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1. Introduction

1.1 Background and research context

It was back in 1965 when Gordon Moore, cofounder of Intel R© and Fairchild

Semiconductor R©, presented in the Electronics magazine what would later

be identified as his law. Moore’s prediction was that the number of inte-

grated components on a chip would double every year [1,2] and projected

this rate of growth would continue for at least a decade. 52 years have

passed since the formulation of the Moore’s law, but, nevertheless, this

pace of growth has remained unchanged and this year process technology

will surpass the 10 nm node [3].

The dawn of photovoltaics also dates back to early 1960s, when scientists

at Bells Lab announced the invention of the first silicon solar cell. At that

time, the conversion efficiency was 6% [4]. Today the world record efficiency

obtained with single-junction silicon solar cells stands at 26.7% [5].

There exists a common denominator behind the unabated miniaturization

of integrated semiconductor devices and the continuous improvement of

solar cell performance: silicon, i.e. the material from which most of these

devices are made, and the demand for increasingly stringent levels of

purity and crystal perfection.

Transition metals, such as iron (Fe), nickel (Ni) and copper (Cu), are among

the most insidious impurities in silicon-based devices [6]. Besides being

present in relevant quantities in the feedstock material [7,8], additional

sources of contamination are, among others, wafer sawing [9], the metallic

parts of the equipment used for device processing and the use of metal

alloys for contacts and interconnects [10].

Contamination from transition metals is responsible for a number of ad-

verse effects in semiconductor-based devices, including the deterioration of

1
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the gate oxide integrity [11,12], the establishment of recombination active

centers in the bandgap that degrade the minority carrier lifetimes [13,14]

with consequent increase in leakage currents [15] and parasitic short cir-

cuits. With regard to copper contamination, there exists an additional

unwanted phenomenon caused by such impurity. This is the so-called light-

induced degradation (LID) [16, 17], a phenomenon which progressively

degrades the minority carrier lifetime during exposure to illumination.

LID effects are typically considered a particular issue in silicon solar cells,

where the decay of the carrier lifetime is often accompanied by a significant

reduction of the conversion efficiency [18–20]. However, the relevance of

this phenomenon can also be extended to all semiconductor-based devices

that operate under illumination (e.g. photodetectors and light sensors) or

carrier injection (e.g. diodes and transistors).

1.2 Research questions

The first scope of this dissertation is to investigate the impact of gettering,

a well-established technique for driving impurities away from the active

regions of semiconductor devices, on the extent of the Cu-related LID. Due

to its high diffusivity in silicon [21, 22], Cu is generally regarded as a

relatively benign impurity, which can be easily relocated from the bulk

region of the wafer during the processing steps required for phosphorus

diffusion. What is the impact of gettering on the Cu-related degradation

process? Is Cu truly getterable to the extent that Cu-LID effects are fully

mitigated? Chapter 5 and Publication I report the result of several ex-

periments conducted with the aim of assessing the common belief of Cu

contamination, and hence Cu-LID, being fully controllable by gettering.

The results are then discussed in relation to the usual requirements of

photovoltaic or microelectronic applications.

The second goal of this dissertation is to provide new insights into the root

cause of Cu-LID that still remains debated despite nearly two decades of

research on this topic. Specifically, what is the recombination active defect

resulting from the light-activation of Cu species? What are the degrada-

tion mechanisms behind the establishment of such strong recombination

centres? In Publications II-IV the recombination activity of the defect

responsible for Cu-LID will be investigated through lifetime spectroscopy

methods. The results obtained from these studies will then be compared

with the outcome of a comprehensive model which attempts to describe the

2
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physical principles behind the light-activation of Cu species.

In addition to elucidating the root cause of the light-activated precipitation

process, the results included in Publications II-IV provide the theoretical

foundation for addressing the problem of quickly detecting trace Cu con-

centrations in silicon, which represents the third scope of this dissertation.

Specifically, this thesis explores the possibility of inducing Cu-LID for

rapidly detecting Cu impurities in silicon and proposes an algorithm that

enables quantitative and spatially resolved imaging of Cu contaminants in

silicon wafers.

1.3 Structure of this dissertation

The content of this thesis is divided into 8 chapters. Chapters 2-4 provide

the reader with the necessary theoretical background for understanding

and discussing the main results of this doctoral work. Specifically, chapter

2 includes the recombination models used in Publications I-III, chapter 3

provides a literature review of the impurity copper and its related com-

plexes in silicon, whereas Chapter 4 reviews the experimental techniques

used in all publications.

The main results included in this thesis are summarized in Chapters 5-7.

The impact of phosphorus gettering on the extent of Cu-LID effects is

presented in Chapter 5, which includes the experimental results presented

in Publication I together with additional data that will be included in

forthcoming publications.

Chapter 6 compiles the results reported in Publications II-IV and presents

an overview of the modeling and characterization work for elucidating

the root cause of Cu-LID. These results also represent the theoretical

foundation for the content of Chapter 7, where the findings described in

Publication V are combined with the description of the aforementioned

Cu-imaging algorithm. A summary of the main results is finally presented

in Chapter 8 together with recommendations for further studies.
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2. Charge carrier recombination in
crystalline silicon

The minority carrier lifetime is an important figure of merit for defining

the quality of a semiconductor substrate and its suitability towards a

specific device. In this thesis, this parameter represents the starting

point for addressing the research questions of this dissertation through an

extensive modelling and characterization work.

In the following sections, the concepts of carrier recombination and lifetime

will be briefly introduced. The main carrier recombination mechanisms

will then be presented with a focus on bulk recombination processes.

2.1 Carrier generation, recombination and lifetime

When a semiconductor is exposed to a light with photon energy larger than

the semiconductor bandgap, electron-hole pairs are formed and excited

electrons are promoted to the conduction band, while leaving behind an

equal concentration of excess holes in the valence band. This process is

often referred to as generation. After generation of the excess carriers, a

fraction of the electrons in the excited state recombine with holes and the

annihilation of the electron-hole pair is often called recombination. The

carrier lifetime τ generally refers to the average time elapsing between the

generation of the electron-hole pairs and the subsequent recombination.

On the base of this formulation, τ is related to the recombination rate per

volume (U ) and the excess carrier concentration (Δn = Δp) as follows

U =
Δn

τ
. (2.1)

Many pathways exist for the recombination of excess carriers, each of

them described by a specific recombination rate and lifetime. Hence, the

experimentally measured effective lifetime is the result of the simultane-

ous interplay of various recombination mechanisms, which will be briefly

described in the next sections of this chapter.
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2.2 Radiative recombination

Radiative recombination is also defined as band-to-band recombination

since it represents the reverse process to the optical generation, through

which electron-hole pairs directly annihilate releasing a photon with energy

corresponding to the semiconductor bandgap. The radiative recombination

rate is determined by the following relation

Urad = Brad(np− n2
i ) (2.2)

where Brad is the radiative recombination coefficient, which is material-

dependent, and ni is the intrinsic carrier concentration. Considering

that silicon is an indirect bandgap semiconductor, the probability of a

direct transition from the conduction band to the valence is relatively low

compared to direct bandgap materials. For example, in silicon Brad =

9.5× 10−15 cm3s−1 [23], which is several orders of magnitude smaller than

in e.g. GaAs. This is due to the fact that in silicon the annihilation of

an electron-hole pair must be assisted by a quasiparticle, called phonon,

which carries the necessary momentum for the occurrence of the radiative

emission.

Although it is usually weaker than other recombination processes in sil-

icon, the radiative recombination is the physical principle behind the

photoluminescence characterization method described in Sec. 4.3.

2.3 Auger recombination

Auger recombination is a process that involves three particles, namely

an electron-hole pair and an additional electron or hole. In this case,

the energy generated by the annihilation of the electron/hole pair is not

released in the form of a photon but transferred to another electron or hole.

The general formulation of the Auger-related recombination rate is given

by the equation

UAug = Cn(n
2p− n2

in0) + Cp(np
2 − n2

i p0) (2.3)

where Cn and Cp are the Auger recombination coefficients [24]. When

electron-hole pairs are generated, the total carrier concentration becomes

n = n0 + Δn and p = p0 + Δn and, on the base of Eq. 2.1, the lifetime

associated to Auger recombination in p-type silicon becomes

τLLIAug =
1

CpN2
a

(Δn << p0) , τ
HLI
Aug =

1

(Cn + Cp)Δn2
(Δn >> p0). (2.4)
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Therefore, according to the classical formulation of the Auger recombina-

tion, the Auger-related lifetime shows a weak dependence on Δn at low

level of injection (Δn << p0), whereas it acquires an inverse quadratic

dependence on the the excess carrier concentration towards the high injec-

tion regime (Δn >> p0).

In more recent years, it has been observed that the experimentally mea-

sured Auger lifetime is generally lower than the values predicted by Eq.

2.4. The reason for this discrepancy has been attributed to the Coulombic

interaction of charge carriers, which enhances the Auger-related recombi-

nation rate. An improved parametrization has thus been proposed by Kerr

et al. [25] by fitting the model to a large set of empirical data. On the base

of this parametrization, the Auger-related lifetime can be rewritten as

τAug =
Δn

np(1.8× 10−24n0.65
0 + 6× 10−25p0.650 + 3× 10−27Δn0.8)

, (2.5)

which is the model used in the next chapters for estimating the contribution

of Auger recombination mechanisms to the measured experimental data.

2.4 Shockley-Read-Hall (SRH) recombination

While Auger and radiative recombination are intrinsic recombination

processes that occur irrespective of the material quality, the Shockley-

Read-Hall (SRH) theory quantitatively defines the carrier recombination

mechanisms assisted by the presence of impurities, defects and imperfec-

tions of the crystal lattice.

Such model relies on the assumption that each defect introduces a discrete

number of energy states in the bandgap of the semiconductor [26] [27]. Two

mechanisms are defined at such localized energy states, i.e. the capture

and emission of holes and electrons. When the same carrier is captured

and emitted to the conduction/valence band, the energy state is often de-

fined as a carrier trap. Such trapping behaviour gives rise to well-known

measurement artifacts during lifetime testing (see Chapter 4). Conversely,

when both an electron and a hole are captured into the localized energy

state in the bandgap, this energy state becomes a recombination centre for

the electron-hole pair.

The recombination rate at these states is regulated by the carrier capture

probability at the given energy level Et. Supposing equal excess electron

and hole concentrations (Δn = Δp), the SRH lifetime associated with a

7
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single-level defect is defined as

τSRH =
τn0(p0 + p1 +Δn) + τp0(n0 + n1 +Δn)

n0 + p0 +Δn
, (2.6)

where τn0 = (Ntvthσn)
−1 and τp0 = (Ntvthσp)

−1 and n1,p1 define the pop-

ulation of holes and electrons in the given energy level Et through the

equations derived from the Fermi-Dirac distribution function

n1 = Nc exp

(
−Ec − Et

kBT

)
p1 = Nv exp

(
−Et − Ev

kBT

)
, (2.7)

where the effective densities of states at 300K are taken as Nc = 2.86 ×
1019 cm−3 and Nv = 3.1 × 1019 cm−3 [28]. The quantities Nt and σn,p that

appear in the capture time constants τn0,p0 represent the defect density

and the capture cross section, respectively. This latter parameter describes

the effectiveness of the energy state in capturing a hole or electron. In

addition, the product vthσn,p, where vth ∼ 107 cm
s [29] is the carrier thermal

velocity, can be visualized as the volume swept out by a mobile carrier

per unit time with cross section σn. If the energy state lies within this

volume, the electron is captured by it. The capture cross section is a

fundamental parameter for the classification and characterization of the

electrical properties of the defect. In some cases the ratio

k =
τp0
τn0

=
σn
σp

(2.8)

is defined in lieu of the single values of σn,p to define the recombination

activity of the energy state.

2.4.1 Influence of defect parameters on SRH recombination

In order to examine the physics behind the SRH formalism, the influence of

Et and k on the SRH lifetime in p-type silicon has been separately plotted

in Figs. 2.1a and 2.1b. If it is assumed that the energy level lies near the

mid-bandgap (i.e. it is a deep energy state), the SRH lifetime increases

towards high injection conditions. Specifically, assuming acceptor doping

concentrations Na = 1015 − 1016 cm−3 and deep energy levels, from Eq.2.7

it results that n1, p1 << p0, such that at low and high injection Eq. 2.6

reduces to

τLLISRH = τn0 , τHLI
SRH = τn0 + τp0 = τn0(1 + k) . (2.9)

At low injection the SRH recombination rate is thus determined by the

capture of minority carriers, which is limited by their relatively low concen-

tration with respect to majority carriers. Conversely, under high injection
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Figure 2.1. (a) Influence of the symmetry factor on the SRH lifetime for a deep energy
level Et − Ev = 0.5 eV and varying capture cross section ratios. (b) Influence
of the energy level Et on the SRH lifetime for fixed capture cross section
ratio k = 1. For all curves plotted in the figures, a p-type substrate doping
of 1015 cm−3 and a minority capture time constant τn0 = 3.3μs have been
assumed.

conditions the steady-state concentration of holes and electrons becomes

comparable and the SRH lifetime saturates to the sum of the capture time

constants for holes and electrons. Hence, at high injection the SRH lifetime

is mostly influenced by the slowest between the minority and majority

carrier capture processes. Under these conditions the increment of the cap-

ture cross section ratio imposes increasingly large electron capture cross

sections, such that in p-type silicon the capture of majority carriers at the

energy state becomes the dominant recombination-limiting mechanism.

Figure 2.1b displays the influence of the the energy level on the injection

dependence of the SRH lifetime. It can be observed that deep energy levels

are the strongest recombination centres, as the SRH lifetime associated to

these states is generally lower than in the case of shallow traps. Further-

more, the shift of the energy level towards the conduction or valence bands

qualitatively changes the shape of the injection-dependence of τSRH from

an increasing to decreasing trend at high injection conditions.

According to Eq. 2.7, for shallow energy states the captured carrier con-

centrations n1, p1 in the energy state exponentially increase when the

energy level approaches the conduction and valence bands, respectively.

Hence, depending on the position of the energy state in the semiconductor

bandgap, the SRH recombination process is limited by either majority

or minority carrier capture. For example, from Eq. 2.7 it results that

in p-type Si shallow energy states in the upper bandgap half are mostly

populated with electrons (n1 >> p1). Recombination at shallow energy
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states is thus limited by the low probability for holes to be trapped. Similar

considerations apply to shallow energy states in the lower bandgap half.

