen have diffused from the Al2O3 layer into the SiOx layer123.
However, the hydrogen concentration at the interface Al2O3 Si is 5% after annealing
and 4% after firing, which is very close to the values obtained with SiNx capping layer
or for Al2O3 without capping.
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Discussion
The low Dit values and high negative charge densities show that Al2O3 layers combine
a high-quality chemical passivation with a strong field-effect passivation for c-Si
substrates. As seen in Figure 4.30, a thin interfacial layer is situated at the Al2O3 Si
interface. The fitting of the Electron energy loss spectroscopy (EELS) measurement
(see Figure 4.31) at the interface indicates the presence of a SiOx. Therefore, it is
expected that the interfacial layer is composed of SiOx. A similar observation has been
previously reported for ALD-Al2O3 layers112. The SiOx layer might originate from a
native grown oxide on the silicon surface prior to the deposition or might be formed
during the PECVD process, or even both. The interstitial SiOx layer is already present
just after deposition (Figure 4.30 a), and after a firing at 850°C (Figure 4.30 b) .

Figure 4.30 High-resolution transmission electron microscopy (HR-TEM) image of a
silicon sample passivated with approximately 25 nm PECVD Al2O3, as deposited (a)
and after firing at 870°C (b).
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Figure 4.31 Electron energy loss spectroscopy (EELS) scan of the Si Al2O3 interface.
On the 3D plot, every curve represents a measurement at one position, The probe was
scanned from Si to Al2O3. The spectra of the interface are highlighted on the graph.
The EELS of the interface could not be fitted using only linear combinations of the
spectra of Si and Al2O3 bulk. A better fit could be obtained by adding a SiO2
component, which is an indication that SiOx is present at the interface.

Many papers attribute the high-quality chemical passivation of aluminum oxide to the
interfacial SiOx layer110,124,125. In fact very low Dit can be achieved using thermally
grown SiO2, that is providing an excellent surface passivation22. In this case, the role of
hydrogen has been already demonstrated. Processes like forming gas anneal, aluminum
anneal (“alneal”) and hydrogen plasma anneal aim to reduce the Dit by hydrogenation
of the SiO2 Si interface, while processes of dehydrogenation, like firing, degrade
significantly the passivation quality with an increase of the Dit, as it was reported by
Mack et al.

126

. However, the passivation quality could be recovered after a forming

gas annealing (rehydrogenation) or preserved adding highly hydrogenated capping
layers (e.g. PECVD SiNx) on the SiO2 layer before the firing. Supposing that the
interstitial SiOx is responsible for the chemical passivation of Al2O3 layers124, it would
be expected that it behaves like it has been observed by Mack et al. 126.
After deposition of aluminum oxide, the chemical passivation is very poor, despite the
high hydrogen concentration at the interface. An annealing is necessary to activate the
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passivation. This process of elevated temperature is probably necessary so that H can
diffuse from its initial site to the interface. After firing, no degradation of the lifetime is
observed even for Al2O3 layers without highly hydrogenated capping. Additionally the
Dit measurements confirm that the chemical passivation is not dramatically affected by
the firing and that the additional capping layer did not significantly contribute to
enhance the chemical passivation. Investigating the H concentration profile in Al2O3
layers after firing, it can be noticed that the concentration of H at the interface is
independent from the capping layer and the hydrogen concentration in the capping.
Therefore, it can be conclude that for Al2O3 layers of 20 nm and thicker the Al2O3 can
provide by itself (without hydrogenated capping layer) the hydrogen necessary for the
chemical passivation of the interface with silicon. It has been already reported that PAALD Al2O3 can provide hydrogen in order to passivate the SiO2 Si interface, in the
case of thermally grown silicon dioxide125.
In this section, it was surprisingly observed that even the heavily blistered layers
present a high passivation quality. In order to explain these phenomena, it is proposed
that the blistering occurs at the interface between the SiOx and Al2O3 rather than
directly in contact with Si. This could be explained by a decent chemical passivation,
which can be conserved due to the thin SiOx, in spite of the mechanical failure of the
Al2O3 layer.
Conclusion
The firing stability of PECVD Al2O3 layers and PECVD Al2O3 stacked with SiNx or
SiOx have been demonstrated and investigated in this section. Evidence of blistering
after firing of the layer has been shown. The blistering seems to be independent from
the capping layer but to depend strongly on the Al2O3 thickness. Even though a high
passivation level is maintained on blistered samples, the blistering should be avoided
for solar cell application.
The electrical proprieties of the Al2O3 layers have been studied with contactless and
classical CV measurements. For every layer stack and temperature treatment, high
negative charge density values in the range of 1-4×1012 cm-2 have been demonstrated.
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Interface trap densities of 1011 cm-2 eV-1 were measured for samples after firing and
after annealing, which is one order of magnitude lower than just after deposition. It
explains the strong decrease of the surface recombination velocity after a temperature
treatment.
Hydrogen concentration profile in the Al2O3 layers were measured using NRA. The
[H] value at the Al2O3 / c-Si interface is measured to be ranging 7-5% after annealing
and 4% after firing independently from the hydrogen diffusion coming from the
capping layer. It shows that PECVD Al2O3 layers of at least 20 nm can deliver by itself
the hydrogen necessary to passivate the interface.
Finally, the presence of an interfacial SiOx is confirmed at the interface between
PECVD Al2O3 and c-Si. This silicon oxide layer could be responsible for the low
interface defect density and the chemical passivation of the Al2O3 Si interface. In this
case, the role of the surface hydrogenation can be interpreted to be analog to the one in
SiO2 surface passivation.
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4.4.2

Experiment on thin (below 20 nm) Al2O3 layers without capping

Sample preparation
For this experiment the sample preparation was very similar to the one applied in the
last section. FZ silicon wafers, p-type 1 Ω.cm, were used as starting material. The
crystalline orientation of the silicon wafer is <100>, the thickness is 250 µm and the
surface was shiny etched.
Prior to the PECVD deposition, the wafers were cleaned. The cleaning consists of a
wet oxidation of the silicon surface in a hot HNO3 bath, followed by a removal of the
oxide with an HF dip. At the end of the cleaning, the surface of the wafer is
hydrophobic attesting that the native silicon oxide layer has been removed.
The layers were deposited in an inline plasma deposition tool using a similar process as
presented in Section 4.2.1. The plasma was created by microwaves that were
introduced in the chamber by a linear antenna. The samples were placed on a carrier
that moved underneath the plasma source. The thickness of the aluminum oxide layer
was controlled with the carrier velocity. In Figure 4.32, the aluminum oxide layer
thickness is plotted as a function of the carrier velocity. The thickness of the layer was
measured using spectral elipsometry. The layers were deposited on both sides of the
wafers using the same deposition process.
After deposition, two types of temperature processes have been carried out for the
activation of the passivation quality:
•

Annealing at 450°C for 10 min in N2 atmosphere.

•

Firing with a peak temperature of 870°C for 2-3 seconds. A similar firing
process is used for most state–of-the-art solar cell production lines.
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Figure 4.32 Aluminum oxide thickness as a function of the inverse deposition carrier
velocity. A proportionality relation between the layer thickness and the inverse of the
carrier velocity can be observed.
Electrical characterization
The carrier lifetime in the wafer and the total charge density in aluminum oxide layers
(Qtot) and the interface trap density (Dit) have been extracted in the same way as
described in the last section.
The lifetime of the charge carriers after annealing and firing for aluminum oxide
thickness ranging 5-35 nm is presented in Figure 4.33. For samples after annealing, the
lifetime saturates when the thickness is higher than 15-20 nm. In saturation, the value
of the lifetime is close to the maximum theoretical lifetime limited by Auger
recombination20 (τAuger = 2.7 ms at an excess carrier concentration of 1×1015 cm-3). The
corresponding surface recombination velocity is extremely low (1-6 cm s-1). For the
samples that have been fired, the lifetime at the saturation is situated between 1 ms and
2 ms; the lifetime decreases with the layer thickness starting at 10-15 nm. For the
annealed and the fired samples the lifetime decreases for aluminum oxide thicknesses
below 15 nm. However, for thicknesses between 7 nm and 10 nm the lifetime remains
higher than 100 µs.
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Figure 4.33 Effective carrier lifetime as a function of the aluminum oxide layer
thickness. The annealing has been performed at 450°C for 10 min and the firing has
been performed at a peak temperature of 870°C.
The interface trap density and the oxide charge density are presented in Figure 4.34.
All the samples have a high negative charge density, higher than 2×1012 cm-2. The
negative charge density is observed to be almost constant for the entire Al2O3 thickness
range (6-35 nm). This has been already observed for ALD aluminum oxide samples127.
It can be deduced that the charges are situated very close to the Al2O3 Si interface,
within the first 6 nm of the layer. The fact that the charge density is constant with the
layer thickness also implies that the field effect passivation is constant; this cannot
explain the loss of the passivation effect for low layer thicknesses (see Figure 4.33).
The charge density after firing (4-6×1012 cm-2) was found to be higher than after
annealing (2-4×1012 cm-2), therefore the short (2-3 s) high temperature (870°C) process
of the firing seems to favor the negative charge formation.
In Figure 4.34, the interface trap density decreases with the aluminum oxide layer
thickness; this can explain the decrease of the lifetime for low layer thicknesses. Indeed
the equation of Shockley and Read

21

shows that the surface recombination velocity

(SRV) is proportional to Dit. However, the Dit values obtained are widespread
compared to the measured lifetime. This is mainly due to the difficulty to measure low
interface defect densities with high precision applying the COCOS measurement
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method. Nevertheless a similar tendency between the Dit and the lifetime can be
observed, a correlation between the effective lifetime and the Dit is given in Figure
4.35. Moreover, very low Dit (~1010 cm-2 eV-1) is measured for layer thicknesses of
down to 15 nm, which corresponds to the transition between high and low carrier
lifetime (Figure 4.34).
13

-2

-2

Oxide charge density Qtot [cm ]

-1

Interface trap density Dit [cm eV ]

10

12

10

11

10

10

10

Annealed / Fired
/
Oxide charge density
/
Interface trap density
9

10

0

10

20

30

Layer thickness [nm]

40

Figure 4.34 Charge density in the layer (Qtot) and interface defect density (Dtit) as a
function of the aluminum oxide layer thickness. The samples have been measured with
contactless CV measurement (COCOS, Semilab SDI). Annealing at 450°C for 10 min
and firing at 870°C.
In Figure 4.35 the effective carrier lifetime is plotted as a function of the interface
defect density. As mentioned before, in certain conditions, the SRV and the Dit are
proportional. As far as the carrier lifetime in the samples is largely dominated by the
surface recombination, an antiproportional relation between the lifetime of the carriers
and the surface recombination velocity can be assumed. This results in an
antiproportional relation between the carrier lifetime and the interface trap density for
lifetimes much lower than τAuger. As Figure 4.35 has a log log scale the antiproportional
relation is transformed into a y = -x + log(a), where a is the proportionality factor. It
can be observed that the measured points are lining up on two lines until lifetime
approaches its maximum limit τAuger, where a saturation of the lifetime is observed.
Additionally, the proportionality factor a is higher for the fired samples compared to
the annealed samples, meaning that for the same Dit value the fired sample will have a
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higher lifetime than the annealed one. This can be explained by the fact that the fired
layers have a higher negative charge density and therefore have a stronger field effect

Effective carrier lifetime [µs]

passivation compared to the annealed layers.

