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Abstract

This thesis is concerned with the investigation of the concept of an integrated up-

converter in a rear passivation layer for conventional c-Si solar cells. With an

up-converter, i.e., a layer with optically active elements such as rare earth ions,

two or more low-energy photons can be converted into one high-energy photon.

When placed at the rear side of a c-Si solar cell, an up-converter has the potential

to increase the efficiency of the solar cell by utilizing sub-band gap photons that

would otherwise remain unused. The up-converter considered in this thesis is a

thin Er3+ doped Al2O3 layer which combines up-conversion within Er3+ ions with

the excellent surface passivation and rear side reflection properties of Al2O3.

This study was separated into two parts. In the first part simulations were

carried out to study the potential for up-conversion in an advanced solar cell device.

In the second part atomic layer deposition (ALD) was used to synthesize an Er3+

doped Al2O3 up-converter by the use of the (CpMe)3Er precursor.

The simulated absorption by Er3+ ions in an actual solar cell device with a

rear up-converter was determined by taking into account absorption and reflection

losses in the solar cell. The maximum attainable solar cell efficiency gain by up-

conversion is only 0.04% absolute for a 600 mm thick up-converter when assuming

a realistic up-conversion efficiency of 3%. This up-converter is much thicker than

targeted, moreover, it deteriorates the excellent rear reflection properties of Al2O3

which decreases the solar cell efficiency and cancels the very small beneficial effect

of up-conversion.

With the use of plasma-assisted and thermal ALD it was demonstrated that

Al2O3 can be doped with Er3+ by alternating layers of Er2O3 and Al2O3. By vary-

ing the Al2O3 and Er2O3 ALD cycle ratio the doping level could be controlled and

erbium concentrations in the range of 1.6-3.5 at.% were incorporated in the Al2O3

host. For Er2O3 the plasma-assisted ALD process resulted in films with high car-

bon concentration, in contrast to Er2O3 films deposited by thermal ALD for which

no carbon was detected. Incorporation of Er2O3 in Al2O3 did not affect the surface

passivation quality, as evidenced by very high effective lifetimes up to 10 ms as

measured for 3.5 W cm n-type c-Si passivated Er3+ doped Al2O3 films.

With this work it has been established that solar cells have a negligible benefit

of up-conversion and it is doubtful that up-conversion can enhance the solar cell

efficiency. Nevertheless, we have demonstrated that it is possible to synthesize

Er3+ doped Al2O3 by the use of ALD which is of broader interest then solar cells

only.
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1
Introduction

Currently, 79% of the global energy consumption is produced by fossil fuels.1 The

last decades it has become more and more clear that the world has to change from

fossil fuels to renewable energy sources. The fossil fuel supply faces a decreasing

extraction rate and the uncertainty about the remaining resources and future pro-

duction is high. Another problem is the higher standards of living and the increas-

ing number of consumers, which means that the demand of energy will increase in

the upcoming years. To meet the energy demand it is crucial to develop and switch

to renewable energy sources, which are generated from natural resources such as

sunlight, wind, tides and geothermal heat. In 2006, about 18% of global energy

consumption came from renewable energy sources, with a share of 13% from tra-

ditional biomass, such as wood burning.1 In March 2007 the European Council

agreed on a binding target of a 20% share of renewable energies in the overall EU

energy consumption by 2020.2 One of the technologies to achieve this target is

photovoltaics, because the solar resources are abundant everywhere on earth. At

present, the photovoltaic industry is one of the fastest growing industries with over

the last five years an average yearly production growth of more that 40%.2 In order

to maintain this extremely high growth rate up-scaling of production processes,

reduction of material consumption per solar cell, and increased efficiency of so-

lar cells are required. The focus in this thesis is on increasing the efficiency of

wafer based silicon solar cells, which to date amounts to approximately 90% of the

industrial solar cells with energy conversion efficiencies typically in the range of

12-20%.2
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Figure 1.1: A schematic cross-section of an advanced crystalline silicon solar cell. In
this solar cell several technologies are applied such as texturing, anti-reflection / front side
passivation layer, and rear side passivation / back reflector layer to increase the solar cell
efficiency. The local back contacts are indicated by the gray circular areas.

1.1 Techniques to enhance the c-Si solar cell efficiency

Technological topics currently investigated in academia and in industry for increas-

ing the c-Si solar cell efficiency are mainly based on an optimal usage of solar ra-

diation and on reducing electronic losses in solar cells. In Figure 1.1 an advanced

c-Si solar cell design is shown in which some of these technologies are applied.

The active part of this cell is formed by a p-type base material (doped with boron)

and n-type emitter (doped with phosphorus) in which charge carriers are created

by absorbing the incident light. Optimal usage of incoming solar irradiation at the

front of a solar cell can be achieved by a textured front surface and the application

of an anti-reflection coating for which SiNx is mostly used. In this way the light

can be captured better. In addition, a textured front surface enlarges the optical path

length in the active layer and consequently the chance that photons are absorbed is

enhanced. A back reflector can be used to reflect the light back in the active layer,

giving photons an extra chance to create charge carriers.

A part of the charge carriers created by the incident photons is lost by recom-

bination in the bulk of the wafer and importantly, at the front and back Si surface.

The surface recombination losses can be reduced by the application of a functional

thin film, the so called passivation layer. The front Si surface can be passivated

by the already present anti-reflection coating. By placing a thin passivation layer

between Si and the back contact, the rear surface can be passivated, and moreover,

the rear side reflection can be improved.

A more fundamental method to increase the c-Si solar cell efficiency is photon

conversion. Due to the band gap structure of c-Si, only photons with energies equal

to or greater than the band gap energy of 1.12 eV can be absorbed to create charge

8
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Photoluminescence

λexc

λem

(b)

Up-conversion

λexc λem
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Figure 1.2: Schematically illustration of three photon conversion processes. (a) Down-
conversion can be used to minimize thermalization losses of high energy photons in solar
cells. After excitation by a photon with energy Eph > 2Egap a step wise emission of two
photons with energy 2Egap > Eph > Egap takes places. (b) Photoluminescence can be used
to reduce the loss of photons with wavelength < 500 nm which are easily absorbed in the
emitter. After excitation of a photon with wavelength < 500 nm non-radiative relaxation
takes place (wavy line) followed by radiative relaxation. In this way a high energy photon
is converted to a low energy photon. (c) Up-conversion can be used to reduce the loss of
transmitted sub-band gap photons. Two low energy photons with energy Eph < Egap excite
an electron to a higher energy level. By radiative relaxation to the ground state one high
energy photon with energy Eph > Egap is emitted.

carriers. Photons of higher energy, although absorbed, rapidly relax to the con-

duction band edge and the energy excess is lost by heat. Photons of lower energy

are transmitted through the solar cell and do not contribute to the electrical out-

put. By photon conversion the solar spectrum can be converted via luminescence

to match the absorption properties of the c-Si solar cell. There are three photon

conversion processes of interest namely down-conversion, photoluminescence, and

up-conversion. These processes are illustrated schematically in Figure 1.2.

By using one or more of these mentioned technologies, the efficiency of c-

Si solar cells can theoretically be increased. In this thesis we will focus on up-

conversion to increase the c-Si solar cell efficiency.

1.2 Up-conversion in c-Si solar cells

Up-conversion is the conversion of two or more sub-band gap photons (Eph <

Egap) into one photon with energy higher than the c-Si band gap (Eph > Egap).

In the AM1.5G solar spectrum as shown in Figure 1.3, which is a standard global

terrestrial irradiance spectrum, all photons available for up-conversion are depicted

by the orange area. Up-conversion has the potential to increase the solar cell con-

version efficiency from around 30%, which is the upper limit for c-Si solar cell

9
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Figure 1.3: AM1.5G solar spectrum taken from the American Society for Testing and
Materials (ASTM) with a total spectral power of 1000 W/m2.5 Due to the silicon band gap
and thermalization losses, only 486.7 W/m2 can be used to create charge carriers, which is
indicated by the red area. The blue area can be used for down-conversion, the green area
for photoluminescence, and the orange area for up-conversion.

under non-concentrated solar light, to 40.2% when all sub-band gap photons are

converted into photons with more energy than the c-Si band gap.3,4

To make use of up-conversion in solar cells, no modification of the active layer

is needed. Up-conversion can be realized by incorporating an extra layer, the up-

converter, below the active layer of the solar cell since the purpose is to use only

the photons transmitted by the solar cell. For the application in c-Si solar cells the

up-converter has to fulfill the following requirements:

• Absorption of photons with energy < 1.12 eV (or λ > 1100 nm)

• Emission of photons with energy > 1.12 eV (or λ < 1100 nm)

These properties are provided by materials that contain optically active ions. These

ions provide isolated energy levels within the band gap of the host material, and

can therefore lead to new absorption paths. These energy levels are the basis of up-

conversion processes. The main group of active ions are the rare earth ions which

are discussed in the next section in more detail.
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1.3 Rare earths

Rare earths (RE’s) are the collection of seventeen chemical elements in the periodic

table, namely scandium, yttrium and the 15 elements in the lanthanoid series, from

lanthanum through lutetium.6 Incorporated in host materials RE’s mainly occur in

a trivalent (RE3+) configuration.7 The partially filled 4f shells are spatially located

within the energetic lower lying and fully filled 5s and 5p shells. This leads to

a shielding of the 4f sub-levels which are responsible for optical transitions, and

therefore the electrons in the 4f level are only weakly affected by the surrounding

host material. Due to this the RE’s show very similar chemical behavior and unique

spectral properties.

Most RE’s have many energy levels which can absorb photons with less energy

and emit photons with more energy than the silicon band gap. A drawback is that

many of the RE’s have closely spaced energy levels which result in non-radiative

relaxation, which will be explained in detail in Section 2.2. This process is the

cause that many of the RE’s are not suitable for up-conversion purposes. After

examining all RE’s it turns out that erbium fulfills all requirements listed in this

section, and is the most promising candidate for up-conversion in silicon solar

cells.

The energy levels of trivalent erbium (Er3+) are schematically illustrated in

Figure 1.4. Er3+ has a ladder of nearly equally spaced energy levels and therefore it

can absorb multiple sub-band gap photons in the wavelength range 1480-1580 nm

(red upward arrows) which can result in the emission of photons with more energy

than the c-Si band gap (blue arrows). The spectral power in the AM1.5G solar

spectrum that can be used for up-conversion in Er3+ ions yields about 23.7 W/m2

in the range 1480-1580 nm.

In the next section the host material for the Er3+ ions will be discussed.

1.4 Er3+ doped Al2O3 deposited by ALD

In this thesis Al2O3 is used as host material for Er3+ ions. Within the Plasma &

Materials Processing (PMP) group at the Eindhoven University of Technology it

is demonstrated that Al2O3 is a very effective material to provide surface passi-

vation and to increase rear side reflection for silicon solar cells.8,9 An ultra thin

Al2O3 film of typically 100 nm between c-Si and Al back contact is sufficient to

provide an excellent level of rear surface passivation and to have an internal rear re-

11
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Figure 1.4: The energy diagram of Er3+ where on the right side the energy levels are in-
dicated following the spectroscopic notation of angular momentum. Due to nearly equally
spaced energy levels, multiple 1530 nm photons can be absorbed (red upward arrows).
The blue arrows represent the possible emission wavelength after up-conversion of pho-
tons with more energy than the c-Si band gap. The wavy lines represent a non-radiative
transition.

flectance of around 90%.8,9 By incorporation of Er3+ ions in the Al2O3 layer, these

excellent passivation and reflection properties can potentially be combined with

up-conversion to have an ultimate functional film which is suitable to increase the

c-Si solar cell conversion efficiency.

Besides the excellent surface passivation and rear reflectance properties of

Al2O3, it is an ideal host material for the incorporation of a high amount of er-

bium ions. Due to the same valency of aluminum and erbium, the aluminum ions

can be easily replaced by erbium ions.10 As we will discuss in Section 2.3.1, a

high amount of erbium ions is necessary to achieve a reasonable amount of up-

conversion in c-Si solar cells.

Within the PMP group, atomic layer deposition (ALD) is used to deposit Al2O3

thin films. ALD is an advanced technique for depositing metal oxide thin films.