In this case, the population of carriers is reversed (p1 >> n1) and the

recombination process is similarly hindered by the low capture probability

of minority carriers.

2.4.2 Defect classification based on SRH parameters

Et and k represent the typical fingerprints for classifying and distinguish-

ing defects in semiconductor. Besides providing information on the recom-

bination strength of the underlying defect, k also reveals its electrical state.

Specifically, in semiconductors the energy states introduced by defects and

impurities may act as donors or acceptors. Donor defects are prone to

releasing electrons, thus acquiring a positively charged state. Conversely,

acceptor states tend to trap electrons and, when this occurs, they achieve a

negatively charged state. As donor levels alternate between a positive and

neutral state, the charged state is more attractive to electrons than the

neutral state is to holes. For this reason, these states are likely to acquire

a large electron capture cross section, which imposes k > 1. On the other

hand, acceptor states alternate between negative and neutral states and

similar considerations lead to expect that k < 1. Likewise, more extreme

values of k (i.e. k � 1 or k � 1) are usually associated to energy states

that act as double donors or acceptors (i.e. doubly charged states).

2.5 Carrier recombination at extended defects

The SRH model is generally well-suited for describing the carrier recombi-

nation at point-like defects that are not extended in space in any dimension

and introduce a discrete number of energy states in the semiconductor

bandgap. Besides establishing point-like defects, impurities can cluster

together to form small regions of a different phase, which are often referred

to as precipitates. Such precipitates extend along the three dimensions

in the host crystal lattice and generally give rise to a continuous band

of energy states. Although in some cases the recombination activity of

extended defects can be approximated assuming single energy states (as

discussed in Publication II), a rigorous description of carrier recombination

at metallic precipitates requires more advanced models than simple SRH

statistics. In Publication III the recombination activity of light-activated
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Cu defects has been studied on the base of a numerical model proposed by

Plekhanov et al. [30], which will be described in the next section.

2.5.1 Recombination at metallic precipitates - the Schottky
model

The model is based upon the assumption that a Schottky junction with a

barrier height ΦBp is formed between the silicide (metallic precipitate) and

the surrounding semiconductor. A sketch of the metallic precipitate and

the energy band bending under illumination and in thermal equilibrium

conditions is presented in Fig. 2.2. The precipitate is assumed to be

spherical and, when the junction is formed, a concentric space-charge

region (SCR) is established around the silicide. The formation of a SCR and

the consequent band bending at the Schottky contact (eΨS
n) also involves

the positive charging of the precipitate induced by the electric fields in the

SCR.

The recombination activity of such metallic precipitates is based upon the

thermionic emission of charge carriers across the Schottky junction. The

current densities for electrons and holes at the precipitate-Si interface (JS
e

and JS
h ) can be written as [31,32]

JS
e = Jsat

e

(
exp

(
ES
Fn − EM

F

kBT

)
− 1

)
(2.10)

JS
h = −Jsat

h

(
exp

(
EM
F − ES

Fn

kBT

)
− 1

)
, (2.11)

where kB is the Boltzmann constand and Jsat
e and Jsat

h are the saturation

current densities of electrons and holes. Under the assumption that elec-

trons and holes quasi-instantly recombine at the precipitate-Si interface,

it can be written that

JS
e = −JS

h . (2.12)

The calculation of the metallic precipitate recombination rate under illu-

mination implies the numerical solution of the continuity equations for

electrons and holes and the Poisson equation. The necessary boundary

conditions can be derived from Eq. 2.12 together with Eqs. 2.10 and 2.11,

as described in the Appendix. Given a certain generation rate G and doping

concentration Na, the value to which JS
e converges allows to calculate the

recombination rate associated to a precipitate of radius rn as

Rprec(rn, G,Na, T ) = Nprec · 4πr
2
n · JS

e (rn, G,Na, T )

e
. (2.13)

Repeating the numerical simulation for several values of G allows the

determination of the recombination rate as a function of different levels of
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Figure 2.2. (a) Structure of a charge precipitate and surrounding space charge region,
and energy band diagram under (b) thermal equilibrium and (c) illumination.
(Reprinted with permission H.Vahlman, A.Haarahiltunen, W.Kwapil, J.Schon,
A.Inglese, H.Savin, Journal of Applied Physics 121, 195703, 2017)

injection. For a given excess carrier concentration ∆n, the carrier lifetime

limited by the precipitate with metallic core of radius rn can be calculated

from Eq. 2.1 as

τprec =
∆n

Rprec(rn,∆n,Na, T )
. (2.14)

Parametrization of precipitate-related lifetime

In order to ease the determination of the precipitate-limited lifetime, a

parametrization has been recently proposed for quickly calculating τprec,

without the need of numerical simulations. This parametrization consists

of a set of equations which allows to calculate the dependence of the

recombination rate Rprec on the input parameters, i.e., the doping Na,

∆n and the precipitate radius rn. Note that this parametrized model only

reproduces the lifetime injection dependence at room temperature, whereas

for modeling the recombination activity at higher temperatures than 300K,

finite-element simulations are necessary, as no specific parametrization

exists. Further information on the Schottky model and the associated

parametrization can be found at Refs. [33] and [34].
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2.5.2 Influence of doping and precipitate size/density on the
recombination activity

Since precipitates act as minority carrier traps, the precipitate-related

lifetime can also be written as

τprec(Δn,Nprec, rn, NA) =
1

vthNprecσprec(Δn, rn, Na)
, (2.15)

where σprec represents the effective capture cross of the precipitate. By

equating Eq. 2.14 with Eq. 2.15, the variation of σprec (and therefore τprec)

as a function of the input parameters of the model (i.e. Na, Δn and rn) can

be quickly calculated by means of the aforementioned parametrization.

Figure 2.3 illustrates the variation of the injection dependence τprec for

different values of the precipitate radius and the semiconductor doping.

It can be noticed that for all values used as input parameters for the

model, the precipitate-related lifetime maintains a monotonic increasing

trend for all injection conditions (i.e. similar injection dependence as

deep SRH energy states). This increasing trend is explainable from the

extent of the band bending at the precipitate/semiconductor interface

(see Fig. 2.2). Under carrier injection, the photogenerated excess carrier

concentration reduces the electric field around the junction and therefore

the band bending in the SCR. Hence, with increasing injection levels, the

width of the SCR around the silicide shrinks and so does the precipitate-

related capture cross section.

The effect of the semiconductor doping on τprec and σprec is displayed in

Figure 2.3a. At low injection conditions, lower lifetime (hence a larger

capture cross section) is obtained in more lightly doped silicon. This

behaviour arises from the fact that under pseudo-equilibrium conditions

(as in the case of very low injection level) the extent of the SCR of a

Schottky junction is inversely proportional to the semiconductor doping.

When the injection level is increased, the situation becomes reversed, i.e.

higher lifetime values (hence smaller capture cross sections) are generally

observed with light semiconductor doping. This is again explainable by

looking at Figure 2.2. Lighter doping implies that the condition for high

injection (Δn >> n0 , p0) is reached for lower values of Δn than in the case

of heavily doped substrates. This means that the scenario depicted in

2.2c, where carrier injection flattens the total band bending around the

Schottky junction, is reached for lower values of Δn. With increasing levels

of injection the band bending at the junction is further reduced and so does

the width of the SCR.
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Figure 2.3. Influence of the semiconductor doping (a) and precipitate radius (b) on the
injection dependence of the precipitate-related lifetime τprec assuming a fixed
precipitate density for all curves (Nprec = 108 cm−3)

2.6 Surface recombination

The surface of a semiconductor sample terminates the periodicity of the

crystal lattice, thus becoming a highly recombination active region. Sur-

face recombination processes originate from the establishment of dangling

covalent bonds caused by the large number of partially bonded Si atoms

at the surface and the local stress in the crystal lattice imposed by the

reconfiguration of the crystal structure to the lowest energy. The surface

energy states generally behave similarly to the bulk defects and therefore

the associated recombination processes can be modeled with the same SRH

statistics as previously discussed in Sec. 2.4.

Analogously to extended bulk defects, surface energy states are continu-

ously distributed across the whole bandgap. Hence, the calculation of the

surface-related recombination rate in principle requires the integration of

the SRH equation across the energy range where surface energy states are

located. Instead of using this extended SRH formalism, the strength of

surface recombination is often approximated with a single effective SRH

energy level and its extent is expressed in terms of a parameter called

surface recombination velocity (SRV). This is because the surface recom-

bination rate is expressed per unit area, whereas in Eq. 2.1, any bulk

recombination mechanism is expressed as a rate per unit volume. The SRV

is thus defined as

SRV =
Us

Δn
, (2.16)
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where Us is the surface recombination rate defines in the units mentioned

above.

In addition to the simplications on the energetic position of the SRH en-

ergy states, the estimation of the SRV injection dependence requires the

experimental determination of the interface defect concentration Dit and

the capture cross sections of the surface states, as well as the calculation

of the electron and hole densities at the surface by means of the algorithm

proposed by Girisch et al. [35].

Since surface recombination occurs on both sides of the wafer and it may

be affected by carrier diffusion, specific relations exist between the surface-

limited lifetime and the SRV. For sufficiently low values of SRV (< 250

cm/s), the following relation holds between SRV and surface-limited life-

time [36,37]
1

τs
� 2 · SRV

W
, (2.17)

where W is the wafer thickness.
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2.7 Calculation of the effective carrier lifetime

As stated earlier, the experimentally measured carrier lifetimes are the

result of the interplay of all recombination processes, i.e. Auger, band-to-

band, bulk and surface recombination. The effective carrier lifetime is

calculated as

τeff =

(
1

τrad
+

1

τAug
+

1

τbulk
+

2 · SRV

W

)−1

. (2.18)

With regard to τbulk, the contribution from SRH energy states and metal

precipitates of radius rn can also be written as

1

τbulk
=

∑
i

1

τSRH,i
+
∑
n

1

τprec(rn)
. (2.19)

It results evident that, because of the structure of Eq. 2.18, for a given level

of injection the effective lifetime is mostly limited by the recombination

process providing the lowest lifetime. Figure 2.4 shows an example of

effective carrier lifetime limited by Auger, intrinsic and SRH recombination.

It can be observed that radiative and Auger recombination produce a

significant impact on the effective lifetime only at high injection conditions,

whereas the SRH recombination by deep energy states is generally the

dominating recombination process in the low to mid-injection regime.
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Figure 2.4. Effective carrier lifetime and contributions from Auger, Radiative and SRH
recombination processes. For the calculation of the effective lifetime, a SRH
asymmetric deep level (Ec − Et = 0.45 eV k = 100) has been assumed.
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3. Copper in Silicon

This chapter gathers the existing literature information on the impurity

copper in silicon and its related complexes. The content is divided in three

main parts: in the first the physical properties of Cu in silicon will be

reviewed, the second includes a summary of Cu-related complexes and

associated recombination activity and in the third part the literature infor-

mation on the Cu-related light-induced degradation will be reviewed. This

chapter mainly serves the purpose of providing the reader with the neces-

sary background for discussing the content of all Publications included in

this thesis work.

3.1 Physical properties

Copper (Cu) is commonly classified as a 3d transition metal impurity,

where the symbol 3d defines the outer shell of the electron configuration of

the atom. The particular electronic configuration of Cu (3p63d104s1) favours

the ionization from a neutral state to a positively charged interstitial form

(Cu+i ) [22, 38–40], such that it becomes a shallow single donor in silicon.

In this electrical state, the atomic radius of Cu+i atoms becomes very

small compared to the silicon lattice (radius estimated to be about 0.074

Å [22], while the silicon lattice constant is 5.43 Å [41]), producing direct

implications on its physical properties, namely diffusivity, solubility and

electrical activity.

3.1.1 Diffusivity

In intrinsic silicon the copper diffusivity has been determined with the

Transient Ion Drift (TID) method as [42]

DCu,in(T ) = (3.0± 0.3)× 10−4 × exp(−0.18± 0.01 eV/kBT ) (cm
2/s) (3.1)
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where kB is the Boltzmann constant and T is the temperature in Kelvin

scale.

In p-type silicon, positively charged Cu+i ions tend to pair with negatively

charged substitutional boron B−
s , giving rise to CuB pairs [22]. The effect

of this pairing is that only a fraction of the total copper concentration

is mobile at a given moment, slowing down the overall diffusion process.

Hence, for moderately doped silicon the effective diffusivity of copper atoms

is given by the following formula [42]

Deff =
3× 10−4 × exp(−2090/T)

1 + 2.584× 10−20 × exp(4990/T)× (Na/T )
(cm2/s) (3.2)

where Na indicates the boron doping level. If room temperature and

Na = 1016 cm−3 are assumed, for typical values of wafer thickness (e.g.

t =400 μm) Eq. 3.2 gives an average diffusion time of τd = t2

Deff
� 24.2 h,

which is several orders of magnitude smaller than in the case of e.g. iron

[43].

3.1.2 Solubility

The solubility of a given impurity represents the maximum concentration

that remains dissolved in the host material at a certain temperature. In

the case of Cu, the solubility in intrinsic silicon has been measured as [44]

SCu,in(T ) = 5× 1022 × exp

(
2.4− 1.49 eV

kBT

)
cm−3, (3.3)

in the range 500◦C < T < 800◦C. Due to the Fermi level effect and the

aforementioned pairing between boron atoms and Cu+i atoms, Eq. 3.3

underestimates the copper solubility in p-type silicon. In order to take into

account these effects, an additional correction factor to Eq. 3.3 has been

proposed by Hoelzl et al., such that the effective Cu solubility in p-doped

silicon can be rewritten as [45]

SCu,eff(T ) = SCu,in × exp

(
Ei − Ef

kBT

)
× (1 + [NaKCuB]), (3.4)

where Ei − Ef indicates the distance between the Fermi and the intrisic

energy level and the factor KCuB accounts for the Cu-B pairing effect [46].

Despite the solubility enhancement imposed by these two effects, ex-

trapolation of the Cu solubility to room temperature through Eq. 3.4

indicates a vanishingly low value of less than 108 atoms per cm−3 when

Na = 1 × 1016 cm−3, which is higher than other transition metal impuri-

ties (e.g. Fe) but also several orders of magnitude lower than the Cu+i

concentrations experimentally measured. Indeed, TID measurements on
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intentionally Cu contaminated samples revealed that Cu impurities re-

main in an interstitial form up to concentrations of 1015-1016 cm−3 [47].

