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Abstract

The presence of inhomogeneities in semiconductor materials used to fabricate solar cell
devices may result in spatial non uniformities in the device properties which may affect
current generation in these devices. Besides, current reducing defects such as inclu-
sions, local shunts and optical blockages may be introduced during the various device
manufacturing processes which may adversely affect the performance and overall effi-
ciency of solar cells. Diagnostic techniques are therefore needed to identify these defects
so as to improve the production technology. This thesis presents the Light Beam Induced
Current (LBIC) technique for mapping spatial non uniformities in solar cell devices. The
LBIC is a non destructive characterisation technique that uses a focused light beam to
raster scan a solar cell surface as the photo-generated current is recorded as a function
of position to generate a photo-response map. The technique was used to obtain photo-
response maps for a mc-Si, Back contact Back junction (BC-BJ) silicon solar cell and the
InGaP/InGaAs/Ge concentrating triple junction (CTJ) solar cell from which various lo-
cal current reducing defects were mapped. A reflection signal detector was incorporated
into the LBIC measurement system to enable us distinguish between optical blockages
on the cell surface and current reducing defects within the solar cell devices. By dy-
namically biasing the solar cell devices, the electrical activity of the identified defects
was investigated and also point-by-point current-voltage (I-V) characteristics were ob-
tained. An interval division algorithm was applied to the measured point-by-point I-V
characteristics to extract device and performance parameters from which device and
performance parameter uniformity of the devices were mapped. Dark and full cell so-
lar illumination I-V characteristics were also measured to extract device parameters.
Analysis of extracted parameters revealed differences between extracted dark and illu-
minated device parameters which was attributed to departure from the superposition
principle due to non-linearity of the semiconductor device equations with respect to car-
rier concentration. An investigation into the effect of illumination intensity on the I-V
parameters of a spot illuminated BC-BJ Si solar cell showed a linear increase and a log-
arithmic increase of the short circuit current and open circuit voltage respectively with
intensity while the series resistance decreased with intensity, which was attributed to
increase in conductivity of the active layer. The ideality factor and saturation current
were observed to increase while the shunt resistance initially increased before decreas-

iv



Chapter 0. Abstract

ing at higher intensity levels. Under monochromatic illumination, the photo-response of
the BC-BJ Si cell was higher at 785nm than at 445nm due to low absorption coefficient
of Si for longer wavelength radiations, resulting in carrier generation within the bulk,
where there is a higher probability of carriers being collected at the p-n junction before
they recombine. Under solar illumination, as the spectral content was altered using
long pass colour filters with cut off wavelengths of 610nm and 1000nm, the performance
parameters were observed to decrease and this was mainly due to decrease in intensity.
For the CTJ solar cell, however, blocking of radiations below 610nm resulted in current
mismatch that severely degraded the short circuit current (Isc). The current mismatch
affected the extracted device and performance parameters. With a 1000nm long pass
filter, a dark I-V was obtained since only the bottom Ge subcell was activated.

Key words: LBIC, concentrator solar cells, characterisation, photo-response, device pa-
rameters, performance parameters.
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Chapter 1

Introduction

One of the biggest challenges the world faces today is the increasing demand for energy.
This has been partly driven by the increasing population and the level of economic ac-
tivity globally. The global energy consumption stood at 13TW per year by 2005 and this
rate is expected to increase to 30TW by 2050 [1]. Figure 1.1 [2] shows the growth of
worldwide primary energy consumption from 1988 to 2013.

Figure 1.1: World primary energy consumption since 1988. The worldwide primary
energy consumption grew by in 2013.

Satisfying this global energy demand is one the biggest challenges confronting mankind
and must be addressed to satisfy the current levels of economic development. Fossil
fuels, which are currently the major sources of energy, are expected to fall short of
this demand [1]. Besides, their continued use has impacted negatively on the envi-
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Chapter 1. Introduction

ronment through pollution by production of greenhouse gases and other waste products
that affect all living organisms. According to the Intergovernmental Panel on Climate
Change (IPCC) [3], global atmospheric concentration of green house gases especially
carbon dioxide, methane and nitrous oxide have increased greatly as a result of human
activities, with the primary source of the increased atmospheric concentration of carbon
dioxide being attributed to fossil fuel usage. The increase in the levels of concentration
of the green house gases is most likely the leading cause for most of the observed temper-
ature increase since the middle of the 20th century. This therefore calls for alternative
sources of energy which are clean and environmentally friendly so as to address the
global challenges of energy security, climate change and sustainable development [3, 4].
The focus on renewable energy has grown, with various renewable energy sources expe-
riencing a significant growth in investments and installed capacity. Global demand for
renewable energy is rising and represents a rapidly rising share of energy supply in a
growing number of countries such as China, Germany and Denmark. An estimated 19%

of global final energy consumption by end of 2011 came from renewable energy sources
[5]. The potential of different sources of renewable energy varies and if availability is
taken into account, solar energy is by far, the most abundant and largest renewable
energy source [6]. The energy supply from the sun to the surface of the earth exceeds
by far the global energy consumption and if 0.16% of the land mass on earth were to be
covered with 10% efficient solar conversion systems, it would provide energy sufficient
to cover the annual global power demand [1]. Amongst various technologies of harvest-
ing solar energy, solar photovoltaics (PV) provides an elegant method where the solar
irradiation is directly converted into electricity. The other technologies of solar energy
harvesting are concentrating solar power (CSP) and solar thermal collectors for heating
and cooling (SHC). CSP systems use concentrated solar radiation as a high tempera-
ture energy source to produce electrical power and drive chemical reactions while SHC
sytems use the thermal energy directly from the sun to heat or cool domestic water or
building spaces.