On the virtue of two separate self-limiting surface reactions, ALD has the ability

to control film growth and materials properties on the atomic level. The principle

of ALD is illustrated and explained in Figure 1.5. The most common ALD process

uses H2O during the oxidation half cycle. In addition also other oxidation sources

can be employed such as O3 and an O2 plasma. When an O2 plasma is used, the

method is referred to as plasma-assisted ALD, as opposed to thermal ALD when

H2O or O3 are employed.

12
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(a) (c)(b) (d)

Precursor Purge PurgeReactant

ALD cycle
first half-cycle second half-cycle

Figure 1.5: Atomic layer deposition (ALD) illustrated for the two half-cycles of the de-
position process. The first half-cycle consists of (a) self-limiting adsorption of precursor
molecules on the surface groups available and (b) a purge step to remove the volatile
reaction by-products and the excess of precursor dosed. After the first half-cycle, a sub-
monolayer of precursor has chemisorbed on the surface. During the second self-limiting
surface reaction (c), the surface is exposed to molecules that react with the surface groups
of the adsorbed precursor (e.g. oxidation). The second half-cycle is completed by (d)
another purge step to remove the volatile reaction by-products and the excess of reactant
dosed. After the full ALD cycle, a sub-monolayer of material is deposited and the surface
groups are again similar to the ones at the start of the cycle. Subsequently, the cycle can
be repeated to deposit a film with the thickness targeted.

ALD is an ideal technique for synthesizing the Er3+ doped Al2O3 up-converter.

The self-limiting growth characteristic for the ALD process allows layer-by-layer

doping of Er3+ ions. The steric hindrance effect of the erbium precursor ligands

can be utilized to control the distance between the erbium ions in the horizontal

direction. The separation distance in the vertical direction can be controlled by

changing the ratio of Al2O3 and Er2O3 cycles.

1.5 Goal of this work

The main goal of this thesis is to investigate the potential of up-conversion to en-

hance the efficiency of silicon solar cells. A lot of research has been reported

on up-conversion in silicon solar cells.4,11–14 Most of this research, however, was

focused on the conversion of all sub-band gap light and was not addressed to a re-

alistic up-converter which utilize only a small part of the sub-band gap light.4,13,15

The question remained therefore whether a realistic up-converter has the poten-

tial to enhance the efficiency of silicon solar cells. For this, up-conversion will

be studied for the first time in an advanced solar cell device by the use of simula-
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tions where the effect of an anti-reflection coating, scattering by rough interfaces

and multiple reflections of trapped irradiance are taken into account. Furthermore,

atomic layer deposition (ALD) will be used to synthesize the Er3+ doped Al2O3

up-converter as it has the ability to control the level of doping by alternating the

Er2O3 and Al2O3 ALD cycles.

The following issues will be addressed.

• A theoretical description of up-conversion processes in an Er3+ doped Al2O3

up-converter.

• Determination of the absolute solar cell efficiency gain by up-conversion in

an advanced solar cell device.

• Development and characterization of a plasma-assisted and thermal ALD

process of Er2O3.

• Synthesizing an Er3+ doped Al2O3 up-converter by ALD.

1.6 Outline of this thesis

This work is structured as follows. In Chapter 2 the theory behind several up-

conversion processes is discussed. Also the properties of trivalent erbium and

Al2O3, and the expected up-conversion process in an Er3+ doped Al2O3 up-con-

verter are discussed. In Chapter 3 the absorption by Er3+ ions is determined by

means of simulations of an actual solar cell device with a rear side up-converter.

The loss of photons in the layers above the up-converter is investigated and finally

the possible efficiency gain of a solar cell by up-conversion is determined. In Chap-

ter 4 plasma-assisted and thermal ALD of Er2O3 is developed by the use of several

characterization techniques. Subsequently an Er3+ doped Al2O3 up-converter is

synthesized by ALD. In Chapter 5 the general conclusions of this thesis are sum-

marized.

14



2
Up-conversion: Theory

The objective of this chapter is to give a theoretical description of up-conversion

processes in an Er3+ doped Al2O3 up-converter. As already explained in Chap-

ter 1, up-conversion is the conversion of two or more low energy photons into one

high energy photon. There are several up-conversion mechanisms and a detailed

description and theoretical calculations are given by Auzel.16 In Section 2.1 and

Section 2.2 a brief overview of the most dominant up-conversion mechanisms and

the mechanisms that limits up-conversion are described. These mechanisms and

the properties of the trivalent erbium ions and the Al2O3 host material are impor-

tant for the understanding of up-conversion processes in the up-converter. The

properties of both materials are discussed in Section 2.3. In Section 2.4 the up-

conversion processes within Er3+ ions are described. Furthermore, in Section 2.5

other possible rare earth ions that can be used for up-conversion in c-Si solar cells

are discussed.

2.1 Up-conversion mechanisms

One of the two most dominant up-conversion mechanisms involves a ground state

absorption (GSA) process followed by an excited state absorption (ESA) process

as illustrated in Figure 2.1a. GSA/ESA up-conversion occurs when photons are

absorbed sequentially within a single ion (red arrows) raising its energy to higher

energy states from where up-conversion luminescence can take place (green ar-

row).

The other most dominant up-conversion mechanism is the so-called energy

transfer up-conversion (ETU) process which is illustrated in Figure 2.1b. ETU

occurs when a nearby excited ion (the ‘sensitizer’) transfers its energy to a neigh-

15
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N0

N1

N2

GSA + ESA

(a)

N0

N1

N2

ETU

Sensitizer Activator

(b)

Figure 2.1: Overview of the two most dominant up-conversion mechanisms. Excitation
(or de-excitation) of energy levels are indicated by the vertical arrows. Energy transfer
in indicated by the black dotted arrow. (a) Ground state absorption (GSA) is followed by
an excited state absorption (ESA). (b) The energy transfer up-conversion (ETU) process.
After GSA in the sensitizer, energy is transferred to the neighboring activator promoting
an electron from excited state N1 to N2.

boring ion (the ‘activator’), as indicated by the black dotted arrow in Figure 2.1b.

The activator can rise to a higher energy excited state. ETU only happens when the

energy difference between the excited state and the ground state of the sensitizer

is the same as the energy difference between the two involved energy levels of the

activator. For a two-photon ETU process, both ions must be in their first excited

state before energy can be transferred. This first excited state can be achieved by

GSA, or by energy transfer from a neighboring ion. In general the sensitizer and

activator ion can be different types of ions, but in this thesis only Er3+ ions are

considered.

GSA/ESA and ETU processes take place via real existing energy levels, and

therefore the efficiency is high compared to processes where virtual energy lev-

els are involved. Processes involving virtual energy levels are cooperative up-

conversion processes, such as cooperative sensitization, cooperative luminescence,

second harmonic generation (SGH), 2-photon absorption (TPA) or multi-photon

excitation (MPE). These cooperative up-conversion processes are not studied in

this thesis because processes involving virtual energy levels require high excitation

energies, for example excitation intensities in the range of 1013 W/m2 for second

harmonic generation which corresponds to about 1010 times the integrated inten-

sity of the terrestrial solar spectrum.17 For solar cell applications the GSA/ESA

and ETU up-conversion processes are therefore most relevant.
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2.2 Up-conversion limiting mechanisms

Besides GSA/ESA and ETU processes, which give rise to up-conversion, there

are a number of mechanisms that limits up-conversion processes. These mecha-

nisms are discussed in the next section.

2.2 Up-conversion limiting mechanisms

When an ion is in an excited state, up-conversion luminescence does not always

occur due to the reduction of excited state population, commonly referred to as

‘quenching’. The quenching processes phonon relaxation, radiative emission, and

cross relaxation are discussed in this section.11

2.2.1 Phonon relaxation

Multi-phonon transitions to lower energy levels reduce the up-conversion lumines-

cence which is illustrated in Figure 2.2a. After the absorption of two low energy

photons (red arrows) there can be luminescence from excited state N3 (green arrow)

or phonon relaxation (wavy line) to excited state N2 followed by luminescence (or-

ange arrow). The occurrence of phonon relaxation depends on the energy gap

between two given energy levels and the number of phonons required to bridge

this gap. Typically, if less than five phonons are required to bridge a transition,

non-radiative processes will dominate.12 If there are a lot of closely spaced energy

levels between an excited state and the ground state, up-conversion will therefore

hardly take place. To minimize the non-radiative transitions, host materials with

low phonon energies and an active ion without closely spaced energy levels are

favorable.

2.2.2 Radiative emission

Another up-conversion limiting mechanism is radiative emission. Although radia-

tive emission (e.g. from an excited state to the ground state) is crucial for up-

conversion applications, radiative emission to other sub-levels is also possible. In

Figure 2.2b this process is shown. The absorption of two low energy photons (red

arrows) could result in the emission of almost two identical photons rather than

one up-converted photon from excited state N3. This mechanism limits the up-

conversion luminescence.
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Phonon-relaxation
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Figure 2.2: Overview of various up-conversion limiting mechanisms. (a) Phonon-
relaxation. (b) Radiative emission. (c) Cross-relaxation. Excitation (or de-excitation)
of energy levels are indicated by the vertical arrows. Energy transfer in indicted by the
black dotted arrow. Phonon relaxation is indicated by the wavy line.

2.2.3 Cross relaxation

A third mechanism limiting the up-conversion luminescence is the energy transfer

between ions that does not lead to up-conversion. Non-converting energy transfers

include transfers to non-luminescent ions (impurities) or energy transfers between

different luminescent ions, for example cross-relaxation which is shown in Fig-

ure 2.2c. When ion 1 is in excited state N3 it can relax to excited state N1 (red

dotted arrow) by transferring energy to ion 2 (black dotted arrow). Both ions are

now in excited state N1 and can have radiative emission (red arrows) to the ground

state. At high doping levels, efficient non-radiative cross-relaxation processes can

dominate due to the increased re-absorption of the up-conversion photons and in-

creased energy coupling between the active ions. This effect at high doping levels

is called concentration quenching.18

2.3 Properties of trivalent erbium and Al2O3

Up to here up-conversion was discussed in general. From this point on the fo-

cus will be on up-conversion in an Er3+ doped Al2O3 up-converter. In this sec-

tion the properties of trivalent erbium and Al2O3 are discussed. These properties

are useful for understanding up-conversion processes within an Er3+ doped Al2O3

up-converter. Likewise, they determine the probability of the occurrence of up-

conversion processes.
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Figure 2.3: The energy diagram of Er3+. The energy levels are described following the
spectroscopic notation of angular momentum. Some of the energy levels are equally spaced
levels that are multiples of the 4I15/2 →

4 I13/2 transition. This is ideal for up-conversion
processes.

2.3.1 Trivalent erbium

The energy levels of trivalent erbium responsible for the optical transitions were

measured by Dieke et al. for a LaCl3 host and are depicted in Figure 2.3.19 Fol-

lowing the spectroscopic notation of angular momentum, the energy levels are de-

scribed with term symbols as (2S +1)LJ , with L the orbital angular momentum, J the

total angular momentum, and S the total spin angular momentum. Due to shield-

ing of the energy levels by outer shells, the approximate location of the excitation

and emission wavelengths are largely independent of the host material. Therefore

the energy levels measured by Dieke et al. can also be used for the description

of up-conversion processes within Er3+ ions doped in an Al2O3 host. Normally

the transitions between the energy levels in ’pure’ Er3+ ions are parity forbidden.

Because of selection rules dipole transitions can only occur between energy levels

with an angular momentum parameter differing by one. This implies that dipole

transitions within the 4f level (with the same parity) are dipole-forbidden. How-

ever, when doped into a host material, the internal electric and magnetic field of the

host can break certain symmetries which results in a mixing of states with differ-

ent parity giving rise to weakly allowed transitions. Due to these weakly allowed

transitions the probability of photon absorption is unfortunately, rather low.
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Chapter 2 Up-conversion: Theory

Figure 2.4: The absorption cross section of Er3+ implanted in Al2O3 as measured by
Polman.23 The absorption range is 1450-1630 nm with a peak absorption cross section of
5.8 · 10−21 cm2 at 1530 nm.

Absorption cross section

The probability of a photon absorption process is given by the absorption cross

section σ. For up-conversion in silicon solar cells a high absorption cross section is

desirable in order to obtain a reasonable amount of absorption. Typical absorption

cross section values for rare earth ions are in the range of 10−21−10−20 cm2. These

values are low compared to e.g. c-Si at 600 nm: ∼ 10−19 cm2 .20

The absorption cross section strongly depends on the Stark splitting of the en-

ergy levels due to the electric field created by the surrounding host material. This

determines the exact location, shape, and broadness of the excitation range. Mate-

rials with broad Stark splitting have a low the peak absorption cross section (e.g.