The reason for these high interstitial Cu concentrations has been hypothe-

sized by Flink et al. [21,47] to be the electrostatic repulsion between Cu+i

and positively charged precipitates. This theory also represents one of the

starting assumptions for modelling of the Cu precipitation kinetics under

illumination in Publication IV.

A direct consequence of the high concentrations of Cu+i atoms that remain

in interstitial form is the out-diffusion of these species to the surface in

bare p-type silicon wafers [47,48]. This phenomenon is due to the fact that

the only pathways for Cu+i atoms to reach the equilibrium solubility are ei-

ther the transformation into Cu silicides (precipitation), which is however

obstacled by the electrostatic interaction between Cu+i and the growing

precipitates, or the out-diffusion to the surface. This latter phenomenon

is reduced to a negligible extent when the wafer is coated with a surface

layer containing native positive charge (e.g. silicon dioxide) or positive ions

are deposited on the wafer surface [49].

3.2 Copper complexes and recombination activity

Interstitial copper

As mentioned earlier, when Cu is introduced in crystalline silicon, it ac-

quires a positively charged ionized form and quickly diffuses through the

interstitial sites of the silicon lattice. As shown in Fig. 3.1, interstitial

copper has been associated with a donor energy level located at Ec−0.15 eV

with an electron capture cross section of 1.5× 10−15 cm−3 [40]. Due to the

shallow energy level and the small capture cross section associated to

this defect, interstitial copper does not cause significant minority carrier

recombination in silicon. Consequently, when Cu impurities are in the

insterstitial form, their effect cannot be detected through minority carrier

lifetime measurements. However, as throughly described in this thesis,

such copper impurities become very strong recombination centres during

low-temperature anneals [50] or exposure to illumination [16,51].

Substitutional copper

The transformation of Cu+i atoms into a substitutional defect (Cus) near

structural defects such as vacancies, dislocations and stacking faults has

been reported in a wide range of publications, where the electrical ac-
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Figure 3.1. Energy levels and electrical state of Cu-related complexes in silicon (reprinted
with permission from J.Lindroos, H.Savin, Solar Energy Materials and Solar
Cells 147, 115-126, 2016. Copyright 2015, Elsevier B.V.)

tivity of such defects has been studied by means of Deep Level Tran-

sient Spectroscopy (DLTS) or near-bandgap photoluminescence [43,52,53].

Several energy levels have been associated to Cus, specifically a donor

energy state located at Ev + (0.20− 0.23) eV, an acceptor energy level at

Ev + (0.41− 0.46) eV and an additional shallow energy state in the up-

per half of the bandgap at Ec − (0.15...0.2) eV. No information is avail-

able regarding the electron capture cross sections (σe) of such energy

states, however considering the acceptor nature of the deep energy level

at Ev + (0.41− 0.46) eV and the considerations made in Sec. 2.4.2, it is

reasonable to expect a small electron capture cross section and, therefore,

a symmetry factor k � 1.

Copper precipitates

The precipitation of interstitial Cu atoms leads to the formation of highly

recombination active η − Cu3Si silicides. While substitutional copper is a

point-like defect establishing discrete energy levels in the silicon bandgap,

the extended nature of Cu precipitates involves the formation of strain

in the silicon lattice and the emission of stacking faults during precipi-

tation [54]. This results in the formation of a continuous band of energy

states, which DLTS studies indicated to be located in the upper half of the

bandgap between Ec − 0.15 eV and Ec − 0.58 eV [46,55].

The size of Cu-silicide precipitates has been reported to vary from few to

several thousands of nm depending on a number of factors such as the

presence of structural defects in the silicon lattice, the supersaturation

level or the cooling rate after high temperature treatments [22,46,56]. As

discussed in Chapter 2, the recombination activity of metal precipitates

20



Copper in Silicon

is strongly dependent on the size and density. In addition to the recombi-

nation processes involving the thermionic emission of carriers discussed

in Sec. 2.5.1, when the size of metal precipitates approaches the sub-10

nm scale, the recombination properties of these precipitates have been

hypothesized to become affected by charge tunnelling [57] at the precipi-

tate/semiconductor interface. In the modelling work that will be presented

in Chapter 5, this phenomenona have been assumed to produce a negligible

effect on the recombination activity of the light-activate Cu precipitates.

Other copper-related complexes

Various acceptor elements (e.g. B, In, Ga and Al) are known to bind with

mobile interstitial copper atoms, forming copper-acceptor pairs. Such com-

plexes, however, are unstable at room temperature and do not exist in

sufficiently high concentrations (only 0.1% of the total Cu concentration)

to produce any relevant recombination activity.

In literature Cu has also been reported to form a pure copper complex,

which was initially presumed to be a CusCui complex [58] and later identi-

fied as a four copper atom defect, whose composition was hypothesized to

be Cus1Cui3 [59,60]. A shallow energy level at Ev + 0.07 eV [61] has been

associated to this Cu complex through DLTS and PL measurements.

3.3 Copper-related light-induced degradation (Cu-LID)

The expression light-induced degradation (LID) defines a parasitic effect

in crystalline silicon that results in the progressive decay of the minority

carrier lifetime during exposure to illumination. This phenomenon is

of particular relevance for silicon solar cells, where the decrement in

carrier lifetime is often accompanied by drastic efficiency losses during

illumination.

In the scientific community, LID has been a matter of intense research since

early 1970s [62] and, in the course of the years, many theories have been

formulated to explain various experimental observations. The presence of

copper contamination has also been observed to induce a similar effect in

silicon, albeit with several distinguishing characteristics from other widely

reported LID phenomena [17,63]. This section summarizes the existing

literature information on the copper-related degradation process (Cu-LID).
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Phenomenology and experimental observations

The first report on Cu-LID is dated back to 1998, when Tarasov et al.

observed light-induced degradation in p-type Cz-Si wafers contaminated

with Cu concentrations below the doping level [64]. Later, further evidence

of the effect of copper contamination on the lifetime/diffusion length was

found from experiments conducted with oxygen-lean FZ-Si [16, 51] and

Ga-doped Cz-Si [65], which indicated that neither oxygen nor boron doping

are prerequisites for the occurrence of Cu-related LID effects.

In more recent studies, indications of Cu-LID caused by unintentional con-

tamination have been found in p-type mc-Si wafers [66], mc-Si Al-BSF solar

cells [67] and PERC cells fabricated from seed-cast quasi-monocrystalline

silicon [20]. These studies provided direct indications of Cu-LID effects in

industrial solar cells caused by unintentional Cu contamination introduced

during the fabrication steps or natively present in the feedstock material.

Kinetics of the degradation process

Figure 3.2 shows the minority carrier lifetime decay caused by Cu con-

tamination in intentionally Cu-contaminated B-doped FZ-Si sample. For

comparison purposes, the image also reports the lifetime data obtained

with a reference uncontaminated FZ-Si sample. The Cu-related degrada-

tion appears to be a single stage process which starts affecting the minority

carrier lifetime after several tens of minutes of exposure to illumination

and leads to saturation of the lifetime decay after several thousands of

minutes. As can be seen from Fig. 3.2, the lifetime decay observed in Cu-
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Figure 3.2. Effect of Cu-LID on the minority carrier lifetime measured in reference clean
and intentionally contaminated boron-doped FZ-Si and Cz-Si samples (∼
3Ω · cm) with an Cu contamination level of ∼ 1× 1014 cm−3. All samples were
light soaked at room temperature under a 0.65 Suns LED lamp.
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contaminated Cz-Si samples follows a different trend compared to FZ-Si.

In this case, the effect of Cu-LID becomes visible upon exposure to illumina-

tion and appears to follow multiple degradation stages. In Ref. [68] the fit of

the lifetime data to exponential functions indicated the coexistence of three

simultaneous processes, i.e. a fast initial degradation followed by a second

slower and a final very slow lifetime decrease. However, considering that

Cz-Si is also prone to the so-called boron-oxygen (B-O) degradation [69]

it is likely that some of the aforementioned degradation phases could be

attributed to the co-occurrence of this latter phenomenon.

The Cu-related degradation process has also been observed to become

faster with increasing temperature [68], illumination intensity [20,51] and

copper concentration [16]. In addition, the presence of bulk microdefects

(BMDs), such as oxygen precipitates, has been shown to dramatically ac-

celerate the Cu-related LID process and reduce the lifetime value to which

the degradation process saturates.

With regard to the dependence of the degradation rate on the doping level,

an inverse relationship exists between the Cu-LID degradation rate and

the boron doping concentration, i.e. slower degradation kinetics have been

observed with increasing boron concentrations. The reason for this be-

haviour was initially thought to be related to the slower Cu diffusivity

in presence of heavier boron doping due to increased Cu-B pairing [66].

However, according to the model presented in Publication IV and Ref. [63]

this dependence of Cu-LID kinetics on the doping concentration is likely to

arise from the higher solubility of Cu with increasing boron concentrations.

The Cu-related degradation kinetics were also found to depend on the ac-

ceptor doping element. Specifically, the observation of Cu-LID in B- and

Ga-doped samples with equal doping and Cu concentrations revealed con-

siderably slower degradation kinetics in the Ga-doped specimens [65]. A

similar dependence on the doping element and density was also observable

in Cu contaminated mc-Si specimens [70].

Effect of low-temperature thermal treatments

Upon light-activation of Cu defects, no lifetime recovery has been observed

after low temperature anneals (e.g. 200◦C for 10 minutes) performed in

dark conditions. In Publication V a partial, yet incomplete recovery has

been observed in lightly Cu contaminated areas ([Cui] < 1014 cm−3). On the

other hand, in presence of stronger Cu contamination levels no significant

lifetime enhancement has been observed [50,68].
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Influence of surface charge

The surface charge has been found to significantly influence the extent

of Cu-LID effects. Specifically, remarkable reduction of Cu-related life-

time degradation was obtained through deposition of an aluminum-oxide

layer with native negative charge [68] or a sufficiently large amount of

negative corona charge on a passivating silicon dioxide layer [66,71]. This

behaviour has been attributed to the high diffusivity of copper ions at room

temperature and the electrostatic attraction between surface charge and

interstitial Cu ions in the wafer bulk.

Root cause and responsible defect

Transient ion drift (TID) measurements indicated that the Cu-LID ef-

fect is accompanied by a considerable reduction of the concentration of

Cu+i [72] during illumination. Concerns about Cu-LID arising from surface

recombination were raised by Boehringer et al. However, recent contribu-

tions have confirmed that Cu-LID predominantly arises from increased

bulk recombination [73,74]. Hence, these findings imply that Cu-LID is

likely to stem from the transformation of Cu+i atoms into a different bulk

recombination-active state, which however remains unknown.

Based on the literature information summarized in Sec. 3.2, possible

candidates for the defect responsible of Cu-LID are substitutional copper

defects (Cus) or copper precipitates. Early contributions attributed Cu-LID

to the dissociation of a recombination inactive pure copper complex and the

subsequent release of highly recombination active Cus complexes [50,51].

However, the observation of a strong dependence of the Cu-related degra-

dation rate on the bulk microdefects density and the energetic position of

the quasi-Fermi level under illumination led to hypothesize that Cu-LID is

the result of a light-activated precipitation process [75,76].

In order to shed new light on the defect and the mechanisms leading to Cu-

LID, in Chapter 6 the recombination activity of the defect behind Cu-LID

has been studied through lifetime spectroscopy methods.
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4. Experimental methods for carrier
lifetime measurements

This chapter reviews the lifetime characterization techniques used for

obtaining the experimental results reported in this thesis. After discussing

the operation principles, a focus is maintained on the strengths and weak-

nesses of each method.

4.1 Quasi-steady state photoconductance (QSSPC)

The physical principle behind the QSSPC measurement method is the

change in substrate conductivity induced by the excess carrier generated

by the pulse of a Xenon flash light (see Figure 4.1).

The starting point for the determination of the carrier lifetime is the

time evaluation of the excess carrier density, which is derived from the

continuity equation [77], i.e.

dΔn(t)

dt
= G(t)− U(t) , (4.1)

where it has been assumed that the charge is homogeneously distributed

across the whole wafer thickness. By inserting the relation U(t) = Δn(t)/τ

(i.e. Eq. 2.1) into Eq. 4.1 and solving for τ , it results

τ =
Δn(t)

G(t)− dΔn(t)
dt

. (4.2)

Hence for the determination of the effective lifetime it is necessary to

accurately determine both the generation rate and the excess carrier

concentration as a function of time. In the lifetime tester used in this

thesis work (Sinton WCT-120TS) the generation rate is calculated from

the photogenerated current in a reference cell (Iref ), i.e.

G(t) = β
Iref (t)

qW
, (4.3)

where β is a reflectivity-dependent optical constant, computed by compar-

ing experimentally measured reference currents with PC1D simulation
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Figure 4.1. Simplified schematic of a QSSPC lifetime tester.

results.

The excess carrier concentration Δn is separately calculated from the vari-

ation of the conductivity of the sample Δσ(t) measured by a 2 cm-wide coil

connected to a Radio-Frequency (RF) bridge. The relation between Δn and

the conductivity change follows the equation

Δn(t) =
Δσ(t)

q(μn + μp)W
, (4.4)

where μn and μp are the electron and hole mobilities and W is the wafer

thickness.

Eq. 4.2 refers to a generalized case [77], in which steady-state condi-

tions are not necessarily reached (i.e. the generation and recombination

processes are not necessarily in balance). The name quasi-steady state

(QSS) [78] derives from the first version of the setup in which the time

constant of the flash light decay was assumed to be considerably longer

than the measured lifetime. If this condition is met, for each point of the

measurement the excess carrier density remains approximately constant

(i.e. dΔn(t)
dt ≈ 0) and Eq. 4.2 reduces to Δn = Gτ . Considering that the

decay time constant of the flash is 2-3 ms, the assumption of quasi-steady

conditions remains valid only if carrier lifetime is at least 10-fold shorter

than the duration of the flash pulse. Nonetheless, through the general-

ized Eq. 4.2, the range of measurable lifetime values can be extended to

approximately the same order of magnitude as the duration of the flash

pulse.

Experimental setup used in this dissertation

The instrument used in Publications II and III (Sinton WCT-120TS) also

features a temperature controlled measurement stage, which allows to

measure the injection dependent lifetime curves at temperatures between
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20◦C and 200◦C. In this thesis, temperature-dependent measurements

were performed by initially heating the measurement stage up to the

maximum temperature and subsequently measuring the lifetime after

predefined temperature steps of the cooling transient. Since Eq. 4.4

requires the determination of the carrier mobility, for each temperature

the values of μn and μp were recalculated according to the Dorkel–Leturcq’s

mobility model [79].