3

10

Auger lifetime
After annealing
After firing

2

10

10

11

10

10

12

10
-2

-1

Interface trap density Dit [cm eV ]

Figure 4.35 Charge carrier lifetime as a function of the interface defect density for
annealed and fired aluminum oxide layers. One line indicates the theoretical limit of
the lifetime (τAuger), the two other lines indicate the antiproportionality between the
lifetime and Dit for the annealed and the fired samples. The hatched area corresponds
to a saturation of the lifetime close to the Auger limit, here no correlation is observed
between Dit and effective lifetime.
In this paragraph, it was seen that the decrease of the passivation quality for thin Al2O3
layers is due to the increase of the interface defect density, and that the very high
passivation quality of Al2O3 layers can only be achieved for very low Dit values
(< 1011 cm-2 eV-1). Paradoxically the theoretical calculation of Lucovsky et al.128
predicted that the interface quality between silicon and aluminum oxide should be very
poor. However, silicon dioxide is known to form a very good interface with silicon
allowing low Dit values

129

. For this reason the low interface defect density is often

attributed to the interfacial silicon oxide forming between the silicon and the aluminum
oxide 112,124 (observed in Figure 4.30 and Figure 4.31 discussed in the last section). The
electrical activity and especially the capture cross sections of electrons and holes at the
Al2O3 Si interface and at the SiOx Si interface is very similar, consolidates the
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hypothesis that the chemical passivation is performed by the interfacial SiOx layer (see
Section 4.5.1).
Two simple suppositions can be formulated in order to explain the loss of chemical
passivation for thin aluminum oxide layers. These are the following:
•

The interfacial silicon oxide formation is different for thin layers,

•

The hydrogenation of the SiOx Si interface is different for thin

Al2O3 layer.
Based on physical characterizations of the film these hypotheses will be discussed
further in the next paragraph.
Physical characterization
In order to better understand the reason for the losses of passivation quality for thin
Al2O3 layers, three samples were characterized in more detail. The samples have a
thickness of 7 nm, 14 nm and 22 nm, selected from the annealed sample group. As it
was shown in the previous section, the decrease of the passivation quality is due to an
increase of the interface defect density. The goal is now to identify the reason for the
increase of the Dit by characterizing the interface between Si and Al2O3, and more
particularly the interfacial SiO2 that could influence the quality of the interface.
X-ray photoelectron spectroscopy (XPS) was performed. First, the thickness of the
three samples to ~7 nm was reduced using a wet chemical etching. The composition of
the solution was H3PO4 / HNO3 / CH3COOH / H2O; with the proportion 16 / 1 / 1 / 2.
The XPS measurements have been performed with an excitation of 187.8 eV from a
non-monochromatic Mg Kα source. In order to obtain a strong signal from the interface
through the 7 nm of Al2O3 the photoemission was detected at an angle of 90°. The
signal has been corrected using the Shirley method130 and the satellite has been
eliminated. The thickness of the SiOx cannot be calculated in our case because of the
Al2O3 covering it. Therefore, the focus is the evaluation of the suboxides.
The XPS intensity as a function of the binding energy is plotted in Figure 4.36 for the
three Al2O3 thicknesses. The XPS signal intensity has been scaled in order to have the
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same intensity of the SiOx peak for the three samples. The SiO2 peak for the three
aluminum oxide thicknesses can be easily distinguished, with a rather low intensity of
the suboxide peaks. The signal has been fitted with Gaussian curves, with a spin-orbital
splitting of 0.6 eV and a chemical shift of 0.95 eV, 1.75 eV, 2.48 eV and 3.8-4.2 eV for
the oxidation states Si+, Si2+, Si3+ and Si4+ (SiO2), respectively131. The full width half
maximum (FWHM) used was 1 eV for Si0+ and 2 eV for Si4+. The fit has revealed that
the SiO2 represents 70-80% of the total amount of oxidized silicon (including all the
suboxides). This shows that there is a very abrupt interface between Si and SiO2
without transition with suboxides, this is usually a criterion for a good interface quality.
The sample with 7 nm aluminum oxide has a slightly higher intensity for the suboxide
Si3+, which could be related with the higher Dit measured for thin Al2O3 layers. As the
interfacial SiOx can be now considered as almost completely stoichiometric, SiO2 will
be used to refer to the interfacial silicon oxide in the rest of the thesis.
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Figure 4.36 XPS intensity as a function of the binding energy for Al2O3 samples after
annealing. The two thicker Al2O3 layers were thinned wet chemically in order that the
three samples have a thickness of about 7 nm.
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Figure 4.37 ToF-SIMS signal as a function of the sputtering depth, for aluminum oxide
films with a thickness of 7 nm, 14 nm and 22 nm. The zero of the horizontal axes
corresponds to the interface with silicon. The signal (counts per second) is plotted on a
linear scale, the elements were shifted for a better reading.
Time of flight secondary ion mass spectrometry (ToF-SIMS) has been carried out in
order to study the chemical composition of the Al2O3 samples. Cs+ was used for the
sputtering with an energy of 1 keV, the primary ion used for the analysis was Bi2+ with
an energy of 25 keV. In Figure 4.37, the ToF-SIMS signal is plotted as a function of
the sputtering depth. The interface with the silicon has been taken as the reference for
the horizontal axis. The ToF-SIMS signal is plotted on a linear scale in a way that the
quantities between elements cannot be compared. A peak of hydrogen and of
hydroxide can be observed at the interface. Close to the interface, a peak of Al
followed by a peak of SiO2 are observed. The SiO2 does the transition between
aluminum oxide and silicon. Carbon could be detected, with a peak at the interface,
previous experiments (XPS-measurement) could evaluate that the carbon represents 23 % of the atomic composition91. In most of the cases (for SiO2 for example), a high
hydrogen concentration at the interface is beneficial for the passivation by saturation of
the dangling bonds. In our case, the hydrogen content measured at the interface cannot
explain the lower electrical quality of the thin Al2O3 layer. It can be noticed that, the
sputtering rate was 34 Ǻ min-1, 23 Ǻ min-1 and 20 Ǻ min-1 for aluminum oxide layers
of 7 nm, 14 nm and 22 nm, respectively. Additionally the refractive index at 633 nm is
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in the range of 1.55 to 1.4 decreasing with the layer thickness. Therefore, thin
aluminum oxide layers have a lower film density than thick one. In earlier publication
concerning Al2O3 grown by thermal ALD132,133, a lower films density has been
correlated with a higher OH content, which is also the case here.
However water or hydroxyl groups are generally not considered as harmful for the
passivation quality of SiO2 layers134, a high hydroxide density is also related to a lower
SiO2 film density and charge trapping135. It can also be observed that the aluminum
transition is less abrupt for the thin Al2O3 layers and that the SiO2 peak is larger. The
lower density of the SiO2 film could be the main reason for the degradation of the
passivation quality.
Conclusion
PECVD aluminum oxide layers with thicknesses range from 6 to 35 nm have been
investigated after annealing and firing. For layer thicknesses higher than 15 nm –
without using additional capping layers – carrier lifetimes higher than 1 ms were
obtained after firing and annealing. The lifetime was observed to decease for lower
layer thicknesses. The measurement of Dit and Qtot for more than 40 samples confirms
without ambiguity that the decrease of the passivation quality is resulting from an
increase of the Dit value, whereas the Qtot value remains constant with the layer
thickness. Additionally, due to a higher negative charges density, the field-effect
passivations of fired layers have been observed to be stronger than the ones of annealed
layers.
XPS measurements demonstrate that the silicon dioxide formed at the Si surface has an
abrupt interface even for Al2O3 layers down to 7 nm. ToF-SIMS measurements have
shown that a high hydrogen concentration at the interface is not the only criteria for a
good passivation quality. The high OH content for thin aluminum oxide layers is also
correlated to the low density of the film and could be also responsible for the loss of
the passivation quality.
In contradiction with thick Al2O3 layers (section 4.4.1), the use of a second layer
(capping layer) composed of SiNx or SiOx deposited on the top of the Al2O3 film could
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be beneficial to preserve the passivation quality of extremely thin passivation layers.
This will be the object of the next section.
4.4.3

Towards high passivation quality for thin Al2O3 layers by means of a
capping layer

Sample preparation
For this experiment, the sample preparation was exactly the same as for the last section.
In some cases, capping layers were used ; this layers were deposited after the Al2O3
layers in the same PECVD system. The SiNx is processed at 400°C using silane (SiH4)
and ammonia (NH3), and the SiOx is processed at 300°C using SiH4, Ar and N2O.
The firing took place under the same conditions as described in the last section.
Electrical characterization
In this paragraph, a silicon nitride or silicon oxide capping layer were deposited on the
top of the thin Al2O3 layer. In previous analyses, the hydrogen concentration of the
capping layers was measured by nuclear reaction analysis (section 4.4.1). The silicon
nitride contains ~15 % of hydrogen against ~4 % for the silicon dioxide136 (see Figure
4.29). The capping layer is deposited in the same PECVD chamber like the Al2O3 layer
without breaking the vacuum. In Figure 4.38, the carrier lifetimes were presented for
Al2O3 layers with and without capping, after a firing step (the same firing step as
before was applied). For the Al2O3 thickness of 15 nm, the three layer stacks have
similar performance with lifetimes above 1 ms after firing. For an Al2O3 layer
thickness of 7 nm or below, it can clearly be observed that the best passivation quality
is obtained with the SiNx capping layer. For the stack with silicon oxide, the lifetime is
observed to be even lower than for the Al2O3 layer without capping.
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Figure 4.38 Effective carrier lifetime as a function of the Al2O3 layer thickness for
aluminum oxide layers with and without capping. The injection level is Δn = 1015 cm-2.
The layers were fired at 870°C for 2-3 s.
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Figure 4.39 Charge density in the layer (Qtot) and interface defect density (Dit) as a
function of the aluminum oxide layer thickness, for Al2O3 layers with and without
capping. The samples were fired at 870°C for 2-3 s and measured with contactless CV
measurement (COCOS, Semilab SDI).
The measurement of the interface density (Figure 4.39) shows that, as expected, the Dit
for Al2O3 with SiNx capping are lower than without capping or with SiOx capping for
aluminum oxide thicknesses of 7 nm and below. However, for Al2O3 layers of 15 nm
the Dit of both layer systems (Al2O3 + SiNx and solely Al2O3) are in the same range.
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Concerning the charge density (Qtot), a lower negative charge density was obtained for
the layer system with a silicon nitride capping (|Qtot| = 1.5-3×1012 cm-2) compared to
the layer without capping. In the next paragraph, further analyses are performed in
order to understand why the layer with a SiNx capping layer performs better.
Physical characterization
Al2O3
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Figure 4.40 Time of flight signal as a function of the distance to the crystalline silicon
surface for thin aluminum oxide layers (7 nm) without capping, with SiNx capping and
with SiOx capping. The graph only shows the region close to the Al2O3 Si interface.
In the last paragraph, it was seen that the use of a highly hydrogenated capping layer on
the top of the aluminum oxide can increase the lifetime by reducing the Dit. In order to
investigate the hydrogenation of the Al2O3 at the interface a ToF-SIMS measurement
was carried out. In Figure 4.40, the ToF-SIMS signal for Al2O3 layers of 7 nm with
three capping variations is plotted. It can be noticed that the H concentration in the
layer without capping is higher than in the two others. However, the hydroxide
concentration is as well lower for the layers with a capping layer. For layers with
silicon nitride capping layer, it can be noticed that the combination of hydrogen and
hydroxide concentration at the interface with silicon is similar to the one of the thick
Al2O3 layer (see Figure 4.37), the Dit values are also similar. For the Al2O3 layer
covered by a SiOx capping the hydroxide and the hydrogen concentration at the
interface are low. However, the Dit values are high. This shows that a minimum H
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concentration at the interface is necessary, and that the low hydroxide concentration is
not sufficient to guarantee a high chemical passivation quality. It can be concluded that
a trade-off between a high hydrogen concentration and a low hydroxide concentration
is needed in order to obtain a high passivation quality.
Different hypotheses can be formulated in order to explain the observed phenomena.
First, the different hydrogen concentrations in the Al2O3 layers, for the different stack
systems, can be explained by the hydrogen concentration in the capping. This hydrogen
can diffuse in or out of the Al2O3 layer during the firing step. Concerning the
hydroxide, the OH might be in the layer in the form of ionized OH, Al-OH or water133.
In the case of aluminum oxide without capping the high hydroxide content might be
moisture absorbed from the air. For the layer with a capping the hydroxide in the layer
probably came from the deposition process, as the sample was not exposed to air
before being protected by the capping layer. In the case of SiOx capping layer, silicon
oxide is known to be very hydrophilic, therefore it might have absorbed water from the
Al2O3 layer. Concerning the role of hydroxyl groups in the passivation quality, it has
been mentioned before in this thesis that the OH content might be related to a lower
density of the Al2O3 and SiO2 film, which might directly affect the saturation of the
dangling bonds. However, as the Al2O3 film is not directly in contact with the silicon
substrate, it is more likely that the silicon dioxide interfacial layer is directly affected
by the OH. It should be considered that the hydrogen from the hydroxide group might
contribute to the measured hydrogen by ToF-SIMS, without that this hydrogen could
participate to the increase in the surface passivation quality.
Finally, the role of the capping layer for thin PECVD Al2O3 passivation layers could be
summarized by: the capping can provide hydrogen for the surface passivation and
could act as a water barrier in order to avoid the increase of the hydroxyl concentration
in the case of thin layers.
Conclusion
It was show in this section, that hydrogenated SiNx capping layers can preserve the
passivation quality for low Al2O3 thicknesses. Carrier lifetimes of 600 µs were
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demonstrated for layers of about 5.5 nm after firing. Based on CV measurements, the
passivation improvement can be attributed to a reduction of the Dit.
ToF-SIMS measurements have shown that a high hydrogen concentration at the
interface is not the only criteria for a good passivation quality. High OH concentrations
for thin aluminum oxide layers explain the low density of these films and seem to be
related to low passivation quality. In fact, the OH concentration in the Al2O3 layers
decreases for thick layer or when SiNx capping is used. Therefore, a trade-off between
a high hydrogen concentration and a low hydroxyl group concentration is needed in
order to obtain a high passivation quality.
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4.5