Er3+ in SiO2: absorption range = 1450-1580 nm, σpeak = 8± 2 · 10−21 cm2),21 and

materials with small Stark splitting have a high peak absorption cross section (e.g.

Er3+ in Y2O3: absorption range = 1515-1560 nm, σpeak = 1.9±0.5 ·10−20 cm2).22

The absorption cross section of Er3+ implanted in Al2O3 was measured by Polman

and is shown in Figure 2.4.23 The absorption range is broad (1450-1630 nm) due

to broad Starks splitting and the peak absorption cross section is 5.8 · 10−21 cm2 at

1530 nm.
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Concentration of rare earth ions

An important parameter for the occurrence of up-conversion processes is the con-

centration of rare earth ions in the host material. The maximum amount of ground

state absorption can be determined by the product of the absorption cross section

σ and the concentration of rare earth ions N.

α = σN (2.1)

Due to the low absorption cross section either a high concentration of rare earth

ions or a thick up-converter is required to achieve a reasonable amount of absorp-

tion. To achieve a high concentration of rare earth ions, the host material must have

a high rare earth ion solubility. However, the concentration must not be too high.

For too high concentrations, cross-relaxation between different active ions becomes

more likely and reduces the up-conversion probability as discussed is Section 2.2.

Therefore there is a trade off between achieving the necessary concentration of rare

earth ions for up-conversion processes and minimizing the cross-relaxation losses

that occur at higher concentrations.

Shalav et al. showed that for different Er3+ doping concentrations within a

NaYF4 host, a doping concentration of 20% (NaY0.8F4:Er3+
0.2) gives the highest

intensity of up-conversion luminescence.18 Ohwaki and Wang showed that the

optimal Er3+ concentration is 25-30% in a BaCl2 host material.24 Al2O3 has a

high Er3+ solubility because of the similarity in valency between aluminum and er-

bium.23 Therefore it is expected that within Al2O3 an Er3+ concentration of 20% is

reachable (Al1.6O3:Er3+
0.4). This makes Al2O3 an interesting host for up-conversion

in c-Si solar cells to enhance the solar cell efficiency.

2.3.2 Al2O3

As already explained in Section 2.2, the phonon energy of the host material de-

termines whether there are radiative or non-radiative transitions. Typically, if less

than five phonons are required to bridge a transition, non-radiative processes will

dominate.12 Here we consider the phononic properties of Al2O3 to predict the type

of transitions in the Er3+ doped Al2O3 up-converter.

Al2O3 has a phonon energy of approximately 870 cm-1, which is high com-

pared with e.g. a NaYF4 host (360 cm−1).18,25 According to Shalav et al., NaYF4

is the most promising host material for up-conversion ions due to its low phonon
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energy. In order to examine the effect of the high phonon energy of Al2O3 on the

probability of the occurrence of up-conversion processes, it is important to know

the energy difference between the energy levels of Er3+. In Figure 2.3 a few energy

levels of Er3+ are shown. Between each two energy levels the number of phonons

required to bridge a transition are calculated and listed in Table 2.1. It can be seen

that only for the first two excited levels (4I13/2 and 4I11/2 ) the dominant transition

process is a radiative transition to the ground state. For transitions between higher

excited states, for which less than 5 phonons are required to bridge a transition, the

dominant transition process is a non-radiative transition.

2.4 Up-conversion processes within Er3+ ions

With the knowledge of possible up-conversion (limiting) mechanisms, and the

properties of both Er3+ ions and Al2O3, in this section the most likely up-conversion

processes within Er3+ ions will be described by the use of the energy diagram of

Er3+ which was illustrated in Figure 2.3. Due to the nearly equal energy differ-

ence between some of the energy levels that are multiples of the 4I15/2 →
4 I13/2

transition, several photons in the range of 1480-1580 nm can be absorbed. From

literature it is known that a two-photon up-conversion process will be the most

likely to occur. Shalav showed that in NaYF4 phosphors doped with 20% Er3+

under 5 mW 1523 nm excitation, 98% of the emitted up-conversion luminescence

is from the 4I11/2 level, which is an indication of a two-photon up-conversion pro-

cess.11 This is also illustrated by the up-conversion luminescence signal shown in

Figure 2.5.

In a two-photon up-conversion process an Er3+ ion is excited to the 4I9/2 energy

level either by GSA/ESA or by GSA/ETU (red arrows in Figure 2.6). This energy

level gives emission at around 810 nm (green arrow) or non-radiative relaxation

Table 2.1: Overview of the number of phonons required to bridge a certain transition. Only
the 4I13/2 →

4I15/2 and 4I11/2 →
4I13/2 transition are dominated by radiative emission. The

other transitions are dominated by non-radiative emission.

Transition Number of phonons Dominant transition process Emission
4I13/2 →

4I15/2 8 radiative 1530 nm
4I11/2 →

4I13/2 5 radiative 980 nm
4I9/2 →

4I11/2 2-3 non-radiative -
4F9/2 →

4I9/2 3 non-radiative -
4S 3/2 →

4F9/2 3-4 non-radiative -
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2.4 Up-conversion processes within Er3+ ions

Figure 2.5: Up-conversion luminescence spectrum of NaYF4 phosphors doped with 20%
Er3+ under 5 mW 1523 nm excitation as measured by Richards and Shalav.26 There is a
dominant emission at 980 nm with other much weaker peaks at 810, 660, and 550 nm. This
is an indication that the two-photon up-conversion process is dominant.
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Figure 2.6: The two-photon up-conversion process in an Er3+ ion from the ground state.
The up-conversion process leads to luminescence around 810 or 980 nm.
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to the 4I11/2 energy level and then emission at around 980 nm (yellow arrow). As

already shown in Table 2.1, the excited 4I9/2 energy level most likely relaxes non-

radiatively to the 4I11/2 energy state due to the small energy difference between the

energy levels and the high phonon energy of Al2O3. From the 4I11/2 energy state

radiative decay is dominant and therefore the most likely up-conversion lumines-

cence is around 980 nm. For both 810 and 980 nm photons the internal quantum

efficiency of a state-of-the-art solar cell is close to unity.27 This means that nearly

all of these up-converted photons that arrive in the c-Si bulk of a solar cell will be

converted into charge carriers.

Besides the two-photon up-conversion process, up-conversion can take place

by a n-photon up-conversion process (n = 3, 4, 5), which results in the emission of

higher energy photons (with wavelengths less than 810 nm). Because more than

two photons are involved in these up-conversion processes, the emission of high

energy photons is less likely. In addition, the dominant transition process from

higher excited states is a non-radiative transition and therefore it is not likely to ob-

serve emission from these energy levels. These n-photon up-conversion processes

are therefore not discussed here.

2.5 Other candidates for up-conversion in solar cells

Only a relative small part of the sub-band gap spectral range (1480-1580 nm) can

be used by the trivalent erbium ions to enhance the efficiency of silicon solar cells.

By using a combination of Er3+ and other rare earth ions, the use of sub-band gap

light can be extended. For that, many rare earth ions are proposed to be useful,

however, the only possible candidates are trivalent holmium (Ho3+) and dyspro-

sium (Dy3+).17 The other rare earth ions, like terbium (Tb3+) and thulium (Tm3+),

have either a narrow absorption range or closely spaced energy levels and cannot

improve the amount of absorption for up-conversion processes. The absorption and

emission properties of Er3+, Ho3+, and Dy3+ are listed in Table 2.2.

Ho3+ can absorb photons is the range of 1150-1220 nm.28 In this range the

spectral power from the AM1.5G solar spectrum yields about 28.3 W/m2 from a

total of about 1000 W/m2. Depending on the number of absorbed photons, Ho3+

emits photons at a wavelength of 650 and 910 nm, which is in the absorption range

of silicon.

Dy3+ ions alone do not show any up-conversion at all, but they can be used

as sensitizer to transfer the absorbed energy to neighboring Er3+ ions. Therefore
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Table 2.2: Overview of the absorption and emission properties of trivalent erbium,
holmium, and dysprosium. For each RE3+ ion the available spectral power in the AM1.5G
solar spectrum is given.

Er3+ Ho3+ Dy3+

Absorption range 1480-1580 nm 1150-1220 nm
1290-1320 nm

1700-1730 nm

Expected emission
wavelength

980 nm 650, 910 nm
Energy transfer to

Er3+ ions

Spectral power in
AM1.5G solar spectrum

23.7 W/m2 28.3 W/m2 16.2 W/m2

the Dy3+ ions have to be incorporated in the same host as the Er3+ ions. Dy3+

ions can absorb photons in the spectral range of 1290-1320 nm and 1700-1730 nm.

The spectral power from the AM1.5G solar spectrum in this range yields about

16.2 W/m2.

Although the available spectral power by using Ho3+ and Dy3+ ions looks

promising, both rare earth ions have one major drawback. The peak absorption

cross section of Ho3+ (1.8 · 10−21 cm2 when doped in ZBLAN glass)29 is an order

of magnitude lower as compared to Er3+ (see Section 2.3.1). This means that a

factor 10 more Ho3+ ions has to be incorporated in the host to get the same amount

of absorption. Or alternatively, a 10 times thicker film is required. The drawback

of Dy3+ is that the content of Dy3+ ions has to be very small (0.1-2 at.%) because

Dy3+ act as a quenching center for Er3+ ions due to cross relaxation.30 Due to this

small content of Dy3+ ions the amount of absorption will be very low.

Due to these drawbacks of Ho3+ and Dy3+ ions, we can conclude that Er3+ is

the only rare earth ion that can possibly be useful for up-conversion in silicon solar

cells.

2.6 Conclusions

In this chapter the properties of trivalent erbium and Al2O3 were discussed. Due to

the low absorption cross section of Er3+ ions, a high concentration of erbium ions

or a thick up-converter is desired to achieve a reasonable amount of absorption.

Although the phonon energy of Al2O3 is high compared to other host materials

for Er3+ ions, there is still a radiative transition in Er3+ possible resulting in the

emission of 980 nm photons which can be absorbed in the c-Si bulk of the solar cell.

The most likely up-conversion process in Er3+ ions is a two-photon up-conversion
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process where two 1530 nm photons are converted into one 980 nm photon by

either GSA/ESA or GSA/ETU. By comparing different rare earth ions it appears

that erbium is the only rare earth ion that might be useful for up-conversion in

silicon solar cells as it has a relatively high absorption cross section compared to

other rare earth ions and can absorb photons with less energy and emit photons

with more energy than the silicon band gap.
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3
Up-conversion: Simulations

To date, most of the reported up-conversion experiments in the literature were car-

ried out by illuminating an up-converter material by a laser source. The power

density of a laser source is obviously much higher than that of natural sun light

(one sun illumination) and when expressed in number of suns, it corresponds with

typically 500 suns.13 The probability of up-conversion increases with increasing

incident power and therefore these experiments are useful to obtain information

about up-conversion mechanisms.18 For up-conversion in solar cells, however, ex-

periments with laser excitation have a limited relevance because most solar cells

work under one sun illumination. Little is known about up-conversion under one

sun illumination and therefore it is desirable to carry out such investigations.

Simulations can be used to investigate up-conversion processes in silicon solar

cells under one sun illumination. So Far, there are only a few of these simulations

reported in the literature. Trupke et al. and Badescu simulated the maximum

attainable solar cell efficiency when all sub-band gap photons are used in an up-

converter.13,31 For that they used a detailed balance model. The solar cell was

considered as one material (one refractive index), and the absorption efficiency of

the up-converter was assumed to be unity. Cañizo et al. used Monte Carlo ray

tracing simulations in a three layer system (anti-reflection coating, solar cell, and

up-converter) to describe up-conversion processes in an up-converter.32

In this chapter we investigate the up-converter in a more realistic solar cell

configuration in which the effects of an anti-reflections coating, scattering by rough

interfaces, and multiple reflections of trapped irradiance will be taken into account.

For this, the optical solar cell model opticalculate is used which is a very powerful

tool to simulate the absorption in an actual solar cell. To the best of our knowledge,

this is the first time that up-conversion is investigated in such an advanced solar cell
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model. The benefits of this model are that:

1. A complete solar cell module is considered.

2. Each layer of the solar cell module has its own optical constants.

3. The up-converter is modelled for the absorption of photons in the Er3+ ab-

sorption range (1480-1580 nm).