Strengths and limitations

The QSSPC technique is a simple, contactless and non-destructive method,

which is widely used in photovoltaics research. In addition, this technique

is capable of measuring the dependence of the minority carrier lifetime

over a wide injection range in the timeframe of a flash pulse.

Nonetheless, the QSSPC technique also presents several drawbacks and

artifacts which shall be mentioned. All photoconductance-based techniques

generally suffer from trapping artifacts when the lifetime measurement

is performed at low injection conditions (typically when Δn < 1014 cm−3).

These artifacts arise from the fact that, instead of directly recombining

with holes, the excess electrons are captured and re-emitted back to the

conduction band by shallow carrier traps (see Sec. 2.4). This effect results

in the abnormal increase of the measured lifetime because the lifespan of

the excess carriers is extended by the amount of time they remain trapped.

These trapping effects vanish when the injection is raised above the trap

density since, under this condition, all traps become filled and no longer

affect the measurement.

In addition to trapping effects, it is worth mentioning that the QSSPC tech-

nique also suffers from the so-called depletion region modulation (DRM)

effect, which results in the overestimation of the minority carrier lifetime

at low injection regime [80]. This phenomenon is due to distortions in the

excess conductance measurement caused by variations in depletion width

of p-n junctions during the flash pulse.

Finally, it must be pointed out that, besides being sensitive to the room

temperature variations (hence requiring periodical recalibration of the

instrument), the QSSPC lifetime tester only allows to measure a small

area of the sample at a time, thus providing little to no information on the

lifetime spatial distribution.
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4.2 Microwave-photoconductance decay (μ-PCD)

A simplified schematic of the measurement system is presented in Fig. 4.2.

The physical principle behind the μ−PCD is similar to QSSPC, i.e. the

change in conductance caused by carrier light-excitation. However, unlike

the QSSPC technique, the excess carriers are generated by a near-infrared

laser source which illuminates a small area of the wafer (up to 0.5 mm2).

The photoconductivity transient is then monitored by detecting the change

in microwave reflectivity of the sample area under test.

During the detection of the photoconductance decay, no excess carriers are

generated, hence Eq.4.2 reduces to

τ =
Δn(t)

−dΔn(t)
dt

. (4.5)

The solution of this differential equation with respect to Δn yields an

equation on the form of Δn(t) = A× exp(−t/τ) and, therefore, the carrier

lifetime can be extracted from a fit of the measured decay to this single

exponential function. From Eq. 4.5 it results evident that this technique

does not require the determination of the generation rate and the excess

carrier density. Furthermore, since the measurement is performed in a

tiny area of the sample, the measurement probe can be scanned across the

sample in order to obtain spatially resolved lifetime maps.

Nonetheless, this technique also features several drawbacks. Being a

photoconductance-based method, the μ−PCD technique is prone to the

same trapping artifacts as previously mentioned for the QSSPC method.

This parasitic effects are usually minimized by setting a sufficiently high

carrier excitation (typically Δn > 1014 cm−3). Another limitation of the

first scanners employing this technique was related to the fact that no
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Figure 4.2. (a) Schematic illustration of the μ−PCD measurement setup. (b) Illustration
of the photoconductivity transient decay from which the carrier lifetime is
extracted through an exponential fit.
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information on the lifetime injection dependence can be obtained from the

analysis of the photoconductance decay. However, more recent instruments

(e.g. Semilab PV-2000 [81]) are equipped with a large bias light to set

a baseline for the level of injection in the sample. Hence, the excess

conductivity transient created by the laser source can be treated as a

minimal perturbation of the total photoconductivity, such that the level of

injection can be assumed to remain approximately constant throughout

the decay.

4.3 Photoluminescence imaging (PL-I)

Camera-based photoluminescence imaging represents one of the latest ad-

vances in lifetime metrology. A schematic illustration of the measurement

setup is presented in Fig. 4.3.

Laser

Wafer

Measurement stage

PL- signal

Filter

CCD camera

Figure 4.3. Illustration of PL-imaging experimental setup. A large-beam laser is used
to homogenously excite the excess carriers. The photons emitted through
band-to-band recombination of the excess carriers are detected by a CCD
camera.

The physical principle underlying this technique is the band-to-band ra-

diative recombination introduced in Sec. 2.2. When excess carriers are

optically generated, a small fraction of the excited carriers recombine

through the emission of a photon with an energy corresponding to the

energy gap of the semiconductor (in this case Si).

As the measurement setup in Fig 4.3 alone does not provide any quan-

tification of the carrier lifetime, this characterization method must be

coupled with other methods that provide a direct quantification of the

carrier lifetime in a small portion of the sample under test. The lifetime

maps are therefore obtained through a calibration procedure, which relates

the strength of the raw PL signal to the effective lifetime values.

29



Experimental methods for carrier lifetime measurements

Photoconductance-based calibration

The PL-calibration by means of QSSPC represents the standard method

implemented in various commercially available tools. Since one photon is

generated for each recombination event, the PL emission rate (ΦPL) equals

the radiative recombination rate Urad reported in Eq. 2.2. In a p-type

substrate it results that p = Na + Δn and n = n0 + Δn ≈ Δn, such that

ΦPL can be written as

ΦPL = Brad(np− n2
i ) = Brad(NaΔn+Δn2). (4.6)

The intensity of the PL signal detected by the CCD sensor (IPL) is propor-

tional to ΦPL by means of an instrument- and sample-specific constant

Ccal which accounts for the fraction of emitted light detected by the CCD

sensor. Hence,

IPL = Ccal · ΦPL (4.7)

and from Eq. 4.6 it is possible to derive the following expression

Δn(x, y) =

√(
Na

2

)2

+
IPL(x, y)

CcalBrad
− Na

2
. (4.8)

Eq. 4.8 relates the measured PL intensity to the excess carrier concentra-

tion in each point of the PL image. Since PL images are measured under

steady-state conditions, the effective lifetime becomes

τ(x, y) =
Δn(x, y)

G
=

Δn(x, y)

(1−R)Φph/W
, (4.9)

where G is the generation rate imposed by the laser optical excitation, R

is the front reflectance of the measured sample, Φph is the photon flux of

the laser source and W is the wafer width. If the carrier generation rate

imposed by the laser source is known, in the calibration area the excess

carrier concentration Δncal and lifetime for the given generation rate

can be extracted from the injection dependent lifetime curves measured

with the QSSPC technique. The calibration coefficient Ccal hence can be

calculated as

Ccal =
IPL,cal

Brad(NaΔncal +Δn2
cal)

(4.10)

and, once the value of this parameter in known, the effective lifetime

values at each point of the image can be calculated through Eqs. 4.8 - 4.9.

In general, this standard calibration process is robust when the test sample

is relatively homogeneous. Indeed, it is based on the assumption that, since

the calibration is performed on the test sample itself, there are usually

negligible variations in doping, thickness, and optical properties of the
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calibration region compared to the rest of the test sample. However, this

assumption may not be verified in the case of mc-Si and therefore several

alternative approaches have been proposed to overcome this drawback.

Alternative calibration methods

In recent implementations of PLI, the calibration procedure has been con-

ducted without the need of secondary photoconductance measurements.

These advanced calibration methods are based on a relatively novel tech-

nique for determining the minority carrier lifetime, called quasi steady-

state photoluminescence (QSSPL). Two different approaches have been

proposed for determining the carrier lifetime, and hence Ccal, from the

QSSPL signal. In the former, the excess carriers are excited with a sinu-

soidal optical source inducing a photoluminescence response that follows

the excitation source with a certain phase shift that corresponds to the

effective carrier lifetime. An iterative procedure is described in Ref. [82]

for extracting the injection dependent lifetime curves and hence derive the

value of Ccal. In the latter, the calibration coefficient is determined via a

self-consistent procedure initially proposed by Trupke et al. for determin-

ing the generation rate during photoconductance measurements [83] and

later extended for calibrating photoluminescence [84]. In this case, the

generation coefficient G(t) and the intensity of the PL response IPL are

separately measured and Ccal is determined such that the hysteresis of the

lifetime calculated through Eq. 4.2 becomes minimized during the rising

and falling branches of the excitation waveform. As QSSPL measurements

are usually performed on a small area of the wafer, an averaging procedure

has then been proposed by Giesecke et al. in order to derive spatially

resolved maps from the QSSPL lifetime information [85].

Strengths and limitations

Since it is based on a CCD camera, PLI is a very fast and contactless tech-

nique which allows to obtain lifetime maps in the timespan of few seconds

with resolution in the μm range. The high spatial resolution obtainable

with this characterization method makes it particularly suitable for char-

acterizing multicrystalline silicon substrates, where lifetime variations

at the grain boundaries and intra-grain regions would be masked by the

insufficient resolution of other imaging techniques. [86,87]

With regard to the abovementioned QSSPL technique, the main advantage

over photoconductance-based methods is its capability of measuring at very

low injection conditions (up to 1010 cm−3) without suffering from trapping
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artifacts.

Irrespective of the technique being used for calibrating the raw data, the

main limitation of PLI arises from the fact that a secondary measurement

is always necessary to obtain a quantification of the carrier lifetime across

the sample area. In addition, when the QSSPL method is used, the cali-

bration procedure becomes more complex and further complications arise

when the lifetime measurements are not performed at room temperature

conditions.

4.4 Surface photovoltage (SPV)

While the techniques reviewed in the previous sections measure the carrier

lifetime, the surface photovoltage method quantifies the minority carrier

diffusion length (L), which is related to the effective lifetime (τ ) by the

relation L =
√
Dτ , where D is the minority carrier diffusivity in the wafer

under test [41].

A schematic representation of the operation principle and the experimental

setup is shown in Fig. 4.4(a). The excess carriers are generated through

monochromatic illumination. The extrapolation of the diffusion length

is based on the detection of the surface photovoltage (VSPV ) by means of

a non-contact Kelvin probe. Assuming a p-type substrate and a shallow

surface n-doped layer (as shown in Fig. 4.4), when the wafer is exposed to

a photon flux, the optical carrier excitation results in the reduction of the

Figure 4.4. (a) Sample cross-section for SPV measurements. Excess carriers are generated
by monochromatic illumination (the image reports 4 different wavelengths
used in Semilab WT-85 XL). (b) Band diagram of the p-n junction in the dark
and under carrier excitation. The band bending after optical excitation is
denoted as Vp−n−VSPV where Vp−n is the built-in voltage of the p-n junction.
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band bending across the p-n junction and the photogenerated electrons are

subsequently collected by the surface n-doped layer [88].

As depicted in Fig. 4.4(b), the photovoltage is determined by the ener-

getic separation between the quasi-Fermi levels arising from the non-

equilibrium condition imposed by excess carrier excitation (the value of

the photovoltage also corresponds to the reduction in band bending caused

by excess carrier generation). Note that the term "surface" derives from

the application of this measurement technique to wafers with a surface

inversion layer, in lieu of a p-n junction. In this case, the inversion layer

acts as collecting junction for the generated carriers and the variation of

the band bending across the depletion region at the front surface during

dark and carrier excitation conditions determines the value of VSPV .

If the photon flux is kept constant, a linear relationship exists between the

photovoltage and the diffusion length [55]

1

VSPV
= CSPV

(
Ln +

1

α(λ)

)
, (4.11)

where CSPV is a constant and α(λ) is the absorption coefficient of silicon for

each wavelength [89] used for carrier photogeneration. The SPV scanner

used in Publication V and chapter 5 (Semilab WT-85 XL) is equipped

with a monochromator, which generates 4 different wavelengths in the

near infrared region (λ = 784− 1013nm). By exposing the sample to each

wavelength and simultaneously measuring the VSPV , a linear plot of 1/Vp

versus 1/α is obtained, from which the constant C and the diffusion length

Ln can be readily fitted. The same procedure is then repeated for each

point of the wafer, yielding a spatially resolved map of the diffusion length

across the specimen.

Applications, strengths and limitations

As previously mentioned, the SPV method requires the sample to be pre-

treated with a surface p-n junction or inversion layer. In the studies

presented in Publication V and chapter 5, the SPV technique has been

employed to detect bulk recombination processes in phosphorus-diffused

samples that would not be directly measurable with the other characteri-

zation methods because of the co-occurrence of carrier recombination in

the emitter region.

An additional advantage of this technique is represented by the fact

that it generally operates at low injection conditions (typically Δn =

1011 − 1012 cm−3 [90]) and it is immune to the trapping artifacts previ-

ously described for PC-based techniques.

33



Experimental methods for carrier lifetime measurements

Since it is a point-by-point mapping technique, the measurements by

means of the SPV method are considerably slower than e.g. QSSPC or PL

imaging. Furthermore, it must be pointed out that an important limitation

exists on the thickness of the wafers that can be reliably measured. Eq.

4.11 is only valid under the assumption that the wafer thickness is at

least four times larger than the carrier diffusion length (twafer ≥ 4Ln [55]).

When thin wafers are measured, such assumption no longer holds and

Eq. 4.11 fails to describe the relationship between 1/Vp and 1/α. Hence,

the linear fit, from which the diffusion length is extracted, may lead to

significant deviations from the real values. In more recent implementa-

tions of the SPV method this limitation on the wafer thickness has been

overcome by inserting a correction factor into Eq. 4.11, which accounts for

the non-linearities arising from the reduced sample thickness [91].
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5. Gettering of Cu impurities by
phosphorus-doped regions

5.1 Phosphorus-gettering of Cu impurities

Gettering is a process by which metallic impurities are relocated to regions

of the wafer where their detrimental effect on the device performance is

minimal. In several silicon-based devices, such as solar cells, gettering nat-

urally takes place during the formation of the phosphorus-doped emitter,

which acts as a collecting region for the impurities initially located in the

bulk region of the wafer.

While most of the previous gettering studies have focused on slow diffusing

impurities (e.g. Au or Fe) [92], little literature information exists on the get-

tering of fast diffusing species. With regard to Cu, there exists a restricted

number of publications indicating that large fractions of Cu contaminants

remain segregated into the phosphorus-doped layer after gettering (e.g.

in Refs. [93], [94] and [7]). However, such literature information does not

fully elucidate the impact of phosphorus gettering on the occurrence of

Cu-LID. Indeed, the aforementioned gettering studies have been conducted

with heavily doped phosphorus layers, whereas in several applications,

such as state-of-the-art solar cells [95, 96], it has become preferable to

lower the doping level of the emitter in order to minimize the downsides

arising from excessive doping, such as the formation of electrically inactive

phosphorus layers [97] or the increase in emitter saturation currents [98].