Some fundamental properties of crystalline silicon passivated
by aluminum oxide

4.5.1

Electrical activity of traps at the Si-Al2O3 interface

Observation of Si-Al2O3 interface
In several sections of this chapter, an interfacial silicon dioxide layer between the
silicon substrate and the aluminum oxide passivation layer105 was observed. For thick
Al2O3 layers in Figure 4.30, an interfacial layer of around 2 nm could be observed just
after deposition and after firing. The composition of the layer could be estimated to be
SiO2 by fitting the EELS (see data Figure 4.31). For thin Al2O3 layers an interfacial
SiO2 layer could be unambiguously detected by XPS measurement (see Figure 4.36).
Using different measurement methods for the investigation of the Al2O3 Si interface the
conclusions are similar giving a high confidence on the nature of the interfacial layer
(SiO2). However, these measurements are only investigating the chemical nature of the
interfacial layer. In our case, the goal is to obtain an electrical passivation of the Si
surface. In order to assure that the electrical passivation of the Si surface is provided by
the interfacial SiO2, the electrical activity of the silicon interface traps needs to be
investigated.
The capture cross sections of electrons and holes is often considered to be the
fingerprint of a trap137. In this section, the electrical activity of the interface traps is
investigated through the determination of the interface trap capture cross sections.
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Theoretical relation between the recombination and the interface trap density
In Section 4.4.2, a relation between the effective carrier lifetime and the interface state
density (Figure 4.35) was obtained. This relation can be interpreted in order to extract

Effective carrier lifetime [µs]

fundamental properties of recombination processes present at the Al2O3 Si interface.
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Lifetime limit
Al2O3 annealed (450°C)
Fit (Al2O3 annealed)
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Fit (Al2O3 firied)
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Figure 4.41 Effective carrier lifetime as a function of the interface state density. A fit
taking into account a direct linearity between surface recombination velocity and the
Dit, and a lifetime limit (of Auger and radiative recombination) are also plotted.
In Figure 4.41, the effective carrier lifetime τeff as a function of the middle band gap Dit
is plotted, the fit is based on a direct linearity between SRV and Dit. The formula used
for the fit is
1

τ eff

=

1

τ lim

+

2αDit
.
W

4.9

where α is the proportionality factor between the Dit and the SRV. The value of α was
determined to be 5×10-11 cm3 eV s-1 and 1.85×10-11 cm3 eV s-1
The charge density measured shows that the wafer surface is in accumulation
condition. Sze14 described a simple relation, valid in low injection, which exists
between the surface barrier (Vsb) which is the potential formed by the electrostatic field
at the silicon surface and Qtot (the charge in the dielectric)

180

PECVD aluminum oxide layers for c-Si surface passivation

4.10

⎛ V ⎞
2
Qtot ≈ 2qε Si N AVth exp⎜⎜ − sb ⎟⎟ .
⎝ Vth ⎠

where q is the elementary charge, εSi the permittivity of silicon, NA the doping
concentration and Vth the thermal voltage. A new value cs is introduced. It is the ratio
between the carrier concentration in the bulk and at the surface cs = ps / p0 = n0 / ns,
where p0, ps, n0 and ns are the concentration of the hole in the bulk and at the surface,
and the concentration of the electrons in the bulk and at the surface, respectively. Qtot is
sable about -3×1012 cm-2 after annealing and Qtot = -5×1012 cm-2 after firing (Section
4.4.2). Therefore, cs = 1700 for the annealed samples, and cs = 4600 for fired sample.
This means that for the annealed samples, the hole concentration is 1700 times larger at
the surface as in the bulk and the electron concentration is 1700 times smaller. In order
to simplify the expression of the SHR surface recombination (Eq. 2.18), the surface
recombinations are modeled only considering the middle band gap traps. Considering
the

same

injection

condition

as

in

the

experiment

(NA = 1.5×1016 cm-3,

Δn = 1×1015 cm-3), additionally ps >> ni and ns >> ni. This considered, a simplified
formulation for the surface recombination velocity can be used,
S eff ≈

Dit N A v th
.
Δn / c s N A c s
+

σp

4.11

σn

The ratio of the capture cross sections σn / σp is supposed to be very inferior to
NA cs2 / Δn (~ 3.7×104), in order to further simplify the SRV expression,
Seff ≈

σ n Dit vth
cs

≈ αDit .

4.12

where vth is the thermal velocity. Finally, σn can be estimated for annealed and fired
samples, in both cases a value of about 1.7×10-15 cm2 is obtained.
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Theoretical relation between the recombination and the charge density in the
layer
In section 4.3.3, a strong correlation between the effective carrier lifetime and the
charge density in the Al2O3 layer was observed. From the calculation performed above,
cs can be obtained as a function of Qtot (Eq. 4.10),
4.13

2

cs ≈

Qtot
.
2qε Si N AVth

Then the SRV value can be calculated from Eq. 4.12, which gives,
S eff ≈

2qε Si N AVth
Qtot

2

σ n Dit v th =

β
Qtot

2

.

4.14

This allows to write the expected relation between the effective carrier lifetime and the
charge density,
1

τ eff

=

1

τ lim

+

2β
.
2
WQtot

4.15

In Figure 4.42, the effective carrier lifetime is plotted as a function of the negative
charge density, the line represents the fit using Eq. 4.15. The value of β used for the fit
is 1.5×1025 cm-3 s-1. It is in a good agreement with the fit and the measured values even
though a large spreading of the interface trap density was measured in section 4.3.3. In
order to calculate the capture cross section for the electrons (σn) as it was done is the
last paragraph, the Dit value used is 5×1010 cm-2 eV-1, which corresponds to the median
value (see Figure 4.24 (b)). It follows that the σn is evaluated to be 1.1×10-15 cm2 for
this experiment.
The two values of the capture cross section are in very good agreement and can be
considered as very close to the one measured for SiO2. Indeed an interfacial SiO2 is
often observed between Al2O3 and c-Si (as mentioned before). In the next paragraph,
these values are verified using deep-level transient spectroscopy (DLTS).
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Figure 4.42 Effective carrier lifetime as a function of the negative charge density. The
line corresponds to the model Eq. 4.15.
Measurement of the capture cross section by DLTS
Experimental
The wafers used are FZ grown, crystal orientation (100), p-type and n-type doped. The
specific resistivity is 10 Ω cm (different as in the previous experiments), and the
thickness is 250 µm. The surfaces were shiny etched.
The cleaning and the aluminum oxide deposition were carried out in the same
condition as described in section 2.1. 20 nm of Al2O3 were deposited on one side of the
sample; this side is designated as front side.
The rear contact was performed using Al evaporated by electron gun (e-gun)
evaporation. After the metallization of the rear, an annealing at 425°C for 25 min in
forming gas atmosphere was carried out. Finally, metal dots were evaporated on the
front side using thermal evaporation. 1 mm diameter dots were used for the DLTS
measurement.
The DLTS instrument used is from Sula technology. The frequency for the capacitance
measurement is 1 MHz. Small feed-in pulses of 100 mV were applied, performing the
technique known as small-pulse DLTS138. During the pulses. the band bending at the
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interface only changes a few meV, just sufficient to charge/discharge enough traps for
the measurement, however the position of the Fermi energy at the surface can be
considered as constant. The energy level of the traps and their capture cross sections
were calculated using Arrhenius plots, the sweep in energy was done using a bias
voltage. An example of the DLTS measurement and the corresponding Arrhenius plot
is presented in Figure 4.43.
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Figure 4.43 (a) DLTS signal as a function of the temperature on n-type silicon, for two
different delay times, (b) corresponding Arrhenius plot, capture cross section (σn) and
trap energy (Et).
Results and discussion
In Figure 4.44, the capture cross section was plotted as a function of trap energy, for
PECVD aluminum oxide compared with measurements performed on high-quality
silicon dioxide by Glunz139 and Aberle et al.134. More measurement points in the range
of the maxima of the capture cross section would be desirable to properly compare
these results. However, it can be state with certainty that the ratio between the electron
and hole capture cross sections obtained for Al2O3 (σn / σp = 100-1000) is very similar
to the one of silicon dioxide139. The measured electron capture cross section is in good
agreement with the value estimated in the last paragraph, considering that one order of
magnitude is commonly admitted as the uncertainty of this type of DLTS
measurements.
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Figure 4.44 Capture cross sections of electrons and holes as a function of trap energy
for PECVD Al2O3 and thermally grown SiO2 from Glunz139 at 950°C and Aberle et
al.134 at 1050°C.
The values of the capture cross sections are generally lower than the one for SiO2,
however considering the measurement uncertainties (one order of magnitude), these
values are very similar to SiO2. This shows that the electrical signature of the main
aluminum oxide interface defect level with crystalline silicon is very close to the one of
silicon dioxide. The observation of an interfacial silicon dioxide layer at the interface
between Al2O3 and c-Si

85

(see Figure 4.30) consolidates the hypothesis that the

chemical passivation of crystalline silicon by Al2O3 is performed by the interfacial
SiO2 layer. It results that the electrical activity of these defects is the same and
therefore the passivation of a silicon surface by aluminum oxide can be electrically
modeled like the passivation of a charged silicon dioxide layer. Additionally, a similar
chemical activity of the interface can be expected, for example concerning the
saturation of the dangling bonds by hydrogenation of the interface. However, these
similarities should be limited to the interface, the bulk of Al2O3 and SiO2 being
completely different (e.g., concerning H concentration, H diffusivity, built-in charges,
mechanical stress, …).
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Conclusion
A linear relation between surface recombination velocity and Dit was established. This,
together with a simplified Shockley and Read’s

21

expression of the SRV was

simplified for p-Si surfaces under accumulation and low carrier injection. The last
enabled us to estimate σn to be around 1.7×10-15 cm-2.
In a second approach, the capture cross sections of holes and electrons were measured
using the DLTS technique. The results were found to be very similar to reported values
for silicon dioxide. This consolidates the hypothesis that the chemical passivation of
crystalline silicon by Al2O3 is performed by the interfacial SiO2 layer.
4.5.2