4. Different types of interfaces are taken into account.

5. The solar cell module is under one sun illumination.

The goal of this chapter is to determine whether up-conversion in an Er3+ doped

Al2O3 up-converter can increase the c-Si solar cell efficiency. This is done by

determining with opticalculate the amount of absorption in the up-converter. From

these values the solar cell efficiency gain is determined.

In Section 3.1 the optical constants of the up-converter are considered in order

to obtain realistic simulation results. The effect of up-conversion on the solar cell

efficiency will be expressed in terms of the absolute solar cell efficiency gain. The

equation to determine this will be discussed in Section 3.2. In Section 3.3 the opti-

cal solar cell model opticalculate is introduced. In Section 3.4 the absorption and

reflection losses of 1480-1580 nm photons in the solar cell module are examined

and subsequently in Section 3.5 the absorption by Er3+ ions in the up-converter

will be determined. This is the most important section of this chapter where the

solar cell efficiency gain is determined from the simulated absorption values. This

chapter will be ended with a discussion and conclusions in Section 3.6 and 3.7.

3.1 Optical constants of the up-converter

For realistic simulations of the absorption in the Er3+ doped Al2O3 up-converter

the optical constants of Al2O3 are used in the model. These optical constants have

been determined by spectroscopic ellipsometry from an Al2O3 film which was de-

posited by plasma-assisted atomic layer deposition. For an actual up-converter the

optical constants will be slightly different due to the incorporation of erbium ions,

but this will not affect the outcome of the simulations significantly. Al2O3 is a

transparent material (Egap =∼ 8.8 eV) for the photon energy range of the AM1.5G

solar spectrum and therefore for the whole wavelength range the extinction coef-

ficient is zero.33 This simplifies the simulations of the absorption by Er3+ ions.
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Figure 3.1: The absorption cross section of Er3+ as used in the simulations. As an approx-
imation, the absorption cross section is assumed constant for the whole absorption range
between 1480 and 1580 nm: 1.0 · 10−20 cm2.

By adding the extinction coefficient in the 1480-1580 nm absorption range of Er3+

ions to the optical constants of Al2O3, the output of the simulations will accurately

describe the absorption by Er3+ ions.

The extinction coefficient k is proportional to the absorption coefficient α (Equa-

tion 2.1) and is given by:

k =
λα

4π
=
λσN
4π

(3.1)

where λ is the wavelength, σ the absorption cross section, and N the density of Er3+

ions. By using maximum values of the absorption cross section and the density of

Er3+ ions, an upper limit of the absorption by Er3+ ions can be determined. For

the absorption cross section the peak value of Er3+ ions in a Y2O3 host (σpeak =

1.9±0.5 ·10−20 cm2 at λ = 1.53 µm) is taken as a starting point.22 To the best of our

knowledge, this is the highest value for Er3+ reported in the literature. Although

the absorption spectrum has a Gaussian shape, we will approximate this with a

rectangular shaped absorption cross section with an average value of 1.0·10−20 cm2

for the whole absorption range between 1480 and 1580 nm. This is illustrated

in Figure 3.1. For an optimum doping concentration of 20% as determined by

Shalav et al., and an Al2O3 density of 1.0 · 1023 cm−3, the density of Er3+ ions

is approximately 8.0 · 1021 cm−3.18,34 With these numbers and Equation 3.1, the

extinction coefficient for 1530 nm photons is 0.00097.

3.2 Solar cell efficiency gain

The expected solar cell efficiency gain can be determined from the amount of ab-

sorption by Er3+ ions. Therefore we make the following assumptions to start with:

• Every photon that is absorbed between 1480 and 1580 nm will be used for
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up-conversion processes (100% up-conversion efficiency).

• Every two photons that are absorbed are converted into one 810 nm photon

(two-photon up-conversion process).∗

• All up-converted 810 nm photons are used to create charge carriers in the

c-Si bulk (100% internal quantum efficiency).

At a later stage we will reconsider the validity of these assumptions. In this chapter

the effect of up-conversion on the solar cell efficiency will be expressed in terms of

the absolute solar cell efficiency gain ηabs,gain and can be determined by:

ηabs,gain =
Ea · (1 − E4)

Etot
· 100% (3.2)

where Ea is the spectral power absorbed by the Er3+ ions and Etot is the total

spectral power in the solar spectrum (1000 W/m2). The term E4 originates from the

inevitable energy loss of 810 nm photons (1.53 eV) due to the mismatch with the

band gap of silicon (1.12 eV). Due to this energy mismatch 28.1% of the energy is

lost as heat (EM = 0.281) and 71.9% of the absorbed energy can be used to enhance

the efficiency of a c-Si solar cell.

Henceforth Equation 3.2 will be used to determine the absolute solar cell effi-

ciency gain.

3.2.1 Theoretical maximum efficiency gain

The theoretical maximum efficiency gain can be determined by assuming that all

spectral power in the Er3+ absorption range is absorbed by the Er3+ ions (100% ab-

sorption). The spectral power between 1480-1580 nm in the AM1.5G solar spec-

trum yields about 23.7 W/m2 from a total of about 1000 W/m2. With Equation 3.2

this gives a theoretical maximum ηabs,gain of 1.70%.

3.2.2 Efficiency gain assuming single pass absorption

After determination of the theoretical maximum ηabs,gain, here a more realistic

ηabs,gain will be determined. For that the Lambert-Beer law will be used, which

∗In a two-photon up-conversion process the up-converted photon will be actually a 980 nm photon
instead of a 810 nm photon. Considering Equation 3.2, the energy mismatch with the silicon band
gap of 810 nm photons will be more than for 980 nm photons, however, after absorption of two
1530 nm photons a part of the energy is lost when an electron relaxes non-radiative from the energy
level of 810 nm emission to the energy level of 980 nm emission. In the end, this energy loss and the
energy mismatch of 980 nm photons together is as much as the energy mismatch of 810 nm photons.
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Figure 3.2: The absolute solar cell efficiency gain for single pass absorption of 1480-
1580 nm photons as determined by Equation 3.2 and 3.3. The theoretical maximum effi-
ciency gain of 1.70% can be achieved by the use of an up-converter with a thickness of
about 1 mm.

relates the absorption of light to the properties of the material through which the

light is traveling.

I (x) = I (0) exp (−σNx) (3.3)

Here I (0) is the initial intensity, x the traversed distance, and σN is 80 cm−1 (see

Section 3.1). The amount of absorption determined with this equation represents

the situation where light passes the up-converter with thickness x only once, also

referred as single pass absorption. For e.g. a 7 mm thick up-converter, about 5.4%

of the 1530 nm photons are absorbed after a single pass through the up-converter.

This corresponds with an absorbed spectral power of 1.3 W/m2 from a total of

23.7 W/m2. With Equation 3.2 it turns out that this up-converter can increase the

solar cell efficiency with about 0.1%. Increasing the the up-converter thickness will

increase the amount of absorption by Er3+ ions and consequently ηabs,gain. This is

illustrated in Figure 3.2. An 1 mm thick up-converter is required to obtain the

theoretical maximum ηabs,gain of 1.70%.

After determination of the theoretical maximum ηabs,gain and the more realistic

single pass ηabs,gain, in the next sections ηabs,gain will be determined much more

accurate by simulating the absorption by Er3+ ions in an Al2O3 up-converter which

is situated at the rear side of a solar cell. In a solar cell the optical path length is

much larger than a single pass through the up-converter due to light trapping caused
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by a textured front surface. This means that for the same up-converter thickness

ηabs,gain will be more than that of single pass absorption, although, it will be less

than the theoretical maximum value due to reflection and absorption losses in the

solar cell.

In the next section the optical solar cell model opticalculate will be introduced

which is used for the simulations.

3.3 Opticalculate

The optical solar cell model opticalculate was used to determine the absorption by

Er3+ ions in an Al2O3 up-converter. Opticalculate is based on Matlab code and

is developed by Rudi Santbergen at Eindhoven University of Technology.35 This

model was originally developed to simulate the optical absorption in solar cells for

photovoltaic/thermal (PVT) systems. The solar cell is represented as a multilayer

structure and the laws of optics are used to determine the fraction of the incident

sunlight that is absorbed in each layer. Opticalculate determines the optical ab-

sorption profiles, which can be exported to the solar cell modeling program PC1D

to determine the electrical properties such as the open-circuit voltage. Most op-

tical solar cell models take only the wavelength range up to the silicon band gap

into account, whereas opticalculate has an extension until 1900 nm. This is dearly

important for our work, because the absorption of sub-band gap photons (1480-

1580 nm) in Er3+ ions can be simulated in a realistic solar cell configuration.

The required input parameters for opticalculate are the optical properties (re-

fractive index n, and the extinction coefficient k) and thickness of each layer. In

addition, it requires a description of how irradiance is reflected (scattered) at the in-

terfaces, which depends on the structure of the interface. There are four reflection

models available, and a detailed description is given by Santbergen.35 In this thesis

three of the available models are used: a specular model to describe the reflection

at a smooth interface; a model to describe the reflection at a textured interface; and

Phong’s model to describe diffuse reflection.

The solar cell considered in this chapter is illustrated in Figure 3.3a. The active

part of this cell is formed by a p-type c-Si bulk and n-type emitter. The c-Si bulk

has a typical thickness of 250 mm and the emitter a sheet resistance of 70 W�.2,35

Besides this active layer the solar cell module consists of a SiNx anti-reflection

coating at the front side which reduces the reflection. Texturing is used to trap the

incident light in the solar cell. The texture is modelled as a parabolic profile with
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glass (3mm)

EVA (200μm)

c-Si (250μm)

SiN (80nm)
emitter (70Ω□)

Er3+ doped Al2O3

Al (10μm)

layers:

(a) (b)

Figure 3.3: (a) A schematic cross-section of the solar cell module as used in the simula-
tions. On the left side the layers are indicated with their thickness and properties as used
in commercial solar cells. (b) The parabolic texturing profile that is used to model the
front texturing at the front side. The steepness γ depends on the width w and height h of
the repeating texturing feature. In the simulations a steepness of 40º is used.

a steepness of 40º (see Figure 3.3b for the definition of the steepness). At the back

there is an alloyed aluminum contact with a reflection coefficient of 0.78 which dif-

fusely reflect light back in the active layer, giving photons an extra chance to create

charge carriers. Between the aluminum back contact and the active layer there is

the Er3+ doped Al2O3 up-converter. Furthermore, the solar cell is encapsulated by

a glass and EVA (Ethyl Vinyl Acetate) layer, to protect against moisture that would

rapidly lead to contact corrosion and electrical degradation.

Figure 3.4 shows a typical simulation result where the absorption by Er3+ ions

is illustrated by the violet area. For each layer the amount of absorption, reflection,

or transmission is given as a percentage of the total spectral power of 1000 W/m2.

The absorption in e.g. the c-Si bulk is illustrated by the dark blue area, where

65.3% of the total spectral power is absorbed. Also the amount of absorption for a

specific wavelength can be determined.

From now on, the absorption of 1480-1580 nm photons will be referred to as

absorption of 1530 nm photons. In the next section opticalculate will be used to

determine the reflection and absorption losses of 1530 nm photons in the solar cell

before they can be used for up-conversion processes in the up-converter.
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Figure 3.4: Area plot of the spectral absorption factor for each layer of a c-Si solar cell
module. The absorption, reflection, or transmission is given as a percentage of the total
spectral power of 1000 W/m2. The violet area represents the absorption by the Er3+ ions.
In this simulation an up-converter thickness of 5 μm is used in which around 5 W/m2 is
absorbed.

3.4 Reflection and absorption losses

In an actual solar cell module, the up-converter is situated at the rear side. The

1530 nm photons have to travel through several layers before they reach the up-

converter and can be used for up-conversion. A part of the photons will therefore

be inevitably lost by absorption and reflection in the solar cell module. In this

section we will consider the loss factors of 1530 nm photons, which will decrease

the maximum attainable efficiency gain for silicon solar cells. For that, a typical

simulation result of opticalculate is used as illustrated in Figure 3.4.

The main loss factor of 1530 nm photons is the total reflection from the cell.