Furthermore, the detection limit of the techniques used to assess the get-

tering efficiency is often close or above the threshold Cu concentrations

that trigger LID effects, such that from the existing literature information

no conclusion can be drawn as to whether phosphorus gettering results in

the complete suppression of Cu-LID.

The aim of this chapter and Publication I is to ascertain whether Cu is
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Gettering of Cu impurities by phosphorus-doped regions

truly getterable to the extent that the associated Cu-LID phenomena are

fully suppressed. The study has also been conducted with the purpose of

identifying the critical processing parameters with largest impact on the

gettering efficiency and Cu-LID effects.

5.2 Sample preparation and experimental details

In this chapter the Cu getterability has been studied with two different

emitter profiles. In the former, the experiments have been conducted with

a conventional n+ emitter diffused from a POCl3 source, whereas in the

latter the emitter region has been formed by first implanting a light phos-

phorus dose and then diffusing the implant through a high temperature

anneal. All experiments reported in this chapter have been performed with

p-type monocrystalline Cz-Si specimens with resistivity of 3.4 Ω cm.

The relevant process steps for both study cases are summarized in Fig. 5.1

and further details can be found in the experimental section of Publication

I. In these experiments a surface phosphorus-doped layer has been created

on the front side of each specimen and the Cu-contamination dose has been

diffused from the opposite undoped side. The drive-in of the Cu contami-

nation dose and gettering have been simultaneously performed during an

isothermal anneal (800◦C for 20 min) followed by a fast (∼240◦K/min) or a

slow (∼4◦K/min) cooling ramp, as depicted in Fig. 5.1(c). Note that in these

experiments only a specific region of the wafer has been intentionally con-

taminated such that the behaviour of contaminated and uncontaminated

areas can be directly compared from the same specimen.

The emitter sheet resistances and doping profiles of all samples are re-

ported in Fig. 5.2. In this study the Cu getterability has been studied

in presence of lightly doped layers with sheet resistance in the range of

80− 95Ω · sq−1, which is higher than the values reported in previous liter-

ature data (e.g. in Ref. [7]).

The LID caused by bulk Cu contamination has been detected through

the SPV technique reviewed in Sec. 4.4. The use of this characterization

method allows to directly monitor the Cu-related light-induced effects in

the wafer bulk without further sample processing. Specifically, during the

SPV characterization the emitter layer becomes a collecting junction for

the photogenerated minority carriers in the bulk region, thus allowing the

determination of the associated diffusion length across the sample area.
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(a) POCl3−diffused samples

Cu droplet

Cu spot

Screen oxide growth
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Emi�er diffusion + 
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characteriza�on
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(b) Ion implanted samples

(c) Thermal history of POCl3−diffused and implanted samples

Figure 5.1. Schematic illustration of the process flow for emitter formation, drive-in of
the Cu contamination dose (spot Cu contamination) and gettering in samples
with diffused (Figure a) and ion implanted emitter (Figure b). Figure c shows
the thermal history of samples with diffused (blue line) and ion implanted
emitter (yellow). Notice the longer high-temperature step in the case of the
implanted samples, which is necessary for activating the phosphorus implant
and recovering the implantation debris.
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Figure 5.2. Electrically active phosphorus doping profile measured by Electrochemical
Capacitance-Voltage (ECV) in the samples described in this chapter.
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5.3 Cu-gettering by diffused emitters from POCl3 source

Figure 5.3 shows the diffusion length maps measured after 120 hours of

illumination at room-temperature in samples that underwent the phos-

phorus diffusion process from a POCl3 source. For comparison purposes

the figure also shows the diffusion length map of a contaminated specimen

without emitter (hence no gettering).
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Figure 5.3. (a) Diffusion length maps measured after illumination for 120 h in ungettered
and gettered samples which experienced fast and slow cooling after the get-
tering anneal. The white rectangles mark the region-of-interest (ROI) from
which the values were averaged and plotted in figures (b). Figure (b) reports
the average diffusion length measured within the Cu contaminated spot and
outside this region. The shaded areas highlight the diffusion length decay
caused by Cu-LID. (reprinted from A.Inglese et al. AIP Advances 8, 015112,
Copyright CC BY 3.0)
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In all samples, the Cu-spot becomes visible only after exposure to illumi-

nation, indicating that the residual Cu contamination after the gettering

treatment remains in a recombination inactive state until the sample is

light-soaked. During illumination, a different behaviour can be observed

between the samples that underwent the fast and slow cooling process.

While the gettering treatment with the slow cooling tail leads to the nearly

complete disappearance of any Cu-LID effect, in the specimen that un-

derwent the fast cooling treatment the Cu-contaminated region clearly

remains distinguishable from the background region. By comparing the

diffusion length measured in this latter set of specimens and the reference

wafers without phosphorus emitter, it results that (i) in the gettered sam-

ple the decay of the diffusion length saturates to higher values (∼ 150μm

vs. ∼ 210μm) and (ii) the Cu-related degradation process becomes sig-

nificantly slower after the gettering treatment (see Fig. 3 of Publication

I). Hence, these results support the conclusion that the gettering anneal

followed by air-cooling results in partial, yet insufficient decrease in bulk

Cu contamination for effectively suppressing the associated Cu-LID effects.

5.4 Cu-gettering by ion-implanted emitters

Figure 5.4 presents the diffusion length measured before and after illumi-

nation in the phosphorus-implanted samples. The experiment has been

carried out with the same substrates previously used for POCl3 diffusion

(Cz-Si ∼ 3Ω · cm with oxygen content of > 15 ppma). It results evident that,

in these implanted samples none of the tested gettering schemes was capa-

ble of effectively mitigating Cu-LID, since during illumination the diffusion

length of all samples decreased up to ∼ 60μm, regardless of the cooling

phase. Furthermore, it is possible to notice that before light-soaking the

measured diffusion length is approximately half of the value previously

reported with POCl3-diffused samples. This different behaviour, however,

is unlikely to arise from the incomplete recovery of the implantation debris,

as the SPV method is solely sensitive to bulk recombination, whereas

crystal damage from low-energy implantation is usually confined to only

few μm below the surface. In order to gain deeper understanding into the

cause for the persistence of Cu contamination and the considerably lower

average diffusion length detected in these implanted specimens, the same

experiments have been repeated with similar FZ substrates featuring a

considerably lower bulk oxygen concentration than the Cz-Si wafers used
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Gettering of Cu impurities by phosphorus-doped regions

previously. The subset on the right-hand side of Figure 5.4(b) reports the

experimental results obtained with these samples after the slow cooling

tail. Interestingly, in these samples the gettering treatment resulted in the

complete disappearance of the Cu-spot. Hence, the ineffectiveness of the

gettering treatments in the implanted Cz-Si wafers cannot be attributed to

the lighter emitter doping concentration with respect to the POCl3-diffused

layer, nor to parasitic effects caused by dopant implantation (e.g. lattice

damage or contamination from the ion implanter) because, if this were

the case, it would be reasonable to expect similar experimental results in

all the implanted wafers used for this study. Conversely, the remarkably

different behaviour observed between these Cz- and FZ-Si samples is likely

to originate from the different oxygen concentrations in the specimens

used for these gettering tests.
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Figure 5.4. Figure (a) shows the diffusion length maps measured in phosphorus implanted
Cz- and oxygen lean FZ-Si specimens. The average diffusion length measured
before and after illumination in all samples are displayed in the histograms of
Figure (b). For comparison purposes, the histograms also report the diffusion
length values measured outside the Cu-spot.
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5.4.1 Effect of bulk microdefects and oxygen precipitation on
the Cu getterability

In order to gain deeper understanding into the reason for the persistence of

Cu-LID in the implanted Cz-samples, it is instructive to take a glance at the

diffusion length map measured with the ion implanted samples before the

gettering anneal (see Fig. 5.5(a)). The appearance of ring-like patterns in

lifetime/diffusion length maps is a typical indication of oxygen precipitation.

In silicon, oxygen impurities mainly exist in the form of interstitial atoms,

which alone do not act as active recombination centres, or in the form of

oxide precipitates, whose effect on the electrical and mechanical properties

of the silicon substrate has been widely documented [99,100].

Evidence on the probable precipitation of oxygen species can be found

from Fig. 5.5(b), which shows a micrograph obtained with a scanning

infrared microscope (SIRM) in correspondence of the ring pattern. The

image reveals the presence of bulk microdefects (BMDs), which could

not be found in detectable quantities through analogous measurements

performed on POCl3-diffused and the reference samples without emitter.

Although such technique does not provide any information on the chemical

and elemental composition of the BMDs, the detection of bulk precipitates

only in the implanted samples, whose thermal budget is considerably

heavier than the POCl3−diffused and the reference Cz-Si samples, is a

direct indication of oxygen precipitation in these specimens.

As described in Chapter 3, the presence of BMDs has been proven to

considerably strengthen Cu-LID effects [75] and lower the threshold Cu

concentrations necessary for triggering visible light-induced effects [49].

The unintentional growth of these oxide precipitates also explains the

Figure 5.5. (a) Diffusion length map of an implanted specimen measured by SPV after
the anneal for activating the implant and recovering the implantation debris.
Figure (b) shows the SIRM micrographs obtained from various locations of
the wafer.
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reduced diffusion length measured before illumination in these implanted

specimens. Hence, the results obtained with such implanted specimens

are consistent with the hypothesis that, although a fraction of the Cu

concentration might have been gettered during the thermal process, the

unintentional growth of oxide precipitates increases the sensitiveness of

the sample to Cu contamination to the extent that none of the tested

gettering treatments are capable of effectively suppressing Cu-LID effects.

An alternative explanation for the ineffective suppression of Cu-LID is

that the oxide precipitates act as stronger gettering sinks compared to

the phosphorus layer, such that no impurity relocation at all takes place

during the cooling phase. The repetition of the same Cu-gettering test in

samples with intentionally grown oxygen precipitates and more heavily

doped emitters may provide additional insights into the reason for the

ineffectiveness of gettering in these implanted specimens.

5.5 Implications towards silicon photovoltaics and
microelectronics applications

The results presented above provide evidence that Cu-gettering by lightly

doped phosphorus layers does not always result in sufficient relocation of

Cu impurities from the wafer bulk for suppressing the associated Cu-LID

effects. Indeed, while in the specimens with a diffused emitter a signifi-

cant enhancement of the gettering efficiency was achievable through the

addition of a slow cooling tail, none of the tested gettering treatments was

found to induce sufficiently strong gettering to inhibit the occurrence of

Cu-LID effects. Further investigations into this latter set of sample led

to identify precipitated oxygen impurities as the probable cause for the

ineffective suppression of Cu-LID in the phosphorus implanted samples.

These results can be interpreted in relation to the general requirements

within photovoltais and microelectronic applications. Specifically, in solar

cells the bulk oxygen precipitation is generally considered as an undesir-

able effect [87,101–103] and the persistence of relevant bulk Cu concentra-

tions in the gettering experiments described above provides a proof that

Cu is not necessarily a benign impurity, which can be driven away from

the bulk region during the processing steps for solar cell fabrication.

With regard to integrated circuit manufacturing, an opposite requirement

often exists, i.e. the surface region of the wafer becomes of greater impor-
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tance than the bulk. Hence, in these applications, oxygen precipitates and

other intentionally created bulk microdefects become internal gettering

sinks that prevent the impurities from harming the device active regions.

Within this context, the Cu-LID shall be regarding as a beneficial effect

that facilitates the decoration of existing structural defects by interstitial

Cu impurities. The possibility of inducing internal gettering of Cu impu-

rities through light-soaking has been discussed in several recent studies

(e.g. in Ref. [104] and [105]).

Irrespective of the ultimate application of this study, the results presented

above raise the need for deeper understanding of the root cause for the

increased Cu-related bulk recombination upon exposure to light-soaking

and the development of non-destructive approaches for detecting bulk Cu

contamination in silicon samples. Each of these research questions will be

addressed in the following chapters.
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6. Root cause analysis of Cu-LID

As previously mentioned in Sec. 3.3, the root cause of Cu-LID has long

remained unclear. This chapter compiles the main results presented in

Publications II-IV, where the defect responsible of Cu-LID has been char-

acterized through lifetime spectroscopy analyses. The aim of these studies

is to identify the "fingerprints" of the defect formed during Cu-LID through

an extensive analysis of its recombination activity as a function of tem-

perature and injection level. The result of these analyses also enables a

discussion on the physical mechanisms behind the light-activation of Cu

species.

6.1 Defect characterization in terms of SRH recombination

The expression lifetime spectroscopy (LS) represents a set of analytical

methods to identify and characterize recombination active defects by fitting

experimental lifetime results to the SRH model described in Sec. 2.4

[106]. This is an alternative approach to the so-called deep level transient

spectroscopy (DLTS) and it comes with the advantage of being an extremely

sensitive method without requiring specific sample preparation. The study

of the defect properties through DLTS is currently under investigation and

further work is required to reliably detect the light-activated Cu defect

with this technique.

In this thesis, the characterization of light-activated Cu defects has been

carried out through the analysis of injection- and temperature-dependent

lifetime data measured in deliberately Cu-contaminated FZ-Si wafers with

estimated Fe concentration below 1010 cm−3, which gives an estimated

background lifetime due to Fei species in the millisecond range. Such

wafers were also free of any BO-related degradation as depicted in Figure

1 of Publication II.
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After saturation of the Cu-related degradation kinetics (see Figure 1 in

Publication II) and extraction of the lifetime limited by light-activated

copper defects as described in Sec. IV A of Publication II, the resulting

injection- and temperature-dependent lifetime curves measured in the

range between 25◦C and 195◦C have been fitted to the SRH recombination

model described in Sec. 2.4. As shown in Fig. 6.1, the SRH fit of the entire

set of injection- and temperature dependent lifetime curves requires the

assumption of two non-interacting energy states, i.e., a deep recombination

center, which dominates the lifetime curve in the low to mid-injection

regime, and an additional shallow energy level mostly affecting the carrier

lifetime towards high injection conditions.