Reaction kinetics at aluminum oxide silicon interface

Introduction
As it has been already discussed in Section 4.2.1 the passivation by Al2O3 layers is not
active after deposition and needs to be activated by an annealing step. In this section,
the kinetics of the annealing of aluminum oxide passivation layers is studied, for a
better understanding of the chemical reaction involved at the Al2O3 Si interface.
Experimental
For this experiment, the starting material is p-type (boron-doped) shiny-etched
Float-Zone (FZ) wafers with a crystal orientation of (100), 1 Ω cm resistivity and
250 µm thickness. The sample preparation procedure was the same as described in
section 4.2, including the same cleaning procedure, and the same PECVD Al2O3
deposition process.
After deposition, the samples were annealed on a hot plate, at temperatures between
350°C and 450°C. The annealing times indicated in this section correspond to the
cumulative annealing time.
The passivation properties were characterized by measuring the effective carrier
lifetime using a Sinton Consulting96 WCT-120 lifetime tester.
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Results
In Figure 4.45, the effective lifetime is plotted as a function of the annealing time. Both
a linear and a logarithmic scale are represented for the time. The evolution of the
surface recombination velocity follows a simple behavior with the annealing time,
which can be described by the formula,
1

τ eff

=

1

τ bulk

+

4.16

2S
1
2 S0
=
+
.
W τ bulk W 1 + r × t

where S0 is the initial surface recombination velocity, r is the reaction rate and t the
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Figure 4.45 Effective carrier lifetime as a function of the annealing time for three
annealing temperature (350°C, 400°C and 450°C).
A good agreement between the empirical model (Eq. 4.16) and the experimental result
is obtained by choosing a reaction rate of 33 ± 6×10-3 s-1 for 350°C, 0.33 ± 0.13 s-1 for
400°C, and 4.16 ± 0.9 s-1 for a 450°C annealing.
The activation energy of this reaction can be calculated, supposing that the reaction is
following the Arrhenius law. In Figure 4.46, the reaction rates are plotted in an
Arrhenius plot. An activation energy of 1.5 eV could be extracted with an accuracy of
0.05 eV.
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reaction rate (s )
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Figure 4.46 Arrhenius plot of the reaction rate as a function of the inverse of the
annealing temperature. The activation energy extracted here is 1.5 ± 0.05 eV.
Discussion and conclusion
Many reactions could be involved in the activation of the aluminum oxide passivation
quality. Two main phenomena can play a role:
•

Increase of the negative charge density, and therefore an increase of the field
effect passivation. The measurement shows that Qtot increases from around
1×1012 cm-2 (as–deposited) to 2-3×1012 cm-2 in the annealed state.

•

Decrease of the interface trap density, and therefore a better chemical
passivation. The measurement shows that the middle band gap Dit decreases
from around 2×1012 eV-1 cm-2 (as–deposited) to below 1011 eV-1 cm-2 in the
annealed state.

Concerning the decrease of the Dit, the mechanism of hydrogenation of the silicon
interface is very well known and has been studied in the case of silicon dioxide. In the
case of Al2O3 the hydrogenation of the aluminum oxide silicon interface has been also
demonstrated123,125. As it was discussed in the last section, a thin interfacial SiO2 layer
forms between the Si and the Al2O3 layer, therefore the Si surface hydrogenation in the
case on Al2O3 and SiO2 probably show similarities. The study of Reed and Plummer on
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Si SiO2 interface140 reveals that the anneal rate for <100> Si crystal orientation, has an
activation energy of about 1.2 eV.
The difference between the two reaction kinetics suggests that the annealing kinetics of
Al2O3 involves a combined evolution of the negative charge density and of the
interface trap density. The separation of the both kinetics can only be done by
measuring separately the evolution of Dit and Qtot during the annealing.

Figure 4.47 High resolution transmission electron microscope images of PECVD
Al2O3 as deposited (a) and after firing at 870°C (b). Crystalline areas could be
observed in both as deposited and after firing states, however the grain size and
density might differ.
Additionally to the charging of the aluminum oxide layer and the hydrogenation of the
interface with silicon, other phenomena might take place. Crystallization or
recrystallization of the Al2O3 can occur during a high temperature step133. Crystalline
areas were observed by TEM on a sample after deposition and on a fired sample, (see
Figure 4.47) the grain size and density seem to change after a high temperature step.
Even if the aluminum oxide and the silicon oxide are naturally separated by a SiO2
buffer layer, a potential impact of the crystalline form of Al2O3 on the passivation
effect can be expected.
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Application of PECVD aluminum oxide on high efficiency
solar cells (laboratory type)

It was seen in the introduction of this chapter (section 4.1) that a wide range of
materials can be applied for the passivation of the p-type rear passivated silicon solar
cells141 (e.g. SiO2 25, a-Si 68, a-SiNx 142, a-SiCx 143). The highest conversion efficiencies
so far have been realized for solar cells with a rear side passivated by thermally grown
SiO2.
In more recent work87, ALD Al2O3 layers have been applied as the rear side passivation
of laboratory p-type silicon solar cells. Where conversion efficiencies up to 20.6 %
have been achieved. On those solar cells, the Al2O3 layers have performed as good as
or better than the silicon dioxide layer, showing the very high potential of Al2O3 layer
for rear passivated solar cells application.
The high-deposition-rate PECVD Al2O3 layers, presented in this chapter, have shown
to provide excellent surface passivation on p-type surfaces as well, eliminating the
throughput restrictions of conventional ALD systems. Alternatively, very thin ALD
Al2O3 capped by PECVD SiNx or PECVD SiOx144 could be also used for industrial
production. In order to show the validity of these approaches, the quality of these layers
needs to be tested on the solar cell device itself.
In this section, ALD and thin PECVD aluminum oxide were used the rear surface
passivation of p-type solar cells, demonstrating that they are valuable alternatives to
SiO2 and thicker ALD Al2O3.
Experiment
In order to investigate the rear surface passivation quality of the different dielectric
layers (PA-ALD Al2O3, PECVD Al2O3, thermal SiO2), rear passivated solar cells were
fabricated145 on 〈100〉 0.5 Ω cm, float-zone (FZ), p-type wafers with a thickness of
250 µm. In order to define the inverted pyramids pattern on the front surface, an oxide
mask is grown and structured by photolithography. The pyramids then are etched in
KOH. After growing a new oxide mask, 2 × 2 cm² windows are opened and the emitter
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is formed by phosphorus diffusion. After the removal of the phosphorus glass and the
remaining SiO2, a dry oxidation at 1100°C is carried out, leading to a 105 nm thick
SiO2 layer. The resulting final sheet resistance of the front side emitter is 120 Ω/□. For
the solar cells passivated by aluminum oxide then the rear side SiO2 layer is removed
before the rear side aluminum oxide deposition process. In total five groups with
different rear side passivation layer systems were processed (the stacks are written in
the order of the deposition process):
•

Group 1: ultrathin (7 nm) ALD Al2O3 and 90 nm PECVD SiOx,

•

Group 2: 20 nm ALD Al2O3 and 80 nm PECVD SiOx,

•

Group 3: 30 nm PECVD Al2O3 and 70 nm PECVD SiOx,

•

Group 4: 100 nm PECVD Al2O3,

•

Group 5: reference group, SiO2 105 nm thick.

To realize the front contacts, the SiO2 layer was opened using photolithography (5 µm
wide lines with an open area of 1.1 %) and a Ti/Pd/Ag stack was evaporated (e-gun)
and structured by a lift-off process. At the rear side, aluminum was evaporated on top
of the dielectric passivation. The local contacts were performed using the laser-fired
contacts (LFC) process. Then the cells were submitted to a final forming gas annealing
at 425°C for 15 min. Finally, the front contacts were thickened using light-induced
plating of Ag146.
A wet-chemical cleaning consisting of hot HNO3 followed by a dip in diluted HF was
carried out before aluminum oxide deposition. The deposition of ALD Al2O3 was
performed in a PA-ALD system (OpAL, Oxford). The PECVD Al2O3 deposition
process used here is the same as described in the rest of this chapter. The deposition of
SiOx, as the capping layer on the thin aluminum oxide, is performed in the same
PECVD system. After deposition of the passivation layers a first forming gas annealing
at 450°C for 25 min is performed to activate the passivation and allow the extraction of
the saturation current density of the emitter (j0e).
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Result and discussion
Table 4-3 shows the results of the current-voltage (IV) measurements of the rear
passivated solar cells using ALD Al2O3, PECVD Al2O3 and thermal SiO2. High
conversion efficiencies of 21.2-21.5 % were achieved for all layer types. However, a
few cells from the second group suffer from low fill factors (FF), the best cell has an
efficiency value of 21.2 %. The open-circuit voltages (Voc) that were obtained, with
values around 680 mV, are proving the effective passivation of both, front and rear
surface. Due to a high internal reflectance for the passivation layers used here (see
Figure 4.48), high short-circuit current densities (around 40 mA cm-2) were achieved.
Table 4-3 Illuminated IV measurements of p-type PERC solar cells passivated by
aluminum oxide deposited by PECVD and ALD. The first line corresponds to the best
cell of each group.
Rear surface passivation
SiOx1

Thin ALD Al2O3 +
Mean / Std. dev. 7 cells
ALD Al2O3 + SiOx
Mean / Std. dev. 7 cells
PECVD Al2O3 + SiOx
Mean / Std. dev. 7 cells
PECVD Al2O3a
Mean / Std. dev. 7 cells
Thermal SiO2a
Mean / Std. dev. 7 cells

Voc
[mV]

jsc
[mA cm-2]

FF
[%]

η

681
677 / 2
676
674 / 2
678
677 / 1
684
680 / 1
685
683 / 1

39.3
39.6 / 0.4
40.2
40.0 / 0.2
39.7
39.5 / 0.1
39.4
39.9 / 0.2
39.2
39.7 / 0.1

79.6
78.8 / 1.6
78.5
72.9 / 4.2
79.4
78.7 / 1.1
79.8
77.8 / 1.1
79.8
78.7 / 1.3

21.3
21.1 / 0.5
21.2
19.7 / 1.1
21.3
21.0 / 0.3
21.5
21.1 / 0.4
21.4
21.3 / 0.4

[%]

The external quantum efficiencies (EQE) at 0.3 suns bias light intensity and the
reflection were measured for wavelengths ranging from 250 nm to 1200 nm (Figure
4.48). The high EQE and reflection in the high wavelength range (900 nm to 1200 nm)
for all applied dielectric layers show that the rear surface of the solar cells is effectively
passivated and provides a high internal reflection. Thus, it can be stated, that aluminum

1

Calibrated measurement in Fraunhofer ISE CalLab
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oxide is equally well suited as thermal SiO2 for the application as the rear surface
passivation of p-type silicon solar cells until 21 % conversion efficiency and probably
more.

0.8
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Figure 4.48 External quantum efficiency and reflection as a function of the wavelength
for high-efficiency solar cells passivated with ALD Al2O3, PECVD AlOx and thermally
grown SiO2 at the rear surface.
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Figure 4.49 External quantum efficiency at a wavelength of 1000 nm as a function of
the bias light, for high efficiency solar cells passivated with ALD Al2O3 (group 1),
PECVD Al2O3 (group 4), and thermally grown SiO2 (group 5).
The illumination intensity dependence of the EQE has been measured at a wavelength
of 1000 nm, with the bias light varying from 0 to 0.3 suns (Figure 4.49). The EQE is
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observed to be stable at low bias light for all the Al2O3 passivation layers applied in
this study. A low injection dependence of Al2O3 passivation was already observed in
lifetime measurements (see Section 4.2.1). This fact is explained by the accumulation
layer at p-type silicon surfaces induced by the high density of negative charges
measured for ALD and PECVD aluminum oxide (see Section 4.2.1). In contradiction it
is known that rear surfaces presenting a junction that can be shunted (e.g. an inversion
layer induced by SiNx applied on p-type rear passivated solar cells) significantly suffer
from a reduced EQE in the long wavelength range under low bias illumination62,147.
The SiO2 reference shows a decrease at very low bias illumination intensities. This
effect which was already reported in literature134 can be explained by the injection
dependence of the SiO2 passivation quality.
Rear side passivation
Figure 4.50 Extracted values of the rear surface recombination velocity
Rear surface passivation
Thin ALD Al2O3 + SiOx
ALD Al2O3 + SiOx
PECVD AlOx + SiOx
PECVD AlOx
Thermal SiO2

j0b (fA/cm²)
68 ± 10
96 ± 10
80 ± 10
52 ± 10
45 ± 10

Srear (cm/s)
139 ± 22
204 ± 24
167 ± 23
104 ± 21
90 ± 21

Spas2 (cm/s)
43 ± 22
108 ± 24
71 ± 23
8 ± 21
1 ± 21

Supposing that the one diode model can be applied, the dark saturation current density
of the base (j0b) can be extracted knowing the values of jsc, Voc and j0e using 134 ,