This mostly consists of two contributions: The initial front side reflection, and the

reflection at the c-Si / up-converter interface after which 1530 nm photons possibly

can escape at the front side of the solar cell. The latter is caused by the large

incident angle of the photons on the c-Si / up-converter interface due to scattering

of incident light by the textured front surface. The angle of incidence determines

the amount of reflection at the interface, as illustrated in Figure 3.5 for 1530 nm

photons. Increasing the angle of incidence, increases the amount of reflection at
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Figure 3.5: The reflection coefficient for 1530 nm photons at the c-Si / Al2O3 interface as
a function of the angle of incidence for unpolarized light. The critical angle for which the
incident light is totally internal reflected is indicated by the dotted line and is 27.9˚.

the c-Si / up-converter interface. High reflection at the the c-Si / up-converter

interface is a benefit for the solar cell efficiency as the absorption probability of

near band gap photons increases due to a longer optical path length in the c-Si

layer. For 1530 nm photons, however, this is a drawback because all photons that

are reflected at the c-Si / Al2O3 interface will have a chance to leave the solar cell

module at the front side without being used in up-conversion processes since they

have not entered the up-converter.

Other large loss factors are free carrier absorption in the emitter and absorption

by the back contact as can been seen in Figure 3.4 as well. The amount of free

carrier absorption in the emitter is a function of the doping concentration and the

wavelength (λ3).36 The emitter is a heavily doped layer and can therefore easily

absorb sub-band gap photons. Note that in this process no charge carriers are

created. The absorption by the back contact is a result of the optical confinement

of 1530 nm photons in the up-converter. Due to this, the photons are reflected

multiple time at the back contact and consequently they have more chance to be

absorbed by the back contact.

Due to these inevitable losses not all 1530 nm photons in the AM1.5G solar

spectrum can be used in up-conversion processes.

.
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3.5 Efficiency gain by up-conversion for c-Si solar cells

In the previous section we demonstrated that a part of the 1530 nm photons is lost

due to reflection and absorption in the solar cell. Due to these losses the actual ab-

solute solar cell efficiency gain ηabs,gain will be less than the theoretical maximum

value of 1.70% as determined in Section 3.2.1. Although, it will be probably more

than the single pass ηabs,gain due to light trapping in the cell.

In this section ηabs,gain due to up-conversion will be determined by using the

solar cell module as described in Section 3.3. First, the absorption by Er3+ ions

is determined with opticalculate (see Appendix A for the Matlab commands) from

which subsequently on the basis of Equation 3.2 and the assumptions of Section 3.2

ηabs,gain is determined.

In Figure 3.6 the simulated absolute solar cell efficiency gain ηabs,sim is shown

for different thickness of the Er3+ doped Al2O3 up-converter. For comparison also

the single pass absolute solar cell efficiency gain ηabs,single is shown in the same fig-

ure as determined in Section 3.2.2. A large difference is observed between ηabs,sim

and ηabs,single. For e.g. a 10 mm thick Er3+ doped Al2O3 up-converter ηabs,sim is

about 4.5 times higher than ηabs,single. This is caused by light trapping that increases

the optical path length of the photons through the up-converter and consequently

the amount of absorption. Compared to laser illumination experiments where the

optical path length of the photons is in general equal to the up-converter thickness,

a much thinner up-converter is required to obtain the same amount of absorption.

For a thickness larger than 250 mm, ηabs,sim is less than ηabs,single because for ηabs,sim

the reflection and absorption losses of 1530 nm photons in the layers above the up-

converter (see Section 3.4) are taken into account. Due to these inevitable losses the

maximum attainable ηabs,sim is less than the theoretical maximum value of 1.70%.

A maximum ηabs,sim of 1.36% can be achieved with a 600 mm thick up-converter.

In Chapter 1 it was suggested to use an 100 nm thin Er3+ doped Al2O3 up-

converter to enhance the solar cell efficiency by combining up-conversion by Er3+

ions with the excellent surface passivation and rear reflectance properties of Al2O3.

Unfortunately, the ηabs,sim of this up-converter is only 0.01% which is basically

negligible. On the basis of Figure 3.6 a 1.5 mm thin up-converter is needed to

increase the solar cell efficiency by about 0.1%. Such an efficiency gain is for the

photovoltaic industry worth considering to implement a new technology in the pro-

duction line. However, the assumptions made in Section 3.2 to determine the ab-

solute solar cell efficiency gain were even too optimistic. The actual up-conversion
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Figure 3.6: The absolute solar cell efficiency gain for different thickness of the Er3+ doped
Al2O3 up-converter, with the assumption that every 1530 nm photon that is absorbed is
used in an ideal two-photon up-conversion process. The red line represents the result of
the with opticalculate simulated solar cell module. The blue line represents the absorption
of a single pass through the up-converter, without taking reflection and absorption losses
in the solar cell into account. The dotted line represents the theoretical maximum value of
1.70%.
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efficiency is far below 100% and therefore the ηabs,gain values as determined in this

section should be regarded as maximum values. Due to limiting up-conversion

mechanisms such as cross relaxation as explained is Section 2.2, the values will be

much lower. Up-conversion efficiencies of 1-3% are more realistic values instead

of 100%.18,37 In the case of 3% up-conversion efficiency, the maximum attainable

ηabs,gain is only 0.04%.

The up-converter considered in this section was doped with an optimum Er3+

concentration and had a relatively high absorption cross section to obtain an upper

limit of the absorption by Er3+ ions. Due to these optimized conditions this upper

limit is in principle independent of the host material used. Therefore it seems un-

likely that up-conversion with an Er3+ doped up-converter will have a considerable

contribution to the solar cell efficiency.

3.6 Discussion

Up to here, the very small positive influence of an up-converter on the solar cell

efficiency has been discussed. It was shown that a 600 mm thick up-converter is re-

quired to have any up-conversion effect on a solar cell level. The thickness of this

up-converter is much larger than that of the active part of the solar cell. The trend

in the photovoltaic industry, however, is to reduce the amount of material consump-

tion per solar cell in order to reduce costs and to prevent the silicon feedstock from

shortage.2 In this perspective such thick films are not desirable. Besides that, the

presence of a thick up-converter can possibly have a negative influence on the solar

cell efficiency. The in Chapter 1 proposed Er3+ doped Al2O3 up-converter has a

thickness of typically 100 nm in order to have excellent surface passivation and

rear side reflection properties. Due to this high rear side reflectance, near band gap

photons have an extra chance to create charge carriers in the active layer, which

is beneficial for the solar cell efficiency. The rear side reflectance is caused by

constructive interference at the c-Si / up-converter interface. This only applies to

"thin" layers. A layer is considered to be "thin" when its optical thickness (ncdc)

is smaller than the coherence length of the incident light, which is approximately

1 mm for solar irradiance.35

The up-converter with the largest absolute solar cell efficiency gain (d = 600 µm)

cannot be considered as thin, and constructive interference is not taken into account

in the model. Because of that, this thick layer might influence the amount of ab-

sorption of photons in the c-Si bulk, and thus the solar efficiency. To illustrate this,
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two simulations were done:

1. Solar cell module with a 100 nm Er3+ doped Al2O3 up-converter.

2. Solar cell module with a 600 mm Er3+ doped Al2O3 up-converter.

The resulting optical absorption profile of the active layer was exported to PC1D

where the solar cell efficiency was determined.† Increasing the Al2O3 layer thick-

ness from 100 nm to 600 mm, decreases the solar cell efficiency from 18.69% to

17.43%. The 0.04% absolute efficiency gain due to up-conversion cannot compen-

sate for this decrease in solar cell efficiency. Considering this result, a thick up-

converter will deteriorate the c-Si solar cell efficiency instead of improving it by

up-conversion through lack of constructive interference at the c-Si / up-converter

interface.

3.7 Conclusions

With the optical solar cell model opticalculate, the contribution of up-conversion

to the performance of a c-Si solar cell was investigated.

Opticalculate is a powerful tool to simulate the absorption in an actual solar

cell module with at the rear side an Er3+ doped Al2O3 up-converter. It was the

first time that the effect of up-conversion on the solar cell efficiency is investigated

with the use of a realistic optical model. Knowledge of the extinction coefficient

of Er3+ ions makes it possible to simulate the absorption by Er3+ ions accurately,

because Al2O3 is transparent in the Er3+ absorption range. Due to reflection and

absorption in the layers above the up-converter, a part of the 1530 nm photons is

lost. Due to these losses, the theoretical maximum absolute solar cell efficiency

gain of 1.70% cannot be achieved in an actual device. Assuming a two-photon up-

conversion process with 100% up-conversion and internal quantum efficiency, the

maximum attainable ηabs,gain is 1.36% for a 600 mm thick up-converter. However,

a more realistic value is 0.04%, assuming an up-conversion efficiency of 3%. The

attainable ηabs,gain by using the 100 nm thin Er3+ doped Al2O3 up-converter which

was proposed in this thesis will be negligible. Therefore, this up-converter cannot

increase the efficiency of c-Si solar cells.

A drawback of using a thick up-converter is the decrease in solar cell efficiency,

because constructive interference will not take place at the c-Si / up-converter in-

†In PC1D the following values were used to determine the solar cell efficiency: S f ront = 105 cm/s,
S back = 100 cm/s, τbulk = 250 µs, d = 250 µm. This are typical values for industrial solar cells.
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terface leading to less reflection of near band gap light. The decrease is more than

up-conversion can contribute to the solar efficiency. From this we can conclude that

in the configuration as used in this thesis, up-conversion with Er3+ ions in either a

thin (~100 nm) or very thick (~600 nm) up-converter will not likely contribute to a

better solar cell performance.
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Up-conversion: Experiments

In this thesis erbium doped Al2O3 is studied for its potential to enhance the silicon

solar cell efficiency. Besides that, erbium doped materials can be used in optical

amplifiers in integrated optical circuits and as photon up-conversion material for

lasers.23 Different techniques have been applied to dope materials with trivalent

erbium ions. Hoven et al. reported Er3+ implantation in Al2O3 by means of mag-

netron sputtering and John et al. reported Er3+ doping of silicon nanocrystals by

co-pyrolysis of disilane and Er(thd)3.10,38 However, for many thin film applica-

tions, techniques like (plasma enhanced) chemical vapor deposition ((PE)CVD) or

atomic layer deposition (ALD) may be required. Recently, Er3+ doping of Y2O3

and Al2O3 was studied by using ALD.22,39,40 Van et al. reported successful Er3+

doping of Y2O3, using O radical-enhanced ALD.39

In this chapter, Er3+ doping of Al2O3 by means of ALD is investigated in order

to synthesize an up-converter for c-Si solar cells. ALD is an ideal technique for

synthesizing the Er3+ doped Al2O3 up-converter. The self-limiting mechanism

characteristic of the ALD process allows layer-by-layer doping of Er3+ ions by

alternating the ALD cycles of Er2O3 and Al2O3. Due to the background in plasma

physics at the group of Plasma & Materials Processing (PMP), where the research

for this thesis has been carried out, the focus was on plasma-assisted ALD.

Plasma-assisted ALD of Al2O3 is a well characterized process in terms of ma-

terial properties and fundamental understanding of its surface chemistry.41–43 Re-

cently, plasma-assisted ALD of Er2O3 has been characterized within PMP by using

Er(thd)3 precursor and O2 plasma.44 Unfortunately, the growth rates obtained were

rather low and the cycle time was long, which may limit the use of this process for

applications that require thicker films. The aim of the work described in this chap-

ter is to overcome these drawbacks by using the (CpMe)3Er precursor. Using this
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precursor, Päiväsaari et al. reported successful deposition of uniform Er2O3 films

with high growth rates and short cycle time.45 In the current work the ALD process

of Er2O3 using (CpMe)3Er precursor will be developed first in order to optimize

the Er3+ doping process. Subsequently the doping process will be investigated in

order to achieve a high concentration of Er3+ dopants (8-12 at.%) which is desir-

able of photovoltaic applications.18,24 Furthermore, the surface passivation quality

of Er3+ doped Al2O3 will be tested, to verify if doping will not adversely affects

this.

In Section 4.1 the experimental setup, the (CpMe)3Er precursor, and various

characterization techniques are described. In Section 4.2 and 4.3 plasma-assisted

and thermal ALD process of Er2O3 will be characterized. In Section 4.4 doping of

Al2O3 with different concentrations of erbium ions will be investigated.