The coexistence of two recombination centres makes the extraction of the

real defect parameters more challenging. This is because the assumption

of two independent energy levels increases the number of parameters that

must be simultaneously determined from the fit of each curve (in total 6,

i.e. 3 for each recombination center). Furthermore, the optimum fit of the

injection-dependent lifetime curves is generally achieved through multiple

combinations of the SRH defect parameters. In order to overcome these

issues, the defect parameters of the shallow energy state were manually

adjusted to fit the entire set of curves in Fig. 6.1 and then kept on fixed

values (Ec − Et = 0.15 eV and k = 0.1) while determining the true defect

parameters of the deep energy state through the deep surface solution
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Figure 6.1. SRH fit of the injection-dependent lifetime curves measured at varying tem-
peratures after saturation of the degradation kinetics. The fit of the whole
set of injection- and temperature-dependent lifetime curves requires the as-
sumption of two energy levels, i.e. a deep level located at Ec − (0.48− 0.62) eV

(k = 1.7 ± 0.4) and shallow energy state located at Ec − 0.15 eV (k = 0.1).
(Reprinted with permission from A.Inglese et al. J. Appl. Phys. 120, 125703,
2016 - Copyright 2017, AIP Publishing LLC)
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Figure 6.2. Injection dependent lifetime curves measured at room temperatures in Cu-
contaminated samples featuring different doping concentrations. The solid
line represents the fit obtained assuming two non-interacting SRH levels with
the same energy levels and symmetry factors used in Figure 6.1. (Reprinted
with permission from A.Inglese et al. J. Appl. Phys. 120, 125703, 2016)
Copyright 2017, AIP Publishing LLC)

surface (DPSS) approach proposed by Rein et al. [106]. The application of

the DPSS fit procedure to the experimental data is described in Publication

II, where it is shown that the uncertainty on the actual defect parameters

associated to the deep energy level can be reduced by extending the DPSS

analysis to the whole set of temperature-dependent lifetime curves. On

the base of this analysis, it is found that the energy level of the deep

recombination center is located between Ec− 0.48 eV and Ec− 0.62 eV with

symmetry factor k = 1.7± 0.4.

As depicted in Fig. 6.2, these defect parameters have been inserted into the

SRH equation to fit the injection dependence lifetime curves obtained with

wafers with equal Cu contamination levels but different acceptor doping

concentrations. With these defect parameters, a good match was obtained

between the experimental data and the lifetime data predicted by the SRH

model.

6.1.1 Temperature dependence of capture cross sections and
verification of previous fit results

In order to further cross-check the results and gain additional insights

into the temperature dependence of certain defect parameters, such as

the capture cross sections σn and σp, the SRH fit has been applied to the

lifetime results obtained at a fixed injection level (Δn = 1× 1014 cm−3) over

a broader temperature range (83-470◦K) than in Publication II (see Sec.

IV C). It must be pointed out that at low injection the measured lifetime is
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mostly affected by the deep energy state, hence the fit result obtainable

from the data shown in Figure 6.3 is referred to this recombination center.

As depicted in Figure 6.3(a), if a recombination centre is assumed with

energy level near the mid-bandgap (Ec − Et = 0.5 eV ) and temperature-

independent capture cross sections, a notable mismatch is observable

between the experimental data and the SRH model. On the other hand,

the fit accuracy significantly improves if the position of the deep energy

level is maintained near the mid-bandgap and a power-law temperature

dependence of the capture cross sections is assumed (for the sample exam-

ined in Fig. 6.3, σp = σ0 × T−1.1).

Figure 6.3(b) reports the fitted SRH parameters from the temperature de-

pendent lifetime data of Figure (a). Under the assumption of temperature-

dependent capture cross sections, the fit error is minimized for energy lev-

els in the energy range between Ec−Et � 0.2 eV and Ec−Et � 0.6 eV , thus

excluding the upper half of the bandgap from the range of energy levels
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Figure 6.3. SRH fit of temperature-dependent lifetime results measured at fixed injection
level (Δn = 1 × 1014 cm−3) on a 1 ppm Cu contaminated FZ sample with
Na = 1× 1016 cm−3. Figure (b) displays the DPSS diagrams for the symmetry
factor and the corresponding fit error. The green shaded area highlights the
domain of energy levels and k factors that are compatible with the fit result of
Fig. 6.1.
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associated to the recombination center. In addition, it turns out that the fit-

ted values of k−factor for energy levels in the range 0.2 ≤ Ec−Et ≤ 0.52 eV

are inconsistent with the fit results from the datasets previously shown

in Figure 6.1, which impose k � 2. Hence, the SRH fit of the temperature-

dependent lifetime data shown in Figure 6.3 confirms that the energy

level of the deep recombination centre is presumably located near the mid

bandgap with a corresponding k factor between 2 and 6.

Although the ambiguity on the energy level during of the TDLS analysis

does not impede the extraction of the defect parameters, the fit result

shown in Fig. 6.3(b) raises a discussion as to why the fit error curve fea-

tures a plateau over a relatively large energy range. While in Publication

II this ambiguity of the fit result may be attributable to the narrow temper-

ature range of the lifetime measurements, in Fig. 6.3(b) the extended range

of temperatures seems not to significantly improve the ultimate result.

Plausible reasons for the ambiguity of the TDLS analysis may be the scarce

number of measurement points in Fig.6.3(b) at very low temperatures or

the strong superposed temperature-dependence of capture cross sections.

6.1.2 Comparison with literature data

On the base of the fit results presented above, it can be concluded that

the recombination activity of light-activated Cu defects is well described

by two non-interacting SRH energy levels, i.e., a shallow energy level at

Ec − Et
∼= 0.15 eV and a deep recombination center located in the energy

range Ec − Et = 0.48 − 0.62 eV with k � 2.5 and a strong power-law tem-

perature dependence of the capture cross sections.

Based on the available information on the recombination activity of copper

complexes in silicon (see Sec. 3.2), interstitial copper atoms and copper-

boron pairs are unlikely to be the defect responsible for Cu-LID, as no

recombination activity has been related to such complexes. Hence, the

remaining suitable candidates for the light-activated defects are substitu-

tional copper atoms (Cus) and copper precipitates.

In early contributions Cu-LID has been hypothesized to stem from the

dissociation of a recombination inactive pure copper complex, which was

long presumed to be CusCui pair, and the subsequent formation of Cus

complexes [50, 64]. However, this reaction path does not explain the de-

crease in Cui concentration during light-soaking reported in literature [72].

Moreover, no sufficient consistency can be found between the DLTS results

for substitutional copper (see Fig. 3.1) and the earlier reported fit results.

49



Root cause analysis of Cu-LID

Indeed, the energy level reported for Cus (i.e. Ev + 0.41 − 0.45 eV ) lies

approximately 100 meV below the value predicted by the injection and

temperature-dependent fit results in Fig. 6.1 and 6.3. Furthermore, given

the acceptor-like behaviour of the deep energy state, it would be reasonable

to expect k � 1, whereas the LS results suggest a moderate donor-like

behaviour for the underlying defect.

Conversely, the fitted energy levels approximately correspond to the bound-

aries of the energy range associated to Cu precipitates (see Fig.3.1), thus

indicating these extended defects to be the probable root cause of Cu-LID.

These considerations are further supported by earlier studies conducted by

Macdonald et al. [107,108] on thermally activated Cu precipitates, which

led to similar conclusions. However, considering the extended nature of Cu

precipitates and the continuous band of the energy states introduced by

such defects, a rigorous description of their recombination activity would

require more complex models than SRH statistics. In order to gain deeper

insights into the defect behind Cu-LID, in the next section the lifetime

data has been studied by means of the Schottky model introduced in Sec.

2.5.1.

A final discussion must be dedicated to the initial assumption of two non-

interacting SRH energy levels. Several attempts to fit the experimental

data under the assumption of a single defect with two associated energy

levels (for more information see the appendix of Ref. [109]) failed to produce

consistent fit results between the temperature- and injection-dependent

analyses. The reason may be found from the fact that the shallow energy

levels generally account for "side" effects concurring with the growth of the

precipitates (e.g. strain caused by the expansion of the precipitate within

the host crystal lattice [56]) and are therefore independent of the main

recombination channel caused by the copper-related defect.

6.2 Defect characterization in terms of carrier recombination at
extended metallic precipitates

In Fig. 6.4 (a), the Schottky model has been fitted to the experimental data

corrected from the effect of the recombination channels unrelated to Cu

precipitates. The excellent match between the Schottky model and the

experimental data provides evidence of Cu precipitates being the dominat-

ing recombination active defects. In addition, since the input parameters

for the parametrization of the Schottky model are the precipitate radius
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Figure 6.4. (a) Least squares fit of the injection-dependent Cu-related lifetime. The
parameters that provide the best fit to the experimental data are shown in
(b) where the precipitate density and the corresponding fit error (χ2) have
been calculated for each value of the precipitate radius. The shaded areas
define the values of the precipitate radii/densities that minimize the fit error.
(Reprinted with permission from A. Inglese, H.Vahlman, W.Kwapil, J.Schön
and H.Saivn physica status solidi (c) 14, 7, 1700103 (2017))

and density (in addition to the semiconductor doping level and the excess

carrier concentration) the analysis of the experimental lifetime by means

of the Schottky model also provides an estimation of the actual precipitate

size and density.

Before analyzing the fit results, it must be pointed out that the appli-

cation of the Schottky model to the experimental data implies several

assumptions that must be a priori made, i.e.

i. The entire amount of interstitial Cu atoms transforms into recombi-

nation active precipitates;

ii. All precipitates feature the same size.

Given these assumptions, the precipitate density Nprec becomes fixed and

it can be written as follows

Nprec =
NCui

ρCuVprec
=

NCui

ρCu(
4
3πr

3
prec)

, (6.1)
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where ρCu = 6.52× 1022 cm−3 is the density of Cu atoms in each precipitate

[76]. The fit procedure is based upon a similar approach to the DPSS

method, where the precipitate radius is swept across the validity range

of the Schottky model (1-100 nm). The values of rprec, together with the

calculated values of Nprec from Eq. 6.1, are used as input parameters for

the recombination model, which gives as an output the lifetime injection

dependence. For each combination of the input parameters Nprec-rprec
the displacement between the experimental data and the curve predicted

by the Schottky model has been quantified in terms of a squared sum of

residuals.

Based on the results shown in Fig. 6.4(b), it turns out that there exist

specific combinations of precipitate radii/densities that provide an optimum

fit to the experimental data. Particularly, in the case of the FZ-specimen

with resistivity in the range of 1.1 Ω· cm the best fit is obtained with a

precipitate radius of ∼ 20nm and a density of ∼ 1× 108cm−3. On the other

hand, the fit to the lifetime curve acquired with the Cz-sample indicates

the presence of precipitates with smaller radius (rprec ∼ 4nm) and higher

density (Nprec ∼ 4× 109 cm−3).

6.2.1 Temperature dependence of precipitate-limited lifetime

Similarly to the previous SRH-based analysis, the Schottky model has been

applied to the temperature-dependent lifetime data measured at fixed level

of injection. As depicted in Fig. 6.5, with the values of the precipitate

radius and density shown in Fig. 6.4 the Schottky model predicts a lifetime

temperature dependence which is in good agreement with the experimental

data. Since τCu in Fig. 6.5 is calculated according to Eq. 2.15 and no signif-

icant precipitate dissolution is likely to occur in the temperature range of

the lifetime measurements [74,110], the increase in the measured lifetime

with temperature may only originate from the temperature dependence

of the capture cross section and the carrier thermal velocity vth. However,

since vth monotonically increases with temperature [111] (and therefore

τCu would decrease, if σ were temperature independent), the upward trend

of the measured lifetime at higher temperatures is solely explainable with

precipitate-related capture cross sections becoming smaller at increasing

temperature. Hence, such consideration is in agreement with the results

presented in Sec. 6.1.1, which indicated a power-law dependence (σ ∼ T−α)

of the capture cross section and, hence, smaller capture cross section with

increasing temperature.
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Figure 6.5. Experimental (open symbols) and simulated (filled circles) lifetime data plot-
ted as a function of temperature. Numerical simulations are based on the
general formulation of Schottky model, whose mathematical details can be
found in appendix A. (Reprinted with permission from A. Inglese, H.Vahlman,
W.Kwapil, J.Schön and H.Savin physica status solidi (c) 14, 7, 1700103 (2017))

6.3 Modeling Cu precipitation and comparison with fit results

In the previous sections, the fit of the experimental data in terms of

SRH recombination statistics and the Schottky model led to identify Cu

precipitates as the defect responsible of Cu-LID. In order to gain deeper un-

derstanding into the process that leads to the transformation of interstitial

copper atoms into highly recombination active silicides, a comprehensive

mathematical model for Cu-LID has been presented in Ref. [112] and Pub-

lication IV. The model reproduces the kinetics of precipitate growth and

dissolution under illumination and calculates the effect of the growing

precipitates on the minority carrier lifetime through the Schottky model.

Such modeling work relies on three main assumptions:

i. Cu precipitates grow/shrink through the addition/release of one atom

at a time;

ii. The driving force for Cu precipitation is the supersaturation level

of Cu atoms, i.e. the difference between the actual concentration of

interstitial copper species and the solubility limit;

iii. The precipitate growth is affected by the electrostatic repulsion be-

tween positively charged copper ions and the growing Cu3Si precipi-

tate nuclei. This assumption stricly follows the electrostatic model

postulated by Flink et al. [113] to explain the densities of interstitial

Cu+i atoms that remain in this form at concentrations well above the

room temperature solubility limit.

53



Root cause analysis of Cu-LID

�
��
�
��
��
�
��
	

�
�
�
��

	�
�
�

��
�

�����������	��
���	�������	���

�����


Figure 6.6. Comparison of the the fit result from Fig. 6.4 with simulated precipitate
size distributions according to the precipitation model (see Ref. [112] and
Publication IV).

All mathematical details of this model can be found in Ref. [112]. Once

the time evolution of the precipitate size growth has been calculated, the

simulation output has been interlinked with the Schottky model, in order

to reproduce the effect of the light-activated precipitation process on the

lifetime decay.

Publication IV presents an extensive comparison between the experimen-

tal lifetime data obtained with differently Cu contaminated samples and

the simulation output. The model was able to convincingly reproduce the

dependence of the Cu-LID kinetics on a wide range of parameters, such as

temperature, doping concentration and light intensity. In this section, we

only compare the fit results reported in Sec. 6.2 with the precipitate size

and densities predicted by this model.