⎛
⎞
j sc
Voc = Vth × ln⎜⎜
+ 1⎟⎟ .
⎝ j0e + j0b
⎠

4.17

The value j0e of the SiO2 passivated emitter has been measured to be 90 ± 10 fA cm-2.
Using an analytical model of the solar cells in the dark, it is possible to extract the

2

The error is calculated from the j0e uncertainty. There is an additional error from Scont
calculations.
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effective surface recombination velocity of the rear surface (Srear). The effective
recombination at the contacted area (Scont) can be evaluated using the model of Section
2.2.3 and the parameterization of the surface recombination velocity on LFC contacts
from Kray and Glunz51. The calculated value of Scont is ~ 96 cm s-1. The calculated
values of Spas (see Figure 4.50) are between 10 and 110 cm s-1 showing a low surface
recombination on the rear.
Conclusion
It was showed in this study that the two different aluminum oxide deposition
techniques, ultrathin ALD and high-deposition-rate PECVD have the same efficiency
potential as thermal SiO2 when applied on the p-type solar cells for rear surface
passivation. These layers allowed for high efficiencies up to 21.5%. Aluminum oxide is
now the third rear side passivation layer, after a-Si and SiO2 layers, which
demonstrates efficiencies above 21% on p-Si solar cells. The high throughput
necessary for the application of aluminum oxide in industrial production justifies the
use of the deposition techniques presented in this chapter. The measurement of EQE
and bias-light-dependent EQE has shown that aluminum oxide provides a very good
passivation even at low injection conditions and an excellent internal reflection.
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Conclusion

Summary
The work of this Ph.D. belongs to a wave of research projects that focuses on the
development and the application of aluminum oxide for silicon photovoltaics. This
chain reaction has been fired by the successful achievements of Agostinelli83 and
Hoex148. Their work was based on lab scale atomic layer deposition technique and
cannot be widely applied on solar cells without adapting the deposition technique to
low cost and high throughput.
During the time of the Ph.D. work several deposition techniques with a high
throughput potential have emerged. One of them PECVD, has been developed in this
thesis. It has been demonstrated in this work, that PECVD Al2O3 can provide an
equivalent passivation quality compared to ALD Al2O3 on lowly and highly doped ptype silicon surfaces, with a sufficient throughput for solar cell manufacturing (about
3000 wafers / h with only one plasma source, the number of sources increases linearly
with the throughput).
An intense development phase of the process allowed us to obtain a process meeting
the criteria of quality, homogeneity, repeatability and reliability necessary for high
volume manufacturing of solar cells.
The influence of elevated temperatures after the deposition has been studied, for thick
and thin aluminum oxide layers, and for Al2O3 stacked with other dielectrics. Electrical
characterization like lifetime measurement, CV measurement, DLTS has been applied.
Completing the electrical characterization elipsometry, NRA, EELS, XPS, and ToFSIMS offered the possibility to understand better the electrical characterization results.
The main conclusions obtained can be listed:
•

Aluminum oxide layers offer a low interface defect density and a high
negative charge density that provide a high quality chemical passivation
combined with a powerful field effect passivation.
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•

A thin silicon oxide layer of about 2 nm is observed at the interface between
the Si and the aluminum oxide. This layer is demonstrated to be very close to
stoichiometric silicon dioxide, despite its low thickness.

•

The capture cross section of the interface traps for Al2O3 passivation and
SiO2 passivation of Si are very similar suggesting that the thin interfacial
SiO2 layer provides the chemical passivation of Al2O3 layers. This can also
explain the very low interface trap density measured.

•

The passivation of aluminum oxide layers needs to be activated by a high and
short temperature step (firing, for example 870°C for 2-3 s) or with a long
temperature step at lower temperature (annealing, for example 450°C for
10 min). The activation of the passivation quality is related to an increase of
the charge density in the layer and a decrease of the interface trap density.

•

After a temperature step, the hydrogen concentration in the bulk of Al2O3
layers decreases. However, it remains high at the interface with Si. This
suggests that the decreasing of the Dit during the temperature step is provided
by the hydrogenation of Si dangling bonds.

•

For thick aluminum oxide layers (above 20 nm) the hydrogen at the interface
with silicon is observed to be independent from the hydrogen concentration
in the capping layer. This suggests that the hydrogen is provided by the
aluminum oxide itself without the need of a capping layer.

•

For thin aluminum oxide layers prepared by PECVD, the lifetime decreases
for layers thinner as 10-15 nm. This decrease is due to an increase of the
interface trap density. When the carrier lifetime is dominated by the surface
recombination, an antiproportional relation between the effective lifetime and
the Dit is observed. The difference of the proportionality factor between
annealed and fired samples suggests that the field effect passivation is higher
in the case of fired samples, which can be explained by the higher charge
density.
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In the case of thin PECVD Al2O3 layers, a lower layer density and a high
hydroxyl content have been detected. The low passivation quality of these
layers does not seem to be related to a low hydrogen concentration but to the
large introduction of hydroxyl.

•

The introduction of an hydrogenated capping layer (SiNx) is shown to be
beneficial in the case of thin aluminum oxide layers. This is attributed to a
combination of high hydrogen concentration and low hydroxyl concentration.

•

The study of the annealing kinetics between 300 and 400°C have shown that
the reaction kinetics is controlled by an activation energy of 1.5 eV.
However, the fact that the annealing results in an effect on the interface trap
density and on the oxide charge density does not allow the identification of
the reactions involved without additional characterizations.

Finally, the developed PECVD aluminum oxide layers have been tested on high
efficiency solar cell structures. Efficiencies higher than 21 % could be demonstrated on
p-type solar cells, showing equivalent passivation quality as thermally grown silicon
dioxide, which was used as a reference.
Outlook
•

The work of Thaidigsman et al. 149 has shown that efficiencies over 18% can
be reached on multi-crystalline silicon solar cells using PECVD Al2O3 for the
passivation of the rear surface.

•

The aluminum oxide process developed during this Ph.D. thesis is now
commercially available. The PECVD Al2O3 process is available from Roth
and Rau AG as an industrial solution for the manufacturing of rear passivated
solar cells.

•

Very recently, two important solar cell manufacturers, Q-Cells and Schott
Solar presented at the 26th European Photovoltaic Solar Energy Conference,
September 2011, conversion efficiencies ranging 20% on p-type rear
passivated silicon solar cells processed in pilot lines. Such high conversion
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efficiencies have never been obtained on large p-type solar cells without
passivating the rear surface. It shows that the trend of industrial production
will probably go to the direction of rear passivated solar cells - where
PECVD Al2O3 can play a major role.
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5 English and German
summary

English summary
This thesis concentrates on three aspects of rear passivated solar cells:
•

The first part presented the theoretical aspects, with the
analytical modeling of rear passivated solar cells. A special
attention was given to analytical modeling of recombination
losses and series resistance losses.

•

In the second part, two characterization methods for advanced
solar cell structures have been presented. These methods,
which were developed during the Ph.D., are especially adapted
to rear passivated structures.

•

In the third part, the technological aspect was developed, with
the development of a deposition technique for Al2O3
passivation layers.

In the theoretical part of this thesis, the choice of boundary conditions at the junction of
a rear-passivated solar cell was first discussed. In a second step, the effective surface
recombination velocity at the rear of the solar cell was calculated. In a third step, the
series resistance was calculated for the rear local contacts. The calculation of the
effective surface recombination velocity and the series resistance is sufficient to
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simulate entirely the rear of the solar cell. Finally, the methods developed for rear
passivated solar cells were also able to model interdigitated back contact solar cells.
In the part concerning characterization, two methods were developed. The first method
allows the creation of rear-surface recombination velocity maps based on
photoluminescence imaging. The maps can be created by deconvolution of the
photoluminescence image. The second method is also based on photoluminescence
imaging, and allows the detection of metal spiking through the passivation layers.
The third aspect concerned the development of PECVD Al2O3 passivation layers. The
layer obtained was showing a similar passivation quality on p-Si, and p++-Si compared
to Al2O3 layers deposited by ALD. For both deposition techniques, similar passivation
qualities were shown on laboratory p-type rear-passivated cells, allowing efficiencies
above 21%. However, in contradiction with classical ALD techniques the deposition
rate of PECVD is sufficiently high that it would not limit the throughput of a
production line. In order to adapt this layer to state-of-the-art solar cell processing, the
firing stability, the combination of Al2O3 with SiNx or SiOx and the influence of the
layer thickness were investigated. Additional characterization of the PECVD Al2O3
layers showed that the passivation quality results from low interface trap density and
from a field effect formed by a high negative charge density. An interfacial silicon
oxide (close to stoichiometric) layer observed between the silicon and the aluminum
oxide layers is probably responsible for the low interface defect density. This
speculation is supported by deep level trap spectroscopy, which shows similar electron
and hole capture cross sections comparing Al2O3 and SiO2.
Even though, the interfacial SiO2 layer was already detected just after deposition when
the passivation is not yet activated. A temperature process, with temperatures higher
than 350°C is needed to activate the passivation. An empirical law could be derived for
annealing temperature ranging from 350-450°C, leading to an activation energy of
1.2 eV. This reaction is attributed to the hydrogenation of the Si SiO2 interface.
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Deutsche Zusammenfassung
Die vorliegende Arbeit befasst sich mit drei Aspekten

rückseitenpassivierter

Solarzellen.
•

Im ersten und theoretischen Teil dieser Arbeit wurde ein
analytisches

Modell

der

Rekombinations-

und

Serienwiderstandsverluste rückseitenpassivierter Solarzellen
erstellt.
•

Im zweiten Teil wurden zwei Charakterisierungsmethoden für
Neuartige-Solarzellen-Strukturen entwickelt.

•

Im dritten und technologischen Teil wurde die Entwicklung
einer Abscheidetechnik für Al2O3 Passivierungsschichten
behandelt.

Im theoretischen Teil dieser Arbeite wurde zunächst die Wahl der Randbedingungen
bei der Behandlung des pn-Überganges von rückseitenpassivierten Solarzellen
diskutiert. Danach wurde die effektive Oberflächenrekombinationsgeschwindigkeit auf
der

Rückseite

der

Solarzelle

sowie

der

Serienwiderstand

von

lokalen

Rückseitenkontakten berechnet. Die Berechnung dieser beiden Parameter ist
ausreichend, um vollständig die Rückseite der Solarzelle zu simulieren. Das
entwickelte Modell für rückseitenpassivierte Solarzellen wurde schließlich im letzten
Abschnitt des theoretischen Teils auf Rückkontakt Solarzellen (IBC) angepasst.
Im zweiten Teil dieser Arbeit wurden zwei Methoden zur Charakterisierung von
Neuartige-Solarzellen-Strukturen entwickelt. Die erste Methode erlaubt die Erstellung
von

Karten

der

Rückseitenoberflächenrekombinationsgeschwindigkeit

Photolumineszenzbildern.