4.1 Experimental details

4.1.1 OpAL reactor

All ALD experiments described in this chapter are carried out with the Oxford

Instruments OpAL® reactor. The OpAL is a commercial available ALD system

which is suitable for both plasma and thermal ALD processes. The OpAL system

is illustrated in Figure 4.1. The setup consists of an aluminum deposition chamber

pumped by a rotary vane pump. A substrate holder which can be heated between

25-400 ˚C is located in the center of the deposition chamber. On top of the de-

position chamber the inductively coupled plasma source is situated. The source

can deliver up to 300 W plasma power at 13.56 MHz and is controlled by an auto-

mated matching network. During processing, the chamber pressure is in the range

of 100-800 mTorr.

The precursors are injected into the deposition chamber above the center of the

substrate, through a cone-shaped flange positioned just below the gate valve of the

plasma source. Because the delivery valves are located at 30 cm from the deposi-

tion chamber, the lines to the chamber are purged by argon gas after the precursor

dose to remove remaining precursor in the lines. The delivery of the precursor can

be either vapor-drawn or via bubbling of the precursor with ultra pure argon carrier

gas. In the case of bubbling, the argon gas is diverted directly into the deposi-

tion chamber when no precursor dosing takes place. To prevent condensation of

the precursors in the lines, the temperature of the lines are generally around 20 ˚C

42



4.1 Experimental details

Figure 4.1: A schematic view of the OpAL reactor showing the deposition chamber, remote
plasma source, pump line to the rotary vane pump, various valves, precursor bubbler, and
in situ spectroscopic ellipsometry.

higher than the precursor bubblers.

Two diagnostics ports are located at the deposition chamber at 70° with respect

to the normal of the substrate stage. These ports can be used for in situ spectro-

scopic ellipsometry measurements.

4.1.2 Erbium precursor

The majority of the ALD processes for Er2O3 reported so far make use of the er-

bium (III) tris(2,2,6,6-tetramethyl-3,5-heptanedionate) precursor, also abbreviated

as Er(thd)3.46 This is a bulky precursor which is favorable for Er3+ doping pro-

cesses because due to the steric hindrance effect the distance of erbium ions in the

lateral direction can be controlled. The precursor does not readily react with water,

but requires the use of a stronger oxidizer, such as ozone or O2 plasma, to pro-

duce thin films with low carbon and hydrogen content. Unfortunately, the growth

rates per cycle are rather low (~0.25 Å) which may limit the use of this process for

applications which require thicker films.

Alternatively an organometallic cyclopentadienyl (Cp) based precursor can be

used. Cp based precursors have been used recently in many ALD processes and are

considered as attractive precursors because they are highly reactive, and thermally
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Figure 4.2: The molecular structure of (CpMe)3Er. The erbium ion is bonded with three
Cp complexes which have an additional methyl group each.

stable with respect to decomposition.7,47,48 The precursor that is used in this the-

sis for ALD of Er2O3 is tris(methylcyclopentadienyl)erbium or (CpMe)3Er. This

precursor, 99.9% purity, is obtained from Strem Chemicals, Inc. The molecular

structure of (CpMe)3Er is shown in Figure 4.2. The precursor consists of an er-

bium ion with three cyclopentadienyl (Cp, C5H5
−) complexes. Each Cp complex

has an additional methyl (Me) group on the ring. Päiväsaari et al. reported suc-

cessfully deposition of uniform Er2O3 thin films on a silicon substrate by using

this (CpMe)3Er precursor and water.45 The growth rate was high (1.5 Å per cy-

cle) and the films contained low concentrations of carbon and hydrogen impurities

(<0.3 at.% and 5.4 at.%) at a deposition temperature of 250 °C.

The precursor is contained in a stainless steel bubbler which was filled within

a glove box to avoid any contamination of the precursor. The vapor pressure of the

(CpMe)3Er precursor is relatively low (~1 Pa at 100 °C)49 and therefore argon is

used as a carrier gas to introduce the precursor into the reaction chamber. Heating

the precursor increases the vapor pressure, however, heating up above the melting

point (133 °C)49 might cause decomposition of the precursor.

So far, the (CpMe)3Er precursor is only used for ALD with water as oxidant

source but not in ALD processes with ozone or O2 plasma.45,50 This is a motivation

to study the ALD of Er2O3 using (CpMe)3Er precursor and O2 plasma.

4.1.3 Film characterization

The deposited films are analyzed by various characterization techniques to obtain

information about their thickness, optical constants, composition, and the influence

on the lifetime of the minority carriers in the Si wafer. Table 4.1 lists the techniques

used in this thesis and summarizes the information obtained.
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Figure 4.3: Schematic of the geometry of an ellipsometry experiment. In ellipsometry the
change in polarization state of the light reflected from the surface of a sample is measured.
The SE measurement values are expressed as Ψ and ∆. These values are related to the
different reflection coefficients (Rp and Rs) for p- and s-polarized light on the sample. The
p-direction is taken to be perpendicular to the direction of propagation and is contained
in the plane of incidence. The s-direction is taken to be perpendicular to the direction of
propagation and parallel to the sample surface. Ellipsometry measures the ratio of Rp and
Rs from which material properties such as the dielectric functions of the layers and film
thicknesses can be extracted.

Spectroscopic Ellipsometry

The deposition processes are monitored in situ by spectroscopic ellipsometry (SE).

SE is a technique that is suitable to determine the thickness and optical properties

of thin films. It is an optical and non-intrusive technique and measures the change

in polarization state of the light that is reflected from the surface of a sample. In

Figure 4.3 SE is explained in more detail. SE is also used ex situ to determine the

uniformity of the films.

The SE measurements were performed using J.A. Woollam, Inc. M2000D

visible and near-infrared SE (0.75-5.0 eV) and M2000D visible and ultraviolet ex-

tended SE (1.2-6.5 eV). The measurements and data analysis are performed using

WVASE32 ellipsometry analysis software.

Table 4.1: Film characterization techniques used.

Technique Information obtained
SE Thickness, optical constants
RBS/ERD Film composition
FTIR Impurity content
Sinton lifetime tester Lifetime of the minority carriers in Si wafer

45



Chapter 4 Up-conversion: Experiments

Rutherford Backscattering Spectroscopy and Elastic Recoil Detection

The element composition of the films are examined using Rutherford Backscatter-

ing Spectroscopy (RBS) and Elastic Recoil Detection (ERD) using 2 MeV helium

ions. RBS was used for detection of the heavy elements erbium, aluminum, oxy-

gen and carbon, and ERD for the detection of hydrogen. RBS/ERD measurements

were carried out by Acctec B.V.

Fourier Transform Infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is used to detect the impurity con-

tent in the deposited films. FTIR is based on the absorption of infrared light by

atoms or molecules that rotate or vibrate at specific frequencies.

The FTIR measurements were performed by using Bruker Optics VECTOR 22

infrared spectrometer in the 370-7500 cm−1 range with a resolution of 4 cm−1. The

measurements were taken out at normal incidence.

Sinton lifetime tester

The Sinton lifetime tester is used to determine the effective lifetime τe f f of the mi-

nority charge carriers in the c-Si wafer. The wafer is illuminated by a light flash and

excess charge carriers are created. The method measures the conductance which

transiently decreases due to recombination of charge carriers. The effective life-

time can be obtained from the slope of the conductance decay curve. The effective

lifetime reflects the combined losses in the c-Si bulk and surface and can be written

as:

1
τe f f

=
1

τbulk
+

1
τsur f ace

=
1

τbulk
+ 2

S e f f

d
(4.1)

with τbulk the bulk lifetime, τsur f ace the surface lifetime, d the c-Si wafer thick-

ness, and S e f f the effective surface recombination velocity. Due to the excellent

surface passivation quality of Al2O3, the losses at the Si surface are very low. The

recombination at the c-Si surface is quantified by the so-called effective surface

recombination velocity S e f f . Assuming an infinite bulk lifetime τbulk, the upper

limit of the effective surface recombination velocity can be calculated by:

S e f f ,max ≈
d
2

1
τe f f

(4.2)
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Figure 4.4: Schematic overview of the plasma-assisted ALD cycle of Er2O3. On the ver-
tical axis the different process parameters are shown. The horizontal axis gives the time
evolution of the ALD cycle.

Good passivated surfaces have a low S e f f value, typically < 10 cm/s.

The lifetime measurements were performed on double-side polished low resis-

tivity (3.5 W cm) n-type float zone thin c-Si wafers (d = 275 mm) after an anneal

treatment (10 minutes at 400 ºC in a N2 atmosphere).

4.2 Plasma-assisted ALD of Er2O3

In this section the plasma-assisted ALD growth of Er2O3 on a silicon wafer is

characterized. The goal is to develop an ALD process with its typical characteristic

of self-limiting growth in order to obtain reproducible, high quality, and uniform

films. To this end, the growth per cycle was monitored by SE.

A schematic representation of the plasma-assisted ALD cycle of Er2O3 is shown

in Figure 4.4. The (CpMe)3Er precursor is introduced in the deposition chamber

by using argon carrier gas. This is followed by a purge step to remove reaction

products and remaining precursor from the deposition chamber. Subsequently the

top valve is opened and an oxygen flow is started while at the same time the argon

flow is reduced to maintain a constant pressure in the deposition chamber. After

stabilization of the oxygen flow, an O2 plasma is ignited for a couple of seconds,

followed by a second purge step. During this purge step the oxygen flow is switch

off and the argon flow is increased to the initial value before a new cycle is started.

All deposition were done on 4 inch silicon wafers at 200 ºC.
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4.2.1 Growth rate and saturation behavior

The self-limiting behavior of the surface reactions is only investigated for the first

half cycle in the process, that is, the (CpMe)3Er precursor dosing step. For the

second half cycle, the oxidation step, the plasma (200 W) exposure time and the

purge time are both set at 5 s, which is assumed to be long enough to oxidize a sub-

monolayer on the surface and get a saturated growth rate. A self-limiting behavior

of the first half cycle can be obtained by varying the (CpMe)3Er precursor dosing

time. Due to the low vapor pressure of the precursor, however, the amount of

precursor during a dosing step depends critically on the bubbler temperature and

the amount of carrier gas that is used. Both parameters have to be optimized in

order to obtain self-limiting growth in as short as possible cycle time.

First, the influence of the bubbler temperature on the growth rate per cycle is

investigated. For a bubbler temperature of 100 ºC and 120 ºC, the growth rate is

determined by SE thickness measurements after 100 cycles while the other process

parameters remained constant. This is done for different precursor dosing times

and is shown in Figure 4.5. It is observed that increasing the bubbler temperature

with 20 ºC increases the growth rate per cycle from 0.19 Å to 0.56 Å for a 20 s er-

bium dosing step. In addition, by increasing the bubbler temperature from 100 ºC

to 120 ºC half as much dosing time (10 s instead of 20 s) is required to obtain

the same growth rate (~0.2 Å per cycle). Since no information about the actual

decomposition temperature of the precursor is available, and heating up above the

melting point of 133 ºC might cause decomposition, in further experiments a bub-

bler temperature of 120 ºC will be used. In this way, saturation of the growth rate

can be obtained in a relatively short cycle time.

The second step is to optimize the argon flow through the bubbler. The influ-

ence of the argon flow is shown in Figure 4.6. Increasing the bubbler flow results

in an increased growth rate as more precursor vapor is injected in the deposition

chamber during the same time. Increasing the bubbler flow above 250 sccm does

not lead to an increased growth rate. This means that the vapor production (sub-

limation) rate is not fast enough to increase the amount of precursor that can be

delivered with a bubbler flow larger than 250 sccm. For such high flows, only an

extension of the dosing time can increase the growth rate further. The red line in

Figure 4.6 shows a saturation behavior in growth rate after 30 seconds. The growth

rate appears to level off at about 1.0 Å per cycle. This is an indication that the

surface reactions are self-limiting. This value for the growth per cycle is consistent

with the work done by Päiväsaari et al. with the same precursor where the growth
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Figure 4.5: The influence of the bubbler temperature and precursor dosing time on the
growth rate of Er2O3. The blue bars correspond to a bubbler temperature of 100 ºC and
the orange bars to 120 ºC. Increasing the bubbler temperature or extending the dosing time
gives higher growth rates. The depositions were carried out at a substrate temperature of
200 ºC and a bubbler flow of 100 sccm.