The simulated precipitate size distributions are plotted in Fig. 6.6 together

with the fit results previously presented in Fig. 6.4. Despite the sim-

plifying assumptions that have been made when applying the Schottky

model to the experimental injection-dependent lifetime curves (see Sec.

6.2), the fitted precipitate radii and densities are in good agreement with

the simulated precipitate size distributions.

Besides confirming the fit results obtained with the Schottky model, the

simulated precipitate distributions also highlight a clear dependence of the

precipitate size and density on the doping concentration. Specifically, the
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model predicts larger precipitates in the specimen featuring lower resistiv-

ity (hence higher boron doping concentration). The reason can be found

from the increase in Cu solubility with stronger boron doping (i.e. the

Fermi level effect on impurity solubility) and its effect on the precipitation

process. Indeed, on the base of assumption (ii), the increased Cu solubility

implies a weaker driving force for the precipitation process, which ulti-

mately results in the slower descent of precipitate-limited carrier lifetime

during illumination (see Fig.6 in Publication III). The enhanced solubility

also affects the energetics of precipitate nucleation, as it increases the

nucleation barrier, i.e. the amount of energy needed for nucleation of new

precipitates. The higher nucleation barrier in low-resistivity material ren-

ders the nucleation of new precipitates less energetically favourable, such

that the precipitation process preferentially continues with the growth of

existing nuclei.

In addition to the doping concentration, in the samples previously analysed

another factor that might play a role in the Cu-related degradation rates is

the different oxygen concentration. Hence, the unintentional precipitation

of oxygen species in the Cz-sample during oxidation and subsequent ther-

mal anneals may be partly responsible for the faster degradation observed

in these specimens.
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7. Fast detection and imaging of copper
impurities in crystalline silicon

7.1 The problem of detecting Cu impurities in silicon

Detecting low levels of Cu contamination in silicon is a rather challenging

task. The concentration of Cu impurities can be quantitatively detected

through chemical analyses, such as inductively-coupled plasma mass spec-

troscopy (ICP-MS) or secondary ion mass spectrometry (SIMS) but the

sensitivity of these techniques is generally limited to rather high impurity

concentrations (> 1016 cm−3). Furthermore, these methods are destructive

and require the use of expensive equipment which cannot be found in

common laboratories. An alternative approach for chemically detecting Cu

is the vapor-phase decomposition (VPD) but the sensitivity of this method

is solely limited to the wafer surfaces.

Cu concentrations as low as 1011 cm−3 have been measured through the so-

called transient ion drift (TID) [43,76], which is based on the capacitance

transients measurement through DLTS. However, besides being a destruc-

tive method, the sample preparation for TID is somewhat challenging and

time-consuming, as it requires the formation of metal contacts on both

sides of the wafer. In addition, the TID method is solely sensitive to Cui

species and it provides no information in regards to the spatial distribution

of Cu contaminants across the specimen.

On the other hand, the light-induced lifetime degradation caused by Cu

contamination represents a characteristic behaviour of this impurity that

distinguishes it from the effect of other transitions metals. While no

lifetime decay has been observed after illumination of Ni- [114] and Cr-

contaminated samples [115,116], the effect of Fe impurities on the minority

carrier lifetime is well-known and distinguishable from Cu-LID. Indeed,

the dissociation of Fe-acceptor pairs leads to a lifetime decrease only for
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levels of injection below the characteristic crossover point [117]. Further-

more at room temperature and under standard illumination conditions

the splitting of these pairs often occurs on a different timescale compared

to the light-activation of Cu impurities [118, 119]. The Cu-related LID

is, therefore, a distinctive feature of this impurity in silicon and lifetime

imaging methods become an effective tool for detecting traces of Cu con-

tamination. Leveraging the findings presented in the previous chapter, in

this chapter an algorithm will be proposed for detecting and quantitatively

imaging the distribution of Cu impurities across the substrate.

7.2 Accelerated Cu-LID

As described in Chapter 5, Cu-LID is a progressive degradation process

which occurs in the timespan of several tens of hours under standard

illumination conditions (i.e. room temperature and illumination intensity

≤ 1 Sun). For quickly detecting Cu contamination in Si, it is important to

accelerate the lifetime degradation process, such that the same effect can

be achieved within few minutes.

The impact of simultaneous illumination and annealing at 120◦C is shown

in Fig. 7.1. It can be noticed that, while in the case of room-temperature

illumination almost 24 hours are necessary to reach the complete satu-

ration of lifetime degradation, raising the illumination temperature to

120◦C reduces the time needed for saturation of the degradation kinetics
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Figure 7.1. Minority carrier lifetime measured at the injection level Δn = 0.1×Na as a
function of the illumination time in identical Cu-contaminated Cz-wafers dur-
ing conventional room-temperature illumination and accelerated degradation
conditions (reproduced with permission from A.Inglese, J.Lindroos, H.Savin
Applied Physics letters 107, 052101, 2015. Copyright 2015, AIP publishing).
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up to less than 1 hour. Hence, the presence of Cu impurities can be quickly

detected through lifetime measurements carried out before and after a

short illumination step at moderately high temperature.

Once LID has been observed, there still remains the problem of distinguish-

ing the effect of copper from other sources, such as the dissociation of Fe-B

pairs and the activation of the so-called boron-oxygen defect [74,120]. For

this purpose, Publication V proposes the insertion of short dark anneals

above 200◦C before and after illumination. The former mainly serves the

purpose of dissociating all Fe-B pairs such that no lifetime change is ex-

pected from this impurity during the illumination step, whereas the latter

allows to distinguish the metastability of the boron-oxygen defect [121]

from the non-recoverability of light-activated Cu complexes after such heat

treatment (see Sec. 3.3 and Ref. [110]).

Quantitatively estimating the concentration of Cu species

After detecting Cu contamination, the actual concentration of Cu species

still needs to be determined. As discussed in Sec. 3.3, the extent of the Cu-

related degradation process is proportional to the total Cu contamination

level. In Publication V a map of the Cu distribution across an intentionally

contaminated specimen was obtained from the empirical formula reported

in Ref. [49]

NCu−TID = CCu−TID ×
√

1

τdeg
− 1

τinit
, (7.1)

where the measured Cu concentrations (NCu−TID) are related to the life-

time measured before and after illumination (τdeg/init) via a fitted pre-factor

(CCu−TID). This approach, however, presents several limitations. First,

the applicability of this approach is limited to lifetime results obtained

with the μ−PCD method at mid-injection conditions. Second, Eq. 7.1

was extrapolated from intentionally Cu contaminated wafers with a given

resistivity (∼ 20Ω · cm) and measured Cu concentrations between 8× 1012

and 1014 cm−3, such that a certain error in the estimated concentrations

may arise if the same relation is applied to lifetime results obtained from

substrates with different resistivity and Cu concentrations outside the

aforementioned range. Furthermore, this approach also brings in itself

the drawbacks of the μ−PCD method, i.e. relatively long time necessary

for lifetime mapping and lower spatial resolution than other methods. In

order to overcome these limitations, an alternative approach based on the

PL-imaging technique will be proposed in the following section.
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7.3 High-resolution imaging of Cu impurities by
photoluminescence

As discussed in Chapter 4, the main advantages of the PL-technique are

the high spatial resolution and the extremely short time necessary for

lifetime mapping. These strengths can be combined with the knowledge

gained in the previous chapter in order to quickly obtain spatially re-

solved information on the distribution of Cu impurities across the silicon

specimens.

7.3.1 Change in photoluminescence response during Cu-LID

A deliberately Cu contaminated area of FZ-Si wafers has been exposed

to the light emitted by the same laser source used for generating the PL

response.

Fig. 7.2 shows an evident decrease in PL-signal due to the light-activation

of the copper-related defect. Hence, the PL-imaging setup becomes a

viable option for in-line and high-resolution detection of Cu impurities

in silicon wafers. Notice that in Fig. 7.2 Cu-LID has been induced at

room temperature under an illumination intensity of ∼ 1 Sun due to

experimental limitations with the measurement setup. On the base of the

results discussed above, it is reasonable to expect faster degradation at

higher temperature and illumination intensity.
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Figure 7.2. Decrease in PL intensity during light-soaking of Cu contaminated regions.
Figure (a) shows the raw PL images before and after illumination. Figure (b)
plots the relative variation of PL intensity as a function of time. Light-soaking
was performed at room temperature under a 1 Sun illumination source.
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7.3.2 Calibration and extraction of Cu-related lifetime

In order to apply the concepts described in the previous chapter, the raw

PL data must be converted into the corresponding lifetime values. The

lifetime injection dependence has been derived by varying the intensity of

the laser source and repeating the measurement of the PL response for

each level of excitation. The raw data have then been calibrated following

the QSSPL-based procedure described in Sec. 4.3.

The lifetime map calibrated from the raw data after saturation of the

lifetime decay is shown in Fig. 7.4(a). For each pixel of the lifetime map,

the Cu-related lifetime has been calculated as

τCu(Δn) =

(
1

τdeg(Δn)
− 1

τinit(Δn)

)−1

, (7.2)

where τdeg(Δn) and τinit(Δn) represent the injection dependent lifetime

curves measured before and after light soaking, respectively. The applica-

tion of Eq. 7.2 to the experimental data has a two-fold function: on the one

hand it enables the separation of the Cu-limited lifetime from the other re-

combination channels (Auger, surface, intrinsic, SRH recombination from

other impurities etc.) and, on the other, it allows to identify the regions

of the wafer affected by Cu-LID. However, it must be pointed out that

Eq.7.2 is an effective way for separating Cu-related recombination from

other recombination channels only when (i) the surface passivation is not

affected by illumination and (ii) other LID sources (e.g. the boron-oxygen

complex) are not superposed to the light activation of Cu species. When

many LID mechanisms take place during the light-soaking, additional dark

anneals may be necessary for deactivating the boron-oxygen component

while maintaining the Cu-related recombination activity nearly unaffected.

In order to simplify the discussion of the results that will be hereinafter

presented, in the next sections the analysis has been purposely carried out

with specimens that are free of other bulk or surface-related LID effects.

7.3.3 Quantitative determination of Cu contamination levels

The basic concept for this advanced Cu-imaging method is the analysis of

the injection-dependent lifetime results by means of the Schottky model

and it follows the same reasoning as previously described in Sec. 6.2. A

schematic representation of the procedure for determining the density of

Cu contaminants is presented in Fig. 7.3.

The determination of the Cu concentration from injection dependent life-
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1. A vector contains a set of randomly chosen Cu concentrations ([Cu]) 

...[Cu]1 [Cu]2 [Cu]3 [Cu]n

2. For each [Cui], the DPSS fit procedure is applied in order to determine the 
minimum least-square fit error with the given [Cu]n 

Experimental data - 
τ(Δn)

[Cu]n Nprec(eq.6.1)

rprec

Le
as

t-s
qu

ar
e 

co
m

pa
ris

on

LSQmin([Cu]n,rprec,Nprec)

3. The actual [Cui] is pinpointed by the absolute minimum least-square fit error

...LSQ[Cu]1 LSQ[Cu]2 LSQ[Cu]nmin [Cu]i

Figure 7.3. Block diagram representation of the fit procedure for determining the actual
Cu contamination level.

time data implies the solution of a reverse problem. Indeed, while in Sec.

6.2 the concentrations of Cui atoms were known and represented the start-

ing point for calculating the injection-dependent lifetime curves through

the Schottky model, in this case the value of Cui must be determined by

comparing the output of the Schottky model with the experimental lifetime

data. For this purpose, the fit process starts by choosing arbitrary values

of Cui. For each value of Cui, a least square (LSQ) fit routine determines

the combination of precipitate size/density that provides the optimum fit

to the experimental lifetime curves. The Cu concentration which is closest

to the actual contamination level of the wafer is then pinpointed by the

value of Cui that gives the best match (i.e. lowest least-square fit error)

between the experimental data and the curves predicted by the recombi-

nation model. The concept behind this fit procedure becomes more clear

when the algorithm is applied to real experimental data.

Fig. 7.4 describes the application of the abovementioned algorithm to the

experimental results obtained after calibrating the raw PL data in Fig. 7.2.

The LSQ curve fits are plotted in Fig. 7.4(b) together with τCu measured

in center of the Cu-spot, where the Cu contamination level is maximum,

and in a peripheral region of the Cu spot featuring milder Cu-LID (hence
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Figure 7.4. Estimation of the Cu contamination level based on the measured lifetime
injection dependence. Figure (a) shows the calibrated PL lifetime map of
the Cu-spot. τCu measured in two different parts of the Cu-spot (middle
region and edge) is plotted in figure (b) together with the LSQ fit based on the
Schottky model. As an example, the figure presents the application of the fit
routine to the lifetime results measured in the middle (black solid line) and at
the edge (green solid line) of the Cu-spot. Figure (c) illustrates the principle
behind the LSQ fit subroutine.

lower Cu concentration). The subroutine that performs the LSQ curve

fit (Fig. 7.4(c)) follows the same logic as the diagram shown in Fig. 6.4,

i.e. given a certain value of Cui, the optimum combinations of precipitate

radii/densities are determined by varying the precipitate radius within the

validity range of the model (precipitate radius 1-100 nm).

From Fig. 7.4(b) it can be observed that while in the middle of the Cu

spot the optimum LSQ fit is obtained for [Cui] = 3 × 1014 cm−3, at pe-

ripheral regions of the contaminated region an accurate fit to the exper-

imental data is obtained assuming considerably lower Cu concentration

([Cui] = 1×1013 cm−3). This algorithm, hence, enables the quantification of

the Cu contamination level from a simple analysis of the lifetime injection

dependence. Iteration of this procedure for each pixel of the PL-image

yields the map of the Cu distribution across the wafer, as shown in Fig.

7.5. The figure also displays the detection of a Cu concentration gradient

between the middle of the Cu-spot and the edge regions of the Cu-spot.

In order to verify the accuracy of these quantitative estimations, it would
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Figure 7.5. Map of the copper distribution across the contaminated region obtained by
iterating the fit algorithm illustrated in Fig. 7.4 and Sec. 7.3.3 for each pixel
of the PL-lifetime map in Fig. 7.4(a)

be beneficial to compare the estimated Cu concentrations in Fig. 7.5 with

direct experimental measurements, for example via TID or ICP-MS. How-

ever, it must be pointed out that the estimated Cu concentrations in Fig.