Die

Karten

können

durch

Entfaltung

aus
der

Photolumineszenzbilder erstellt werden.
Die

zweite

Charakterisierungsmethode

basiert

ebenfalls

auch

auf

Photolumineszenzbildern. Diese Methode ermöglichte die Ortung von metallischen
Spikes, die durch die Rückseitenpassivierungsschichten der Solarzellen hindurchgehen.
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Der dritte Aspekt dieser Arbeit beinhaltete die Entwicklung der PECVD Al2O3
Passivierungsschicht. Diese Schicht wies eine ähnliche Passivierungsqualität auf p-Si,
und p++-Si auf wie ALD. Es zeigte sich, dass bei beiden Abscheidestechniken die
Passivierungsqualität auf rückseitenpassivierten p-Typ-Labor-Zellen gleich waren und
einen Wirkungsgrad von über 21% erlaubten. Im Unterschied zur klassischen ALDTechnik ist die Abscheiderate von PECVD ausreichend, um den Durchsatz einer
Produktionslinie nicht zu begrenzen. Um diese Schicht an den Stand der Technik bei
der Solarzellenproduktion anzupassen, wurden die Feuerstabilität, die Kombination
von Al2O3 mit SiNx oder SiOx und die minimale Schichtdicke vor Beeinträchtigung der
Passivierungsqualität untersucht. Weitere Charakterisierungen der PECVD-Al2O3Schichten

zeigten,

dass

die

Passivierungsqualität

aus

niedrigen

Grenzflächezustandsdichten und aus einem Feldeffekt, der durch eine hohe negative
Ladungsdichte gebildet wird, resultieren. Zudem wurde eine Siliziumoxidschicht an
der Grenzfläche zwischen Silizium und der Aluminium-Oxid-Schicht beobachtet.
Diese

Zwischenschicht

ist

wahrscheinlich

verantwortlich

für

die

niedrige

Grenzflächenzustandsdichte. Diese Annahme wird durch ähnliche Elektronen- und
Löcher-Einfangquerschnitte bei Al2O3 und SiO2 unterstützt.
Obwohl die SiO2-Zwischenschicht direkt nach der Abscheidung der Al2O3-Schicht
festgestellt wurde, ist die Passivierung noch nicht aktiviert. Hierfür ist vielmehr ein
Temperaturprozess mit über 350°C erforderlich. Ein empirisches Gesetz mit einer
Aktivierungsenergie von ca. 1,2 eV für Temperaturen zwischen 350-450°C konnte
gewonnen werden. Diese Reaktion könnte durch eine Hydrierung der SiliziumSiliziumdioxid-Grenzfläche erklärt werden.
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Annex A Process and
characterization techniques

A.I. Industrial PECVD system
The PECVD system used in this work is a prototype of an industrial production tool
(SiNA from Roth and Rau150). The excitation of the plasma is performed by a
microwave (2.45 GHz) that is introduced in the chamber from both sides of a linear
antenna. This system is often categorize as remote plasma, because the samples are
driven 5-10 cm under the microwave, and because the substrate carrier is on a floating
potential.
The process of deposition is composed of the following steps:
•

The samples are loaded on a CFC carrier. This carrier is then driven

into a load lock. Then, the air in the load lock is pumped in order to
obtain the same pressure as in the deposition chamber (around 0.1
mBar).
•

The carrier is driven into the deposition chamber and heated in the

heating zone. The heating zone is composed of two heaters on the bottom
and the top of the chamber. At this stage, the vacuum is already
established in the chamber so the principal heat exchange is by radiation.
•

The carrier is then driven under the plasma source (see the Figure

A.1), where the precursor gases are injected and the plasma is excited.
Two magnets, placed on the side of the linear antenna, make the plasma

214

Bibliography

denser. The carrier is driven under the deposition source, and the
thickness of the layers is controlled by the carrier velocity.
•

When the deposition is finished, the plasma is turned off and the

carrier is sent back to the load lock for unloading.

Figure A.1 Schematic of the PECVD deposition tool configuration. This figure has
been copied from 107.

Figure A.2 Schematic cross section of the plasma source with its microwave antenna.
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A.II. Firing processes
Firing processes are currently used in state-of-the-art industrial solar cell
manufacturing in order to finalize the contact formation. This step is necessary in order
to form a contact between the front side screen printed paste and the emitter. For solar
cells that are not passivated on the rear, the firing is also used for the formation of the
aluminum back surface field.
In this work the firing was carried out in an industrial firing furnace, a schematic of a
typical industrial firing unit is given in Figure A.3. The highest temperature step of a
firing process is the firing peak, its temperature is generally ranging at 800°C and it
lasts 1-2 s. In Figure A.4, the temperature profile of a typical firing process is
represented.
Because of its high temperature and because it is performed at the end of the solar cells
process, the firing has an influence on all the processes that have been performed
before.
Considering any newly developed processes that happen before the firing need to be
stable to firing. This includes the passivation of the front and of the rear surfaces.

Figure A.3 Schematic configuration of an industrial firing oven (this figure was copied
from 151)

216

Bibliography

Figure A.4 Typical firing temperature profile (this figure was copied from152)

A.III.

Injection dependent lifetime96,153

In order to measure the lifetime of the carrier in the wafers, a lifetime tester (Sinton
instrument WCT-120) was used.

Figure A.5 Lifetime tester from Sinton instrument. This picture was copied from 154.
This lifetime tester works under the following principles:
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•

A wafer with a known thickness and reflectivity is placed on a
temperature controlled chuck. In the chuck, a coil measures
the effective sheet resistance of the wafer. As the wafer
thickness is known, the doping density can be calculated for
homogenously doped wafers.

•

A flash of light is emitted on the wafer, the light intensity is
measured by a solar cell sensor. Knowing the reflectivity and
the thickness of the wafer the carrier generation in the wafer
can be estimated.

•

The coil measures the wafer resistivity as a function of the
time. Depending on the carrier lifetime and on the flash
parameters, the lifetime of the carriers might be very large in
front of the flash decay. Therefore, the lifetime decay occurs
in the dark (transient mode) or under illumination (generalized
or quasi-steady stats mode).
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Figure A.6 Simultaneous measurement of the light intensity and the photoconductance
in the case of an effective lifetime much longer than the flash duration (a) and in the
case an of effective lifetime much shorter than the flash duration (b).
From the sheet resistance to the carrier concentration
The sheet resistance (ρ) of an homogenously doped silicon wafers can be written under
the form,
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1

ρ
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W

∫ (

)

0.1

= dz (n 0 + Δn )μ n + ( p 0 + Δn )μ p .
0

By supposing that the excess carrier are homogenously distributed over the wafer
thickness, it is obtained that,
1

ρ

W

∫ (

)

(

)

= dz n 0 μ n + p 0 μ p + W μ n + μ p Δn =
0

1

ρ0

+

1

ρ PC

.

0.2

where ρ0 is the sheet resistance in the dark and ρPC is the sheet resistance due to the
photoconductance. The excess carrier density is than trivially given by,
Δn =

1
1
=
W μ n + μ p ρ PC W μ n + μ p

(

)

(

⎛1
⎜

1 ⎞
⎟.
⎟
0 ⎠

) ⎜⎝ ρ − ρ

0.3

Transient mode
In the dark, no generation occurs apart from photon recycling, which is negligible in
indirect band gap semiconductors. Therefore,
∂Δn
Δn
= −U = −
.
τ eff
∂t

0.4

In this case, the lifetime is directly calculated from the derivative of the excess carrier
density.
Generalized mode
Under illumination the generation rate should taken into account, therefore,

∫

dzG Δn
∂Δn
= G −U ≈
−
.
W
∂t
τ eff

0.5

In this case, the lifetime is calculated from the derivative of the excess carrier density
and the generation rate that can be estimated from the measurement of the light
intensity.
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Quasi steady state mode
When the carrier lifetime is in the same range or lower than the flash intensity, the
system is considered to be in quasi steady state. Therefore,
Δn

τ eff

=

∫ dzG .

0.6

W

In this case, the lifetime is calculated from the excess carrier density and the generation
rate.
In most of the samples passivated by Al2O3, the effective lifetime was high enough to
use the lifetime tester in transient mode, which eliminates the uncertainty concerning
the determination of the reflectivity and the related generation rate during the
measurement.

A.IV.

Photoluminescence (PL) imaging

For the setup of the photoluminescence imaging, there is a chuck where the sample is
placed. A laser light illuminates homogenously the sample in order to create the
excitation. The light that penetrates in the silicon induces the generation of excess
electrons and holes.
For a solar cell in open circuit condition, for quasi-static conditions, the local lifetime is
proportional to the excess carrier density (Eq. 0.6). Additionally under low injection
condition, the photoluminescence signal is proportional to the excess carrier density
and proportional to the square of the excess carrier density under high injection.
Therefore, a simple relation between the local carrier lifetime and the radiativerecombination rate can be obtained.
A part of the photons emitted by the sample is collected by a silicon camera. This is
call the photoluminescence signal. A filter, placed in front of the camera, blocks the
excitation light that could be reflected by the sample or the chuck. Therefore, the
photoluminescence signal is dominated by the photons issued from the radiative
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recombination. Finally, under low injection density the photoluminescence signal is
therefore proportional to the excess carrier density.

Figure A.7 schematic of a photoluminescence imaging setup (this figure was directly
copied from 155).

A.V. Capacitance-voltage measurement
The capacitance-voltage (CV) measurement is used to characterize dielectrics and their
interface with a semiconductor (eg. silicon). A simple structure must be realized for the
measurement, this structure is called metal insulator semiconductor capacitance (MIS,
MISCAP), when the insulator is an oxide it is also called MOS or MOSCAP. This
structure is schematized in Figure A.8. The capacitance-voltage measurement is based
on the measurement of the capacitance at a given frequency as a function of the bias
voltage applied on the gate.
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Figure A.8 schematic of a metal insulator semiconductor capacitance (MISCAP)
structure (this figure was directly copied from 156).

Figure A.9 Ideal (no Dit) CV characteristic for a p-type sample. Cases in the inversion
regime: (a) low frequency, (b) middle frequency, (c) high frequency without deep
depletion, (d) high frequency with deep depletion (this figure was directly copied
from 156).

The different regimes of the semiconductor surface can be recognized on the CV
characteristics (see Figure A.9).
In the accumulation regime, the capacitance saturates to the capacitance of the insulator
(Ci). This value allows to obtain the insulator thickness knowing its dielectric constant
or vise versa,

C

i

= A

ε 0ε
d

i

i

.

0.7
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Where A is the capacitance area, ε0 and εi are the vacuum permittivity and the relative
dielectric constant of the insulator, respectively, di is the thickness of the insulator.
For the depletion and the invention regime, the formation of a depletion region in the
semiconductor decreases the measured capacitance. For low frequency in the strong
inversion regime, the measured capacitance reaches Ci as the surface conductivity is
very high. For high frequency in the strong inversion regime, the measured capacitance
reaches saturation at a lower value, as the oscillating current is blocked by the space
charge region. In the case that the voltage sweep is fast, and that the surface generation
rate is low, the inversion region might not have the time to form at the surface. Then
the depletion region continues to grow and the capacitance decrease. This regime is
called deep depletion.
Determination of the flat band voltage
Under flat band condition the capacitance can be determined theoretically156,

εε N q
1
1
=
+A 0 s A .
C FB Ci
Vth

0.8

Where εs is the relative dielectric constant of the semiconductor, NA is the acceptor
concentration (in the case of p-type), q is the elementary charge and Vth is the thermal
voltage.
The determination of the flat band voltage allows to determine the charge density in the
insulator or the work function of the metal used for the gate.
Determination of interface trap density
When the excitation frequency is sufficiently low (or in quasi-static) the interface traps
are filled with charges. This can be represented as an extra capacitance (Cit) parallel to
the capacitance due to the depletion region (CD) (see Figure A.10).
For high frequency, the traps do not have the time to follow the oscillating excitation.
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Figure A.10 Schematic of the equivalent capacitance (a) low frequency limit or quasi
static, (b) high frequency (this figure was directly copied from 156).

The Dit can be approximated to Cit = q2 Dit . Therefore, considering the equivalent
circuit,
⎛ 1
1
−
q 2 Dit = ⎜⎜
⎝ C LF Ci

−1

⎞
⎛ 1
1
⎟ −⎜
⎟
⎜C − C
i
⎠
⎝ HF

−1

⎞
⎟ .
⎟
⎠

0.9

where CLF and CHF are the low and high frequency capacitance, respectively.
Determination of surface potential
In order to know the energy of the traps that are measured, the calculation of the
surface potential is necessary. From the theory156,

ψ (V ) =

V

⎛

∫ ⎜⎜⎝1 −

VFB

C LF
Ci

⎞
⎟dV .
⎟
⎠

0.10

A.VI.
Corona-charge surface-photovoltage (SPV)
measurement
The corona-charge surface-photovoltage (SPV) measurement can be considered as a
contactless capacitance-voltage (CV) measurement. This measurement technique
allows the determination of the interface trap density and the insulator charge density
similar to a CV measurement.
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The samples used are silicon wafers coated with a dielectric layer. On the rear side of
the wafer, a capacitive coupling is needed between the chuck and the wafer. Therefore,
even if a dielectric can be accepted on the rear, it should be thin enough to allow a
good capacitance coupling.
In Figure A.11, a schematic of the measurement setup is given. For the measurement,
the sample is submitted to sequences of corona charging and SPV measurement. Each
sequence could be divided in the following steps:
•

The measurement area is moved under the corona discharge
unit.