0 1 0 2 0 3 00 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

1 . 2

 

 

 1 0 0  s c c m
 1 5 0  s c c m
 2 0 0  s c c m
 2 5 0  s c c m
 3 0 0  s c c m
 G u i d e - t o - t h e - e y e

��
��

	�
��

����
���

�
�
�

E r b i u m  d o s i n g  t i m e  ( s )
Figure 4.6: Saturation behavior in the growth rate of Er2O3 for different bubbler flows.
A bubbler flow of 250 sccm gives the highest growth rate and shows a saturation behav-
ior indicating ALD growth. The depositions were carried out at 200 ºC, with a bubbler
temperature of 120 ºC.
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rate saturated around 1.1 Å per cycle (at 200 ºC).45 This growth per cycle was ob-

tained, however, with a precursor dosing time of 1.6 s.∗ In further experiments a

bubbler flow of 250 sccm will be used.

Remarkably, we have observed that for depositions at higher temperature there

was a CVD-type growth, which was probably caused by decomposition of the pre-

cursor. This is in contrast with the reported ALD process of Er2O3 by Päiväsaari

et al. using (CpMe)3Er precursor and water as oxidant source where ALD growth

was observed up to 350 ºC.45

4.2.2 Film properties

After deposition of 500 cycles Er2O3 with an erbium dosing time of 30 s, the final

film thickness was found to be 49.5± 0.1 nm with a refractive index of 1.80± 0.01

at 1.96 eV, which is consistent with values reported in the literature (1.5-2.1).44,51

By measuring the film thickness at 13 points dispersed over the 4 inch wafer, the

non-uniformity was determined to be 4.3%.†

The material composition of the film has been investigated by the use of RBS/

ERD and FTIR. The RBS/ERD results show that the film is carbon-rich (32.7 at.%),

and contains 9.4 at.% erbium, 44.3 at.% oxygen, and 13.5 at.% hydrogen. The

large amount of carbon is also confirmed by FTIR, as shown in Figure 4.7, where

the broad peak around 1300-1800 cm−1 indicates the presence of various carbonate

species (containing C-O bonds) in the film.52 In addition, a peak is observed around

500 cm−1 which can be attributed to erbium-oxygen bonds.53–55

Strikingly is that in spite of the presence of a large amount of carbon in the

Er2O3 film, the film thickness and refractive index were determined accurately by

SE. For that, a Cauchy relationship was used in the photon energy range 0.75-

4.5 eV of the ellipsometer. Apparently the film is transparent in this photon energy

range.

Päiväsaari et al. reported a carbon content of < 0.3 at.% by using the same

(CpMe)3Er precursor and water.45 The difference in impurity content can proba-

bly be explained by the different oxidizer that is used. Water is a mild oxidizer

∗The difference in dosing time can most probably linked with the ALD setup used. Päiväsaari
used an ASM F-120 ALD reactor where the precursor was evaporated from an open crucible. Due
to a larger surface area of the precursor in an open crucible compared to a bubbler, more precursor
vapor is produced resulting in a shorter dosing time.

†The non-uniformity is determine by dmax−dmin
2daverage

· 100%, where dmax is the maximum measured
thickness, dmin the minimum measured thickness, and daverage the average thickness of all measured
points on the wafer.
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Figure 4.7: FTIR spectra from an Er2O3 film deposited by plasma-assisted ALD showing a
broad peak around 1300-1800 cm−1. This peak can be attributed to the presence of various
carbonate species in the film.

compared to an O2 plasma and during the oxidation step only the erbium-carbon

bond of the CpMe ligand is broken and (CpMe)H is produced.56 During the O2 ox-

idation step, however, the CpMe ligand is completely decomposed and CO, CO2,

H2O, and CH4 are produced.56 Er2O3 is highly basic and tends to absorb both CO2

and H2O.7,57 These reaction products are not produced during the thermal ALD

process and therefore these films probably contain less impurities compared to the

films deposited with the plasma ALD process.

The same high amount of carbonate species was observed by FTIR analysis

of an Er2O3 film deposited by ALD using Er(thd)3 precursor and O2 plasma.44

Bouman showed that CO2 was formed during the O2 plasma oxidation step. Un-

fortunately, the deposited film was too thin to confirm the high carbon content by

the use of RBS. However, the results reported in this thesis along with the results

of Bouman strongly suggest that thermal ALD is the method of choice for synthe-

sizing Er2O3 thin films with little contamination.

As a high carbon content is not desirable, in the next section a thermal ALD

process is briefly investigated for the deposition of Er2O3.

4.3 Thermal ALD of Er2O3

For the deposition of Er2O3 by thermal ALD, using water as oxidant source, almost

the same ALD cycle as for the plasma-assisted ALD process is used. Only the

5 s plasma oxidation step is replaced by a 20 ms water injection step, and the
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Figure 4.8: The growth rate of thermal deposited Er2O3 for different precursor dosing
times. No saturation is observed most likely due to residual water in the reaction chamber.
The depositions were carried out at 200 ºC and a bubbler flow of 250 sccm.

second purge is extended to 7 s to remove all remaining water from the deposition

chamber. The growth rate is determined for different precursor dosing times by

SE thickness measurements after 100 cycles. The results are shown in Figure 4.8.

No saturation is observed in the time window investigated. This could be caused

by residual water in the reaction chamber which can react with the (CpMe)3Er

precursor during dosing and cause CVD-like growth.

Although no typical ALD growth is observed, this thermal process is used to

deposit an Er2O3 film by using 30 s of precursor dosing. The final thickness of the

film was 21.27 ± 0.01 nm. The refractive index is 1.75 ± 0.01 at 1.96 eV, which is

consistent with values reported in the literature (1.5-2.1).44,51

FTIR has been used to examine the impurities in the film. This result is com-

pared with the FTIR spectrum of the Er2O3 film deposited by plasma ALD and

both spectra are shown in Figure 4.9. A clear difference is observed between the

two FTIR spectra. In the thermal deposited film the broad peak around 1300-

1800 cm−1 is absent. The small remaining absorption peaks can be attributed to

absorption caused by moisture from the atmosphere (due to insufficient purging

of the FTIR spectrometer). The disappearance of the carbonate peaks confirms

the idea that the formation of CO2 during the oxidation step could be responsible

for the high carbon content in the film deposited by plasma-assisted ALD. Future

RBS/ERD measurements on the Er2O3 film deposited by thermal ALD could fur-
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Figure 4.9: Comparison between the FTIR results of the plasma-assisted and thermal
ALD process of Er2O3. The broad peak around 1300-1800 cm−1 is absent for the thermal
process. The formation of CO2 during the O2 plasma oxidation step could be responsible
for the high amount of carbonate species in the film deposited by plasma-assisted ALD.

ther substantiate this by showing the absence of carbon in the film.

4.4 ALD of Er3+ doped Al2O3

Having the ALD process of Er2O3 investigated, the next step is doping of Al2O3 by

the incorporation of Er2O3 layers. This can be done by alternating the ALD cycles

of Al2O3 and Er2O3. The ratio between the two cycles determines the amount

of doping in the film. In this section we focus mainly on plasma-assisted ALD,

although, the thermal process has also been investigated.

4.4.1 Plasma-assisted ALD of Er3+ doped Al2O3

The ALD cycle to achieve doping by plasma-assisted ALD is shown in Figure 4.10

and consists of an Al2O3 and Er2O3 sub-cycle. The Al2O3 sub-cycle was recently

developed at the OpAL reactor within the Plasma & Materials Processing group.34

The cycle consist of a 20 ms injection of Al(CH3)3 vapor followed by a 3.5 s purge

step. Subsequently a 200 W O2 plasma is ignited for 4 s followed by a 0.5 s purge

step. The Er2O3 sub-cycle is as in Section 4.2.2. The (CpMe)3Er precursor is dosed

for 30 s with an argon bubbler flow of 250 sccm, followed by a 7.5 s purge step.

Subsequently a 200 W O2 plasma is ignited for 5 s followed by a 5 s purge step.

The growth rates obtained were around 1.1 and 1.0 Å per cycle for the Al2O3 and
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Er2O3 sub-cycle Al2O3 sub-cycle

Figure 4.10: Schematic view of the plasma-assisted ALD cycle of Er3+ doped Al2O3. The
cycle consists of an Er2O3 and Al2O3 sub-cycle and by changing the ratio between the two
sub-cycles the amount of doping can be altered. On the vertical axis the different process
parameters are shown. The horizontal axis gives the time evolution of the ALD cycle.

Er2O3 sub-cycle respectively. All films were deposited on 4 inch silicon wafers at

200 °C.

Three films with different doping concentrations were deposited to prove that

the erbium doping level can be controlled by varying the ratio of Al2O3:Er2O3 sub-

cycles. The ratios used were 4:1, 6:1, and 9:1, which should correspond with an

erbium doping level of 1.7, 1.2, and 0.9 at.% respectively, as calculated from the

actual Er2O3 film composition obtained by RBS (Section 4.2.2). Also an Al2O3

reference film was deposited for comparison.

The final film thickness of all films was around 80 nm. All Er3+ doped Al2O3

films have a refractive index of 1.64 ± 0.01 at 1.96 eV. Therefore, no conclusion

can be draw about the relation between doping concentration and refractive index.

Nevertheless, the refractive index confirms the presence of erbium in the films,

because it is a little higher than that of the Al2O3 reference film (1.62 ± 0.01).

The films have been investigated by RBS/ERD and FTIR to obtain informa-

tion about the presence of erbium and impurities in the films. The areal density

measured by RBS/ERD is combined with the thickness of the films measured by

SE to calculated the element composition of the films and the results are listed in

Table 4.2. The doping level of all films is higher than the estimated values. We

speculate that this is mostly caused by the capping of the Er2O3 sub-monolayer by

Al2O3 preventing the Er2O3 sub-monolayer from absorbing CO2. All films have a
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Table 4.2: Material composition measured by RBS/ERD of an Al2O3 reference film and
three Er3+ doped Al2O3 films with different concentrations of erbium ions. The results
of the Al2O3 reference film are taken from Van den Elzen.34 The erbium concentration is
altered by changing the Al2O3:Er2O3 sub-cycle ratio. In all films the carbon content was
below the detection limit of RBS (<10 at.%).

Cycle ratio Estimated [Er] [Al] [O] [H] Mass density Atomic density

Al2O3:Er2O3 [Er] (at.%) (at.%) (at.%) (at.%) (at.%) (g/cm3) (1022 at./cm3)

1:0 - - 38.6 58.6 2.7 3.02 9.18

4:1 1.7 3.5 34.0 60.2 2.3 3.58 8.72

6:1 1.2 2.0 36.0 61.2 0.9 3.30 8.73

9:1 0.9 1.6 35.8 60.2 2.5 3.26 8.96

nearly stoichiometric composition and a small hydrogen content of <3 at.%. The

carbon content is below the detection limit of RBS (<10 at.%).

The results demonstrate that the concentration of erbium ions can be tailored

by changing the Al2O3:Er2O3 sub-cycle ratio. Figure 4.11 shows that a decreasing

ratio Al2O3 to Er2O3 sub-cycles, increases the concentration of erbium ions in the

film. This indicates that the incorporation of a high concentration of erbium ions

can be achieved by ALD. To further increase the concentration of erbium ions the

sub-cycle ratio can be decreased to e.g. 3:1 or 2:1.