7.5 are in the same order of magnitude as the Cu concentrations reported

in previous literature for similarly contaminated wafers (see Publication V

and Refs. [49,76,122]).

The results presented in Fig. 7.5 also raise a discussion on the detection

limits of this method. The lowest Cu concentration detected in Figure

7.5 stands at [Cui] = 8 × 1012 cm−3 and it substantially depends on the

background lifetime measured before illumination. This is because the

Cu-related degradation process must be sufficiently strong to induce a

detectable lifetime decay and enable the accurate determination of τCu

through Eq. 7.2. With regard to the sample shown in Fig. 7.4, τinit is in

the range 300 μs (measured at Δn = 1× 1014 cm−3) and it is presumably

limited by surface recombination. Hence, lower detection limits are in

principle achievable through the enhancement of surface passivation.

7.3.4 Applicability to multicrystalline silicon

Detecting and determining the actual Cu concentration in multicrystalline

material is, in principle, a more challenging task than in monocrystalline

samples because of the presence of grain boundaries, dislocations clusters

and other structural defects, which provide additional recombination chan-

nels for the photogenerated carriers.

In order to test the applicability of this method to multicrystalline silicon,

the fit algorithm has been applied to lifetime data obtained with gallium-
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(a) (b)

(c)

Figure 7.6. Detection of Cu contaminated region through (a) subtraction of raw PL images
before and after illumination (20 hours at 1 Sun intensity) and (b) iteration of
the fit algorithm described in Sec. 7.3.1 for each pixel of the lifetime-calibrated
PL images. In figure (a) the Cu contaminated areas have been labelled with
progressive numbers (1-3). Figure (c) displays the fit of the injection-dependent
lifetime data measured in rectangles with solid border depicted in figure (a).

doped specimens with resistivity ∼ 2.2Ω · cm. In these samples, specific

regions were intentionally contaminated by means of the same spot-like

contamination procedure used for the monocrystalline samples analysed

in the previous section.

Fig. 7.6(a) presents the substracted PL map calculated by subtracting

the PL counts before and after light-soaking of the specimen for about

30 hours at room temperature. The Cu contaminated areas clearly re-

sult distinguishable from the non-contaminated regions due to the drastic
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decrease in PL intensity during illumination (hence larger ΔPL). Notice

that in order to highlight the decrement in PL counts during light-soaking

the integration time (i.e. the time during which the CCD sensor remains

exposed to the PL response) has been kept constant when measuring the

PL intensity before and after light-soaking.

Before applying the procedure for determining the actual Cu contamina-

tion levels, the raw PL images have been converted into the corresponding

lifetime maps and the Cu-related injection dependent lifetime has then

been extracted in a similar manner as described in the previous section

(see Eq. 7.2).

Despite the higher density of structural defects compared to monocrys-

talline silicon samples, a good match was found between the experimental

data and the lifetime injection dependence predicted the Schottky model

(see Fig. 7.6(c)). Furthermore, the application of the fit algorithm reveals

estimated Cu contamination levels in all intentionally contaminated re-

gions between ∼ 1013 cm−3 and ∼ 4× 1014 cm−3, thus resulting in the same

range as the previous estimations on monocrystalline silicon. It is also

possible to distinguish the presence of a concentration gradient between

the center of each contaminated region and the edge areas, which is in

analogy with the Cu distribution shown in Fig. 7.5. Hence, the fact that

(i) the estimated Cu concentrations are similar to the values predicted in

Fig. 7.5 and (ii) no modifications to the Schottky model were necessary

to obtain a reasonable fit to experimental data provides indications that

the method presented in this chapter is capable of reliably detecting and

quantifying Cu species also in multicrystalline specimens.

It is noteworthy that, while in Region 3 the subtracted raw PL map out-

lines a stronger variation of the PL signal compared to the other regions of

the wafer, the estimated density of Cu contaminants in this region is lower

than in the other intentionally contaminated areas. The reason for this

apparent discrepancy is the fact that Region 3 encompasses grains with

slightly higher initial lifetime than the rest of the wafer and, therefore, the

light-activation of Cu species results in enhanced ΔPL. However during

light-soaking, the degradation process saturates to slightly higher lifetime

values than in the rest of the wafer, resulting in lower Cu concentrations

predicted by the fit procedure.
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8. Summary and outlook

The extreme levels of miniaturization of integrated semiconductor devices

on one hand and the continuous improvement of solar cell performance

on the other, have set increasingly stringent limits on the concentrations

of metallic impurities in silicon materials used for microelectronics and

photovoltaic applications. Copper is no exception and the Cu-related LID

effects render this element particularly insidious for the performance of

several silicon-based devices.

In Chapter 5 the effectiveness of phosphorus gettering has been investi-

gated in relation to its effect on the extent of Cu-LID effects. It has been

shown that phosphorus gettering does not always prevent the occurrence of

Cu-LID. Although the addition of a slow cooling process after the gettering

anneal has been proven to significantly enhance the gettering efficiency

by POCl3−diffused emitters, in a batch of differently processed samples

none of the tested gettering schemes was found to effectively suppress Cu-

LID. Deeper investigations into this latter set of specimens led to identify

oxygen precipitation as the cause for the ineffectiveness of the gettering

treatments.

Future studies on this topic may include the testing of competitive getter-

ing schemes with different phosphorus profiles. In addition, further hints

on the source of Cu contamination may arise from the analysis of the effect

of post-gettering thermal treatments (e.g. the firing steps required for

screen-printing the front metal contacts in solar cells) on the distribution

of Cu species across the wafer thickness.

Publications II-IV have provided multiple evidence towards Cu precipi-

tation being the root cause behind the observed LID effects. In a first

attempt, the recombination activity of the defect responsible of the Cu-LID

has been analyzed within the framework provided by SRH recombination

statistics. It has been shown that the experimental data are well described
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by two energy levels, i.e. a shallow state at Ec−Et = 0.1−0.2 eV and a deep

recombination center at Ec−Et = 0.48− 0.62 eV with capture cross section

ratio k = 1.7− 2.6, which approximately coincide with the edges of the en-

ergy band associated to Cu-precipitates. The same experimental data have

then been analysed through a different recombination model specifically

developed for describing the recombination activity of metallic precipitates

and excellent agreement was found between the predicted lifetime val-

ues and the experimental data. Finally, these fit results were compared

with the output of a comprehensive physical model that describes the

mechanisms behind the light-induced precipitation of interstitial copper

atoms. As a final confirmation of the conclusions drawn from this part of

the thesis work, future investigations on the defect may include electrical

characterization via DLTS and high resolution imaging through scanning

infrared (e.g. SIRM) or electron microscopy (e.g. SEM or TEM). However,

irrespective of the discussions above on the actual defect behind Cu-LID,

the accurate modelling of the injection-dependent lifetime data by means

of the aforementioned recombination models provides the necessary infor-

mation for including the effect of light-activated Cu complexes in advanced

simulation software (e.g. PC1D [123] or TCAD Atlas/Sentaurus [124]).

Besides shading new light onto the origin of Cu-LID in silicon, these root

cause studies also provided a theoretical foundation for addressing the

problem of quantitatively detecting the presence of copper contamination

through simple lifetime measurements. As LID is a distinguishing charac-

teristic of Cu impurities in silicon, the presence of Cu contamination can

be quickly detected by accelerating the LID process through simultaneous

illumination and low-temperature annealing. Quantitative high-resolution

maps of the Cu spatial distribution were then obtained by comparing the

lifetime injection dependence predicted by the Schottky model with experi-

mental lifetime data obtained with deliberately contaminated mono- and

multicrystalline silicon specimens.

For the purpose of optimizing the fit procedure, future refinements may

include the implementation of advanced machine learning algorithms

that minimize the number of iterations required for the least-square fit-

ting process. Furthermore, the application of this method to wafers with

high concentrations of oxygen precipitates and bulk microdefects would

probably provide additional information on its applicability.
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Appendix: Detailed mathematical
description of the Schottky junction
model

General mathematical formulation

Note: Unless otherwise stated, the calculations included in this section

follow the same sign and symbol conventions as in Fig. 2.2.

The magnitude of the built-in voltage of a metal-semiconductor Schottky

junction in thermal equilibrium is

ΨS
n = ΦBp − Ef − Ev

e
, (A.1)

where ΦBp is the energy barrier height, Ef is the Fermi level and Ev is the

valence band minimum.

Under carrier injection, the calculation of the band bending at metal

semiconductor interface requires the numerical solution of the Poisson

equation together with the continuity equations for holes and electrons.

Specifically, the continuity equations are expressed as

∇ · Je = −eG , ∇ · Jh = eG, (A.2)

where G is the generation rate, whereas Je and Jh are the electron and

hole current densities. For these quantities the drift-diffusion equations

hold, i.e.

Je = eμenE + eDe∇n , Jp = eμppE − eDp∇p. (A.3)

The Poisson’s equation is expressed as

∇2Ψn = −e(p− n+ [Cu+i ]−N−
a )

εSi
, (A.4)

where Ψn is the electric potential around a given precipitate, E = −∇ · Φn

is the electric field, p and n are hole and electron concentrations, N−
a is

the negative acceptor concentration, εSi is the permettivity of silicon. The
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Appendix: Detailed mathematical description of the Schottky junction model

concentrations of electrons and holes obey the Fermi-Dirac statistics and,

on the base of the adopted symbol conventions are expressed as

n = ni exp

(
eΨn + EFn − Ebulk

i

kBT

)
p = ni exp

(
Ebulk

i − EFp − eΨn

kBT

)
, (A.5)

where ni defines the intrinsic electron concentration and Efn,p are the

quasi Fermi levels for holes and electrons respectively.

As mentioned in Sec. 2.5.1, the boundary condition for the solution of the

Poisson’s equation together with the continuity equations is JS
e = −JS

h [30,

31], where the thermionic emission currents at the metal/semiconductor

interface are

JS
e = Jsat

e

(
exp

(
ES
Fn − EM

F

kBT

)
− 1

)
(A.6)

JS
h = −Jsat

h

(
exp

(
EM
F − ES

Fn

kBT

)
− 1

)
. (A.7)

After several calculations and rearrangements, the boundary condition

translates into the following expression of the built-in potential

ΨS
n =

kBT

e
·log

⎛
⎜⎜⎜⎜⎝
Jsat
e − Jsat

h +

√
(Jsat

e − Jsat
h )2 + 4Jsat

e Jsat
h exp

(
ES

Fn−ES
Fp

kBT

)

2Jsat
e

ni
Nc

exp
(
EG−eΦBp+ES

Fn−Ebulk
i

kBT

)
⎞
⎟⎟⎟⎟⎠ .

(A.8)

The recombination rate at the precipitate is then calculated through Eq.

2.14 introduced in Sec. 2.5.1.

Parametrization of the Schottky model

The general formulation of the Schottky model implies the numerical solu-

tion of the Poisson’s equation together with the continuity equations, which

must provide a self-consistent determination of Ψn (i.e. this solution must

solve all equations at once). The solution of the problem becomes compu-

tationally demanding when the concepts introduced above are applied to

2D and 3D simulations. In addition, when simulating the recombination

rate at varying levels of injection, the calculation has to be repeated for

each excess carrier concentration. In order to ease the determination of

the recombination rate, Kwapil et al. [33] proposed a system of equations

that allows to determine the lifetime injection dependence from certain

input parameters, i.e. rprec, Nprec and the semiconductor doping Na. The

calculation of the precipitate-limited lifetime is based upon the relation

τprec(Δn,Nprec, rn, NA) =
1

vthNprecσprec(Δn, rn, Na)
, (A.9)
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where the dependence of σprec on the precipitate radius, semiconductor

doping and excess carrier concentration is estimated via the equations

listed below

σprec
r2prec

= σmin +
σmax − σmin

1 +
(

Δn
Δnref

)α (A.10)

σmin = σmin
min +

σmin
max − σmin

min

1 +

(
rprec
rmin
ref

)αmin (A.11)

σmax = σmax
min +

σmax
max − σmax

min

1 +
(

rprec
rmax
ref

)αmax (A.12)

Δnref = 10(a+b[rprec/1nm]c) (A.13)

α = A+ exp(−C · [rprec/1nm]). (A.14)

The following functions define the dependence on the acceptor doping

concentration NA

σmin
min = const. , σmax

min = const. (A.15)

σmin
max = σmin

max,0 + σmin
max,1 · exp(−σmsx,2 · [NA/1 cm

−3]) (A.16)

rmin
ref = rmin

ref,0 + rmin
ref,1 · [NA/1 cm

−3] (A.17)

σmax
max = σmax

max,0 + σmax
max,1 · exp(−σmsx,2 · [NA/1 cm

−3]) (A.18)

rmax
ref = rmax

ref,0 + rmax
ref,1 · [NA/1 cm

−3] (A.19)

αmax = αmax
0 · [NA/1 cm

−3] (A.20)

a = amax
0 + a1 · [NA/1 cm

−3]
a2 (A.21)

b = bmax
0 · [NA/1 cm

−3]b1 (A.22)

c = cmax
0 · [NA/1 cm

−3]c1 (A.23)

A = A0 · [NA/1 cm
−3]A1 (A.24)

B = B0 +B1 · exp(−B2 · [NA/1 cm
−3]) (A.25)

C = C0 + C1 · exp(−C2 · [NA/1 cm
−3]). (A.26)

The constant values have been fitted in Ref. [33]from simulation results

and reported in the table below. Notice that the values reported in the

table hold only for p-type silicon).
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Symbol Value Symbol Value

σmin
min 0.3 a0 11.02711

σmin
max,0 0.30037 σmin

max,1 1.57

σmin
max,2 7.1 · 10−17 rmin

ref,0 1.08186

rmin
ref,1 3.16 · 10−16 αmin

0 18.46

αmin
1 66.83429 αmin

2 9.26 · 10−16

σmax
min 0.38 σmax

max,0 -4550

σmax
max,1 2460 σmax

max,2 0.019

rmax
ref,0 1.215 rmax

ref,1 8.78 · 10−20

αmax
0 8876920 αmax

1 -0.40128

a0 11.02 a1 -0.00777

a2 0.14313 b0 2.69 · 10−5

b1 0.29433 c0 2.7833

c1 -0.06212 A0 154.65447

A1 -0.16677 B0 0.25835

B1 -0.18501 B2 2.86 · 10−17

C0 0.03771 C1 -0.03102

C2 4.08 · 10−18
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