•

A calibrated corona-charge dose is deposited on the surface.

•

The measurement area is moved under the Kelvin probe.

•

The contact potential in the dark is measured by the Kelvin
probe.

•

A light is turned on and the contact potential under
illumination is measured by the Kelvin probe.

Figure A.11 Schematic of the experimental setup of the realized corona charge surface
photovoltage measurement.
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For this measurement technique, the corona-charges are used to apply an electrical
field on the surface of the wafer. It plays the same role as the gate bias voltage in the
capacitance-voltage measurement.
The surface-photovoltage (SPV) corresponds to the difference between the contact
potential in the dark and under illumination. It also corresponds to the surface potential
in the semiconductor (band bending at the surface). In fact, under illumination the band
has the tendency to flatten due to the splitting of the quasi Fermi levels, while in the
dark the band bending is fully available. Therefore, the difference of the contact
potential with and without illumination corresponds to the band bending (see Figure
A.12).

Figure A.12 Surface potential the dark and under illumination.

Calculation of parameters
When the SPV signal is zero the band bending is null, it corresponds to flat band
conditions. In the flat band case, there are no charges at the surface of the
semiconductor (Qsc) therefore the corona charges deposited (Qc) compensate almost
exactly the charges in the dielectric layer (Qtot)119,
Qc + Qtot = 0 .

0.11
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In order to obtain the interface trap density, the charges at the surface of the
semiconductor should be calculated. This can be calculated from the surface potential
using,14
Qsc = ± 2qε sVth

p 0 (exp(− ψ s / Vth ) + ψ s / Vth − 1) + n0 (exp(ψ s / Vth ) − ψ s / Vth − 1) .

0.12

The theoretical relationship between Qsc and the charge density is plotted below for a
p-type wafer 10 Ω cm.

Figure A.13 Space charge density as a function of the surface potential. (This graph
was copied directly from 14)

Using charge neutrality, it can be obtained,
Qc + Qsc (ψ s ) + Qtot + Qit = 0 ,

0.13

where Qit is the charge in the interface traps. Qc is known as the corona-charge
deposition is controlled and calibrated, Qtot was calculated from Eq. 0.11 and Qsc can
be calculated from Eq. 0.12, therefore Qit is known.
Finally, the interface trap density can then be calculated from the interface using 119
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∂Qit
.
∂ψ s

0.14

Although, the capacitance-voltage (CV) measurement is a very established
measurement technique, corona-charge SPV measurements present interesting
advantages compared to a CV measurement:
•

The samples do not need to be metalized before the
measurement.

•

The surface potential is directly measured.

However, the disadvantages compared to CV are that:
•

The Dit value depends on the accuracy of the surface potential
measurement.

•

In case of very low Dit, the number of measurement points in
the band gap depends on the smallest corona step that can be
deposited.

A.VII.

Deep level trap spectroscopy (DLTS)

Deep Level Transient Spectroscopy (DLTS) is an experimental tool for studying
electrically active defects (known as charge carrier traps) in semiconductors. DLTS
enables to establish fundamental defect parameters and measure their concentration in
the material. Some of the parameters are considered as defect “finger prints” used for
their identifications and analysis. DLTS has been extensively used to measure energies
and capture cross sections of discrete levels in p-n and Schottky junctions and surface
states in metal-oxide semiconductor (MOS) structures157.
The principle of the measurement is based on the measurement of the majority carrier
emission rate as a function of the temperature. The Shockley-Read-Hall theory predicts
a relation between the emission rate (en and ep for electrons and holes) and the capture
cross section (σn and σp for electrons and holes) through the following formulas,

228

Bibliography

⎛ E − Ei
e n = σ n v th n i exp⎜⎜ F
⎝ kT

⎞
⎟⎟ ,
⎠

0.15

⎛ E − EF
e p = σ p v th n i exp⎜⎜ i
⎝ kT

⎞
⎟⎟ .
⎠

0.16

By replacing the temperature dependence of the intrinsic carrier concentration
( ni = 1.64×1015 T1.706 exp(-Eg/2 kT) )15
(νth = (3 kT / m* )

0.5

156

)

and

the

average

thermal

velocity

a relation between the emission rate and the capture cross

section as a function of the temperature is obtained,
en = σ n

⎛ −E g
3kT
1.64 ×1015 T 1.706 exp⎜
⎜ 2kT
m*
⎝

⎞
E − Ei
⎟ exp⎛⎜ F
⎜ kT
⎟
⎝
⎠

ep =σ p

⎛ −E g
3kT
1.64 ×1015 T 1.706 exp⎜
⎜ 2kT
m*
⎝

⎞
E − Ei ⎞
⎟ exp⎛⎜ − F
⎟.
⎜
⎟
kT ⎟⎠
⎝
⎠

⎞
⎟⎟ ,
⎠

0.17

0.18

In this work, transient-capacitance spectroscopy has been applied to measure interface
states in MOS structures.
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Capacitance transient

Figure A.14 A scheme of pulsed bias changes and corresponding capacitance changes

Figure A.14 shows the capacitance transients as a function of pulsed bias. In Figure
A.14 (a), the bias as a function of time is shown to change suddenly at time t0 from a
negative value V1 down to a more negative value V0. In Figure A.14 (b), the energy
band diagram of a Schottky barrier upon an n-type semiconductor with a deep level Et
is illustrated, with a depletion region width W1, corresponding to a voltage V1. Traps
below the Fermi level are occupied by electrons. As this voltage is changed to V0, the
trend of the depletion region width is to increase, producing a stronger band bending,
as shown in Figure A.14 (c). Hence, some of the traps first placed below the Fermi
level are shifted up above the Fermi level, increasing their probability of being empty.
This means that an emission process, indicated by the heavy upward arrows in this
figure, starts to take place.
When released, electrons are swept out from the depletion region, due to the presence
of an electric field, producing the current transient. At the same time, as they are
released, electrons induce a charge change in this depletion region, leading to a
capacitance transient shown in Figure A.14 (d). As time goes on, the capacitance tends
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to the value C∞, corresponding to the steady voltage V1. In Figure A.14 (d), the case of
a negative ΔC value is shown, which corresponds to emission from a majority carrier
trap (electron trap in a n-type semiconductor). A minority carrier trap (hole trap in a
n-type semiconductor) can be detected whenever minority carriers are injected to the

depletion region by applying a positive bias. The way in which the DLTS technique
determines (T, en) pairs is by filling the traps with carriers, and then promoting carrier
emission. This is achieved by applying a pulse involving two voltage values: V1 and V0
as shown in Figure A.15 (a). At the same time, the DLTS system changes the sample
temperature and so induces the emission rate variation as shown in Figure A.15 (b).
Then, the emission rate is calculated when the DLTS signal is maximal, and therefore
where the sensitivity is maximal. The maximum of the DLTS signal is obtained at a
certain temperature obtained by a temperature sweep as shown in Figure A.15 (c).
The system provides an output signal extreme value (maximum for minority carrier
traps or minimum for majority carrier traps), corresponding to a reference emission
value as shown in Figure A.15 (d). This value depends on the rate window and it is
previously known. By repeating the thermal sweep with distinct rate windows each
time, one can get several (T, en) pairs. The maximum height of each peak in Figure
A.15 (d) is related to the transient amplitude ΔC. This procedure was first realized by
using a Boxcar integrator that samples transients at times t1 and t2 and yields the
averaged difference C(t1) - C(t2) for several transients, as the output. Alternative ways
to establish such rate window can be achieved by using either a Lock-In amplifier or an
exponential correlator.
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Figure A.15 (a) Voltage pulse applied to the device, (b) Capacitance transients drawn
for different temperatures, (c) Arrhenius plot illustrating the meaning of the rate
window, (d) DLTS signal showing some peaks within the pre-established rate window.

The DLTS measurement will be repeated several time with different rate windows, for
each of the measurement a (T, en) pairs is obtained. At least two (T, en) pairs are needed
to obtain the trap energy and the capture cross section by plotting an Arrhenius plot
(See Figure A.16). By increasing the number of DLTS measurements, the accuracy of
the result will be increased.
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Figure A.16 (a) DLTS signal as a function of the temperature on n-type silicon, for two
different delay time, (b) corresponding Arrhenius plot, capture cross section (σn) and
trap energy (Et).

MOS DLTS158
MOS DLTS aims to determine the capture cross section of a continuous distribution of
traps over the band gap energy. In order to change the energy of the trap measured, the
Fermi level at the surface should be shifted. This can be obtained by inducing a bias
voltage on the gate of the MOS, as for a CV measurement. However, when the
measured trap only belongs to a narrow range of energy, the pulse should not disturb
the Femi energy at the surface. Therefore, in this work, small pulse DLTS158 was
performed for the study of dielectrics.

A.VIII.

Nuclear reaction analysis (NRA)

For the nuclear reaction analysis experiment, the samples are sputtered with
a high kinetic energy (>6.385 MeV), the energy of the

15

N ion of

15

N ion decreases when it

penetrates the layer, due to the stopping power of the atoms of the material. At a certain
depth, the

15

N reaches an energy where the H atoms have a very large capture cross

section (6.385 MeV). When a proton reacts with the 15N ion, characteristic alpha and
gamma rays (4.965 MeV) are emitted,
15

N + H Æ 12C + α + γ (4.965 MeV)

0.19

The concentration of hydrogen is then calculated from the probability of this nuclear
reaction. The depth of the hydrogen is calculated from the stopping power of the atoms
in the dielectric layer and the atomic density in the layers. In order to scan the depth of
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the sample the energy of the incident

15

N ion is varied. The concept of this

measurement method is briefly schematized in the figure below.

Figure 0.1 Schematic of the working principle of nuclear reaction analysis (this figure
was directly copied from 107)

A more detailed description of this characterization method is available in the
literature120,159.

A.IX.

SIMS and ToF-SIMS

The working principle of a secondary ion mass spectroscopy (SIMS) could be
compared to natural erosion. The surface of material under analysis is eroded little by
little and the nature of the resulting dust is analyzed.
The erosion of the sample surface is provoked by a beam of accelerated ions (primary
ions) pointed in the direction of the surface. The atom of the surface detaches from the
sample due to the collisions with the primary ions. Some of the atoms expelled from
the surface are also ionized, these are the secondary ions. The secondary ions are
analyzed. In order not to disturb them, the instrument is under ultra high vacuum.
In a second step, the secondary ion beam is analyzed by a mass spectrometer. The mass
spectrometer allows to determine the mass and the quantity of the secondary ions. The
atomic composition of the surface is then known.
By eroding further the sample surface, the atomic composition can be obtained for a
slightly deeper place in the sample. A depth resolved atomic composition of the sample
can be realized in this way.
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Figure A.18 Typical schematic of a dynamical SIMS instrument. High energy ions are
supplied by an ion gun (1 or 2) and focused on to the target sample (3), which ionizes
and sputters some atoms off the surface. These secondary ions are then collected by ion
lenses (5) and filtered according to their atomic mass (6), then projected onto an
electron multiplier (7, top), Faraday cup (7, bottom), or CCD screen (8).
(this figure was directly copied from
http://en.wikipedia.org/wiki/Secondary_ion_mass_spectrometry in October 2011)

ToF-SIMS
In time of flight (ToF) SIMS measurement corresponds to a SIMS using a time of
flight mass spectrometer in order to analyse the secondary ion beam.
A time of flight mass spectrometer are based on the principle that ions with the same
charged accelerated with the same electrical field will end up with a different velocity
if they have different masses. Therefore, these ions are travelling distances in a
different time that depends on their masses. Finally, for a TOF mass spectrometer, the
time for an ion to arrive at the detector is therefore determined by its mass.
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A.X. X-ray photoelectron spectroscopy (XPS)
For X-ray photoelectron spectroscopy a stable source of X-rays with a known energy is
needed. In our case, a non-monochromatic Mg Kα and Al Kα source was used, which
release photon of an energy of 1253.6 eV and 1486.6 eV respectively.
The X-ray beam is pointed in the direction of the sample. When an X-ray photon is
absorbed by an electron from an atom of the sample surface, the electron is ejected out
of the atom with a kinetic energy equal to the energy of the incident photon minus the
binding energy of the electron.
The measurement of the photoelectron’s kinetic energy can be directly translated into
the binding energy. The binding energy is specific to the orbital, therefore transporting
information on the nature of an atom and its chemical surrounding. In the figure below,
a schematic description of the measurement is given.