The mass density of the reference Al2O3 film is comparable to the mass density

of 3.0 g/cm3 as reported by van Hemmen et al.43 Compared to the Al2O3 reference

film, the Er3+ doped Al2O3 films have a higher mass density due to the incorporated

erbium ions which have a higher atomic weight. The values of the atomic density

are comparable to the values reported by Bouman.44

Since the plasma-assisted ALD Er2O3 film of Section 4.2 contained a large

amount of carbon, it is expected that there is also some carbon present in the Er3+

doped Al2O3 films. Because the carbon content in these films was below the de-

tection limit of RBS, FTIR analysis have been used to determine the presence of

carbon. The FTIR analysis of the film deposited with an Al2O3:Er2O3 ratio of 6:1

is depicted by the blue line in Figure 4.12. A small peak around 1600 cm−1 indi-

cates the presence of a small amount of carbonate species. The broad feature in the

range of 400 to 1000 cm−1 is characteristic for Al2O3.58

We have demonstrated that the erbium concentration can be tuned by varying

the ratio between the Al2O3 and Er2O3 sub-cycles. However, on the basis of FTIR

measurements the presence of carbonate species was observed which can act as

a quenching centre for up-conversion processes.18 Therefore, as little as possible

55



Chapter 4 Up-conversion: Experiments

9 : 1 6 : 1 4 : 10 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

3 . 0

3 . 5

4 . 0

A l 2 O 3

Erb
ium

 co
nc

en
tra

tio
n (

at.
%)

C y c l e  r a t i o  A l 2 O 3  :  E r 2 O 3

Figure 4.11: The atomic percentage (at.%) of erbium in Er3+ doped Al2O3 thin films de-
posited by plasma-assisted ALD at various Al2O3:Er2O3 ratios. The composition was
determined by RBS/ERD. Decreasing the number of Al2O3 sub-cycles gives an increase in
the concentration of erbium ions.
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Figure 4.12: FTIR spectra of Er3+ doped Al2O3 deposited by thermal and plasma-assisted
ALD. The spectrum of the plasma deposited film shows a peak around 1600 cm−1, indicat-
ing the presence of a small amount of carbon in the film. This peak is not observed in the
spectrum of the thermal deposited film.
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impurities in the film are desired. In the next section Al2O3 is doped by using

thermal ALD to obtain less carbonate species in the film as compared to plasma-

assisted ALD, as demonstrated in Section 4.3.

4.4.2 Thermal ALD of Er3+ doped Al2O3

The cycle to achieve doping by thermal ALD is almost the same as for the plasma

process as depicted in Figure 4.10. The plasma oxidation step is for both sub-cycles

replaced by a 20 ms water oxidation step. The growth rates obtained were 1.0 and

0.35 Å per cycle for the Al2O3 and Er2O3 sub-cycle respectively. A 230 nm thin

film was deposited using an Al2O3:Er2O3 sub-cycle ratio of 2:1 to obtain a doping

concentration of around 6 at.%, as estimated by assuming a stoichiometric film

composition. Subsequently the film was investigated by FTIR. The red line in

Figure 4.12 clearly shows that within the detection limit of the measurement there

are no carbonate species present in the film. The feature around 400 cm−1 can most

probably be attributed to erbium-oxygen bonds.53–55

The refractive index of the film was 1.68 ± 0.01 at 1.96 eV. This is noticeable

higher than the refractive index of pure Al2O3 (~1.62), indicating the presence of

erbium ions in the film.

4.4.3 Lifetime of the minority carriers

The proposed up-converter layer in Chapter 1 combines up-conversion within Er3+

ions with the excellent surface passivation and rear reflectance properties of Al2O3.

In this section the effect of Er3+ doping on the surface passivation quality of Al2O3

will be investigated. A 5 nm thin Al2O3 film already provides a high level of

surface passivation.59 By depositing an Er3+ doped Al2O3 film on top of the 5 nm

Al2O3 layer, it is expected that the complete film preserves the surface passivation

quality and at the same time can be used as up-converter.

Two films are deposited on both sides of a double-side polished low resistivity

(3.5 W cm) n-type float zone c-Si wafer (d = 275 mm). The first film is a 25 nm

thin Er3+ doped Al2O3 film deposited on top of a 5 nm Al2O3 film by using the

plasma-assisted ALD process as described in Section 4.4.1. The second film is a

30 nm thin reference Al2O3 film. After deposition both films were annealed for

10 minutes at 400 ºC in a N2 atmosphere. Figure 4.13 shows the effective lifetime

of the minority charge carriers as measured by the Sinton lifetime tester. Very

high effective lifetimes up to 10 ms were measured for the doped Al2O3 film. The
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Figure 4.13: The minority carrier dependent lifetimes of an Er3+ doped Al2O3 and an
Al2O3 reference film deposited on a n-type c-Si wafer (3.5 Ω cm, 275 μm). The lifetimes
were measured after an anneal treatment.

highest lifetime of both films correspond to S e f f ,max values of < 2 cm/s, which are

extremely low.

From these results it can be concluded that Er3+ doped Al2O3 on top of a 5 nm

thin Al2O3 film does not affect the excellent surface passivation quality of Al2O3.

4.5 Conclusions and outlook

Plasma-assisted atomic layer deposition of Er2O3 using (CpMe)3Er precursor and

an O2 plasma oxidant source has been investigated. Deposition of Er2O3 on silicon

at 200 °C resulted in a maximum growth rate of 1.0 Å per cycle with a precursor

dosing time of 30 seconds and a plasma exposure time of 5 seconds. By using

(CpMe)3Er precursor much higher growth rates were obtained as compared to the

Er(thd)3 precursor. However, the goal to reduce the cycle time was not achieved.

In addition, RBS/ERD and FTIR analysis show that the Er2O3 films had a high

carbon impurity content. The formation of CO2 during the O2 plasma oxidation

step due to the complete decomposition of the CpMe precursor ligand is probably

responsible for the high carbon content in the film as Er2O3 is highly basic and

tends to absorb CO2.

Thermal ALD of Er2O3 using (CpMe)3Er precursor and water has been briefly

investigated as an alternative for plasma-assisted ALD. No saturation in the growth
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rate was observed in the time window investigated. However, by using water as

oxidizer, Er2O3 was grown with no detectable carbon contamination. In contrast

with O2 plasma, water is a mild oxidizer which only breaks the erbium-carbon

bond of the CpMe ligand and therefore no CO2 is formed.

Comparing plasma-assisted and thermal ALD we can conclude that for the

deposition of Er2O3 thin films, thermal ALD has to be adopted to synthesize films

with little impurities.

Successful Er3+ doping of Al2O3 has been demonstrated by incorporation of

Er2O3 layers in Al2O3. By changing the ratio between the Al2O3 and Er2O3

sub-cycles the concentration of erbium ions can be tailored. A maximum er-

bium content of 3.5 at.% has been measured by RBS for a film deposited with

an Al2O3:Er2O3 sub-cycle ratio of 4:1.

With the Sinton lifetime tester, very high effective lifetimes up to 10 ms were

measured demonstrating that the doping does not affect the high level of surface

passivation of Al2O3.

The work described in this chapter will be continued by investigating the op-

tical response of an Er3+ doped Al2O3 film deposit by thermal ALD. Preliminary

measurements have already indicated that Er3+ is optically active. Under excitation

of 400 nm light, the emission of 550 nm light was observed. The next step is to

measure up-conversion luminescence under excitation of infrared light.
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5
General conclusions

In this thesis the concept of an integrated up-converter in a rear passivation layer

for conventional c-Si solar cells was investigated. When placed at the rear side of

a c-Si solar cell, an up-converter has the potential to increase the efficiency of the

solar cell by utilizing sub-band gap photons that would otherwise remain unused.

The up-converter considered in this thesis was a thin Er3+ doped Al2O3 layer which

combines up-conversion within Er3+ ions with the excellent surface passivation and

rear side reflection properties of Al2O3.

A theoretical description of up-conversion processes in an Er3+ doped Al2O3

up-converter was given. The most likely up-conversion process in Er3+ ions is a

two-photon up-conversion process where two 1530 nm photons are converted into

one 980 nm photon by either ground state absorption and excited state absorption

or ground state absorption and energy transfer up-conversion. A relatively high

concentration of Er3+ ions or a thick up-converter is desired to achieve a reasonable

amount of absorption due to the low absorption cross section of Er3+ ions.

Opticalculate is a powerful simulation tool for solar cells with which the ab-

sorption by Er3+ ions in a solar cell device with a rear up-converter can be simu-

lated. By taking into account absorption and reflection losses in the solar cell it was

established that the theoretical maximum absolute solar cell efficiency gain ηabs,gain

of 1.70% cannot be achieved in an actual solar cell device. Although light trapping

increases the optical path length of 1530 nm photons and consequently the occur-

rence of up-conversion processes, the maximum attainable ηabs,gain is only 0.04%

for a 600 mm thick up-converter assuming a realistic up-conversion efficiency of

3%. For the deposition of this thick up-converter ALD is not a suitable deposi-

tion technique. In addition, for such thick films the rear reflectance properties of

Al2O3 are deteriorated as constructive interference will not take place at the c-Si
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/ up-converter interface leading to less reflection of near band gap photons. As a

consequence the solar cell efficiency decreases significantly and cancels the very

small beneficial effect of up-conversion.

Plasma-assisted and thermal ALD of Er2O3 using the (CpMe)3Er precursor

have been investigated. For depositions of Er2O3 by plasma-assisted ALD a max-

imum growth rate of 1.0 Å per cycle was obtained, however, no saturation in the

growth rate was observed for the thermal ALD process. The plasma-assisted ALD

process resulted in films with high carbon concentration, in contrast to Er2O3 films

deposited by thermal ALD for which no carbon was detected. The formation of

CO2 during the O2 plasma oxidation step is probably responsible for the high car-

bon content in the film as Er2O3 is highly basic and tends to absorb CO2.

With the use of plasma-assisted and thermal ALD it was demonstrated that

Al2O3 can be doped with Er3+ by alternating layers of Er2O3 and Al2O3. By vary-

ing the Al2O3 and Er2O3 ALD cycle ratio the doping level could be controlled and

erbium concentrations in the range of 1.6-3.5 at.% were incorporated in the Al2O3

host. Incorporation of Er2O3 in Al2O3 did not affect the surface passivation quality,

as evidenced by very high effective lifetimes up to 10 ms as measured for 3.5 W cm

n-type c-Si passivated Er3+ doped Al2O3 films.

In this work still some open questions remain that can be further investigated.

The optical response of the Er3+ doped Al2O3 films under excitation of infrared

light has to be investigated in order to prove that up-conversion processes can

occur in Er3+ doped Al2O3 films. Since impurities are known to deteriorate the

occurrence of up-conversion processes in the up-converter, it is also important to

study the plasma-assisted and thermal ALD process of Er2O3 in more detail in or-

der to deposit films with little impurities. Furthermore, we demonstrated that Er3+

doped Al2O3 on top of 5 nm Al2O3 does not affect the surface passivation quality

of Al2O3, however, the effect of Er3+ doped Al2O3 deposited directly on top of a

Si wafer is still unknown.

Finally, the knowledge and experience gained with the optical model optical-

culate can be used to investigate other solar cell concepts. For instance the optical

effect of ZnO as TCO in an a-Si/mc-Si tandem cells can be investigated.
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A
Opticalculate Matlab Commands

Opticalculate is written in Matlab and for the simulations the following data-files

are required:

• opticalculate.mat (containing the complete model)

• nk.mat (containing the optical properties of many solar cell materials)

• spectrum.mat (containing solar spectra)

• tex.mat (containing several pre-defined texture profiles)

Before running the optical simulation there are four required fields which have

to be specified:

• above (material above the interface)

• below (material below the interface)

• thick (thickness in mm of the layer below the interface)

• method (sub-model to describe the interface)

The following fields are optional:

• coat.med (material of the coating)

• coat.thi (thickness of the coating)

• esc (escape factor)

• tex (predefined texture profile → if the method is texture)
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Appendix A Opticalculate Matlab Commands

• texa (texture steepness in degrees → if method is texture)

• difa (opening angle for Phong’s diffuse reflection → if method is Phong)

The commands used to simulate the solar cell as described in Chapter 3 are:

cSi_cell(1).above=’air’;

cSi_cell(1).below=’glass’;

cSi_cell(1).method=’specular’;

cSi_cell(1).thick=3000;

cSi_cell(2).above=’glass’;

cSi_cell(2).below=’EVA’;

cSi_cell(2).method=’specular’;

cSi_cell(2).thick=200;

cSi_cell(3).above=’EVA’;

cSi_cell(3).below=’c-Si_emitter’;

cSi_cell(3).method=’texture’;

cSi_cell(3).tex=’parabolic’;

cSi_cell(3).texa=40;

cSi_cell(3).thick=0.050;

cSi_cell(3).esc=-0.4;

cSi_cell(3).coat.med=’Si3N4’;

cSi_cell(3).coat.thi=0.080;

cSi_cell(4).above=’c-Si_emitter’;

cSi_cell(4).below=’c-Si_bulk’;

cSi_cell(4).method=’specular’;

cSi_cell(4).thick=250;

cSi_cell(5).above=’c-Si_bulk’;

cSi_cell(5).below=’rback’;

cSi_cell(5).method=’phong’;

cSi_cell(5).coat.med=’Er-Al2O3’;

cSi_cell(5).coat.thi=0.100;

cSi_cell(5).difa=30;
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