Figure A.19 Schematic description of XPS (this graph was directly copied from
http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy in October 2011)
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A.XI.
Transmission electron microscope (TEM), scanning
electron microscope (SEM) and electron energy losses
spectroscopy (EELS)
Transmission electron microscope (TEM)
A focused electron beam, with electrons of energies typically ranging from
40-400 keV, is pointed in the direction of the sample. The electrons that are transmitted
and scattered though the sample is magnified and collected by a spatially resolved
detector and transformed into an image. The resolution of this image is meanly limited
by the spherical aberration, which is corrected for a high resolution transmission
electron microscope (HRTEM).
Scanning electron microscope (SEM)
An accelerated and focused electron beam scans the sample area, while a secondary
electron detector measures the secondary electrons emitted by the sample surface. The
secondary electrons belong to the atoms of the sample surface, they have been ejected
from the surface of the sample by collision with the electron of the incident beam.
In order to form the image the position of the electron beam gives the position on the
image, and the count of secondary electrons gives the intensity of the pixel. The
working principle of this technique is schematized in Figure A.20.
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Figure A.20 Schematic of a scanning electron microscope (this graph was directly
copied from http://inano.au.dk/research/competences-andfacilities/nanotools/transmission-and-scanning-electron-microscopy/ in October 2011)

Electron energy losses spectroscopy
An electron beam with a well controlled and known energy of the electrons is pointed
in the direction of the sample. The beam of a TEM or an SEM can be used. The energy
of the scattered electrons is measured. The energy loss due to the inelastic scattering
can be due to phonon excitation, to Plasmon excitation, to inter band transition and
inner shell ionization. Information related to specific energies of inter-band transitions
and inner shell ionization can be used to determine the chemical composition of a
material.
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Annex B

B.I. List of abbreviation

Abbreviation

Meaning

A

Surface or area

Al

Aluminum

Al2O3

Aluminum oxide

ALD

Atomic layer deposition

AM 1.5

Standard light spectrum filtered by 1.5 air mass

APCVD

Atmospheric pressure chemical vapor deposition

Ar

Argon

ARC

Anti-reflection coating

B

Boron

BC#

Boundary condition number #

BGN

Band gap narrowing

Bi

Bismuth

BSF

Back surface field
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C

Carbon

CH3COOH

Acetic acid

Cs

Cesium

CV

Capacitance voltage

Cz

Czochralski

DLTS

Deep-level transient spectroscopy

ECV

Electrochemical-capacitance-voltage

EELS

Electron energy loss spectroscopy

EQE

External quantum efficiency

Fe

Iron

FEM

Finite element simulation

FF

Fill factor

FGA

Forming gas anneal

FSF

Front surface field

FWHM

Full width half maximum

FZ

Float Zone

Ga

Gallium

H

Hydrogen

H3PO4

Phosphoric acid

HF

Hydrofluoric acid

Hg

Mercury

HNO3

Nitric acid
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IDLS

Injection-dependent lifetime spectroscopy

IV

Current voltage or intensity voltage characteristic

LFC

Laser-fired contact

MOSFET

Metal oxide semiconductor field effect transistor

MSTD

Metal spiking through dielectric

MW

Microwave

µWPCD

Microwave photoconductance decay

N

Nitrogen

N2O

Nitrous oxide

NH3

Ammonia

NRA

Nuclear reaction analysis

O

Oxygen

OC

Open circuit

OH

Hydroxyl group

PA-ALD

Plasma assisted atomic layer deposition

PECVD

Plasma enhanced chemical vapor deposition

PERC

Passivated emitter and rear cell

PERL

Passivated emitter rear locally diffused cell

PL

Photoluminescence

PV

Photovoltaic

QSS-PC

Quasi-steady-state photoconductance

RF

Radio frequency
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SC

Short circuit

SCR

Space charge region

SEM

Scanning electron microscopy

Si

Silicon

SIMS

Secondary ion mass spectroscopy

SiH4

Silane

SiOx (SiO2)

Silicon oxide (stoichiometric silicon dioxide)

SiNx (Si3N4)

Silicon nitride (stoichiometric silicon nitride)

SRH

Shockley, Read, Hall

SRV

Surface recombination velocity

TEM

Transmission electron microscope

TMA or Al(CH3)3

Trimethylaluminum

ToF-SIMS

Time of flight secondary ion mass spectrometry

XPS

X-ray photoelectron spectroscopy

242

Bibliography

B.II. Glossary

Variable
a
asym0,
asym∞

(Usual)
Dimension
cm
Ω cm2

Meaning
Radius of a contact or contact line width
Asymptote of the spreading resistance when w tends
to 0, when w tends to infinity

A

cm2

area

q α, q β, q χ

s cm-1

Diffusion resistance coefficient

αn

radiant

Incident angle after n internal reflections
Light absorption in silicon

ASi

C

F

Capacity

Cam

W cm-2

Intensity collected by the camera

Ci

€

Cost of the part i of a PV system

Cpv

€/W

Electrical power cost of a PV system
Carrier concentration ratio between the bulk and the

cs

surface

dn

cm

Pass-length after n internal reflections

Dit

cm-2 eV-1

Interface trap density

Dn

cm2 s-1

Electron diffusion coefficient

Dp

cm2 s-1

Hole diffusion coefficient

Dα

cm2 s-1

Ambipolar diffusion coefficient
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Dirac function

δ
ΕΑ

eV

Activation energy

EC

eV

Lowest energy in the conduction band

EF

eV

Fermi level

Eg

eV

Band gap

Ei

eV

Intrinsic energy level

εSi

F cm-1

Permittivity of silicon

f

Function

f, femi, fcont

Area fraction on the emitter on the contact

FF

Fill Factor

FT(f)

Fourier transformed from the function f

FT(f)i

Fourier coefficient from the function f

φ

W

Incidence light power flux on a PV system

φ

cm-3

Function for lateral transport

φn

eV

Electron quasi Fermi level

φp

eV

Hole quasi Fermi level

φph

cm-2

Incident photon flux

G

cm-3 s-1

Generation rate

Gn

cm-3 s-1

Electron generation rate

Gp

cm-3 s-1

Hole generation rate
Spot spread function

H

ηi

%

Efficiency of the part i of a PV system
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Deconvoluted image

Ι
in

W cm-2

light intensity after n internal reflections

Ib, Ie

A

Current flowing laterally in the base, emitter

j

A/cm2

Net current density (vector)

j0e, j0c, j0p

A/cm2

j0eff

A/cm2

Effective diode saturation current density

j0min

A/cm2

Theoretical j0e for SRV equal to zero

jφ, jn1D

A/cm2

Current driven by φ, n1D (vector)

jcol, jout

A/cm2

Local and average collected current density

A/cm2

Current density normal to the contact, front and rear

jlum

A/cm2

Generated current density

jsc

A/cm2

Short circuit current density

jn, jp

A/cm2

Electron and hole current density (vector)

jt

A/cm2

Transferred current density

κi

cm

Period spatial

ka, kd, kox

s-1

jcont,

jfront,

jback

Diode saturation current density for the emitter, the
contact and the passivated region.

Reaction coefficient absorption, desorption and
oxidation
Extinction coefficient or imaginary part of the

k

refractive index

L

cm

Line length

Ldiff

cm

Diffusion length of excess carriers
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λ

nm

Wavelength

µn

cm2 V-1 s-1

Electron mobility

µp

cm2 V-1 s-1

Hole mobility

NA

cm-3

Acceptor doping concentration

ND

cm-3

Donator doping concentration

Nsurf

cm-3

Surface doping concentration

N

cm-3

Average excess carrier concentration
Refractive index, refractive index of Al2O3

n, nAl2O3
n

cm-3

Electron density

n0

cm-3

Electron density in thermal equilibrium

n0, n1

Fraction of occupied, unoccupied sites on the surface

ni

cm-3

Intrinsic electron density

nS

cm-3

Election density at a surface
Al2O3 and Silicon refractive index

nAl2O3, nSi
Δn

cm-3

Excess electron density

Δn1D

cm-3

Average excess electron density in (x,y) plane

p

cm-3

Hole density

p

cm

Distance between two contacts

p0

cm-3

Hole density in thermal equilibrium

p1

cm-3

Hole SRH density

p1D

cm-3

Average hole density in (x,y) plane

ps, pback

cm-3

Hole density at a surface, on the rear
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Δp

cm-3

Excess hole density

Qox, Qtot

cm-2

Charge density in a dielectric

r

s-1

Reaction rate
Reflection coefficient

R
qRdiff

s.cm-1

Diffusion resistance

Rs, Rcont

Ω cm2

Series resistance, series resistance in the contact

Rspr

Ω cm2

Spreading resistance
Internal reflection coefficient on the front and on the

Rfront, Rrear

rear

ρ

cm

Radial coordinate

ρb, ρe

Ω / sq

Emitter and bulk sheet resistance

ρ, ρ0, ρPC

Ω / sq

Srear, Scont,
Spass, Semi

resistance,

equilibrium

sheet

resistance,

photoconductance sheet resistance,
Radiative recombination coefficient.

Rrad
S

Sheet

cm/s
cm/s

Seff

cm/s

Smax, Smin

cm/s

SRVmin

cm/s

σ

S cm-1

Surface recombination velocity
Surface recombination velocity on the rear surface,
for the contact, for the passivation and for the emitter
Effective surface recombination velocity
Maximum possible value for S, Minimum measurable
S

minimum surface recombination velocity detectable
with a certain emitter
Conductivity
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σn

cm2

Electron capture cross section

σp

cm2

Hole capture cross section

t

s

Time

T

K

Absolute temperature
Light transmission coefficient on the front

Tfront
tn

s

Transmitted light after n internal reflections

τ

s

Excess carrier lifetime

τAuger

s

Auger recombination lifetime

τbulk

s

Carrier lifetime in the bulk

τeff

s

Effective excess carrier lifetime

τrad

s

Radiative recombination lifetime

τSRH

s

SRH recombination lifetime

θn

radiant

Angle of the light transmitted

ua, ud, uox

s-1

Rate of absorption, desorption and oxidation

U

cm-3 s-1

Net recombination rate

Un

cm-3 s-1

Electron recombination rate

Up

cm-3 s-1

Hole recombination rate

Urad

cm-3 s-1

Radiative recombination rate

uz
Vcell
Vjonc, VBSF,
Vdemb, Velec

Unit vector in the z direction
V
V

Voltage of the solar cell
Voltage difference at the junction, back surface field,
Dember voltage and electrical voltage losses.
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Vb, Ve

V

Electrical potential in the bulk, emitter

ΔVmax

V

Maximum lateral variation of Vj

Voc

V

Open circuit voltage

Vth

V

Thermal voltage (~ 25.9 mV at 300 K)

νth

cm/s

Thermal electron velocity

W, w

cm

Sample thickness, normalized sample thickness

ϕe

V

Electrical potential

ϕd

V

Dember potential

ξ

V/cm

Electrical field (vector)
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B.III.

Physical constants

Variable

Value 160

Dimension

Meaning

ε0

8.854×10-14

F / cm

Electric permittivity

kB

8.617×10-5

eV / K

Boltzmann constant

kBT/q

2.59

mV

Thermal voltage at 300 K

q

1.602×10-19

C

Elementary charge
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