The concept of photovoltaic effect was discovered as far back as 1839 by a French sci-
entist Edmund Becqueral when he observed that an electric current was produced by
light incident on a silver coated platinum electrode immersed in an electrolyte [7]. How-
ever, significant development in solar PV began with the invention and demonstration of
the silicon single crystal solar cell with 6% efficiency in 1954 [8]. A fundamental under-
standing of the performance of solar cells was consequently reached in 1961 by Shockley
and Queisser, who determined the maximum theoretical light conversion efficiency (de-
tailed balance limit of efficiency) of semiconductor solar cells [9]. Since then, significant
progress was made in research and development that saw significant improvement in
silicon solar cell efficiencies over time, with efficiencies reaching 15% over the following
few years [10, 11]. The major viable application for solar cells at the time was power
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Chapter 1. Introduction

supply for space applications. Today, solar PV energy conversion is used for both space
and terrestrial energy generation. A major breakthrough for PV occurred in 1973 with
the setting up of various publicly funded research and development institutions that
ushered in the modern era of photovoltaics and gave a new sense of urgency to research
and application of photovoltaics especially for terrestrial applications . This was mainly
driven by the energy crisis in 1973 as alternative and stable energy sources were needed
to absorb the oil embargo shock. This resulted in improvements in cell and module ef-
ficiency that saw reductions in cost of the complete system as solar cells moved from
pilot scale to semi-automated production. Today, the need for much more extensive use
of solar cells in terrestrial applications has resulted in the continued growth of the PV
industry at an annual rate approximately of 35 − 40% , with silicon based solar cells
contributing ∼ 90% of the PV market [12], and major programs in the U.S, Japan and
Europe are rapidly accelerating the implementation of stand alone and building inte-
grated PV as well as grid tied PV systems.

Though silicon based solar cells have dominated and still continue to dominate the PV
market today, several other cell types and technologies have entered the market and
have added diversity in potential applications and offered alternate paths to increasing
efficiency. The evolution of world record efficiencies of research laboratory solar cells is
shown in Figure 1.2 [13].

Figure 1.2: Record efficiencies for various types of research solar cells since 1975.

The world cummulative PV operating capacity surpassed the 100GW installed electrical
power mark in 2012 [5, 14] as shown in Figure 1.3 [5]. This was made possible due to
a combination of economic incentive schemes, market development and technology cost

3



Chapter 1. Introduction

reduction. However, compared to conventional sources of energy such as hydro, the cost
of PV energy is still high partly due to the high cost of production and low conversion
efficiencies.

Figure 1.3: Cummulative installed global solar PV power from 2004 to 2013

In order to increase the use of terrestrial solar photovoltaics and successful growth of
the PV industry, there is a need for significant reductions in levelized costs of electric-
ity from PV and a move away from economic incentives and subsidies as these are not
sustainable. Significant lowering of the levelized costs of electricity from PV can be
achieved by a combination of a reduction in the semiconductor material consumption
and increasing the solar cell efficiencies [15]. Reducing the amount of semiconductor
material can be attained by using thin film based technologies and concentrating sys-
tems using optics to direct light towards smaller area solar cells while improvement in
cell efficiencies calls for a clear understanding of the performance limiting factors. The
variation in performance can be caused by spatial inhomogeneities in the semiconductor
starting material itself or can be introduced in the material during the various device
processing steps. The distributed variation of material properties or areas containing
defects can cause the performance of solar cell devices to decrease. It is therefore im-
portant to investigate cell device and performance properties non destructively so as
to identify any potential weak spots or spatial non-uniformities. The performance and
hence the conversion efficiency of a PV device depends on the efficiency of every point
of the photo-active surface. Improvements in cell design and construction are normally
based on finding ways of improving cell efficiencies. However, though overall efficiency
measurements may be important in assessing cell performance, it may be difficult from
such measurements to deduce localised performance on the cell area or to determine
the origin of non-uniformities that may be observed during cell test or operation [16]. A
point-by-point characterisation of the photo-active surface is therefore a powerful tool
for an accurate and effective description of the device. This can be done through a
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point-by-point irradiation of the surface by means of a highly focused photon beam and
measuring the induced current as a function of position to obtain a photo-response map.
This allows spatial mapping of conversion efficiency and detection of local active de-
fects which could be due to presence of impurities, processing heterogeneities or sites of
excessive recombination such as grain boundaries and dislocations.

1.1 Concentrating photovoltaics

Optical concentration has been explored since the earliest days of the PV industry, as
a means of increasing cell efficiency and leveraging the high cost of solar PV energy
systems [17, 18]. Early concentrator cells were basically flat plate cells re-designed for
higher current density but, designs developed specifically for concentrator applications
later emerged. In Concentrating Photovoltaics (CPV), a large area broad spectral range
of sunlight is focused onto small highly efficient solar cells using optical devices as illus-
trated in Figure 1.4.

Figure 1.4: Principle of a CPV solar cell system using a Fresnel lens.

By concentrating sunlight, CPV technologies use less photovoltaic materials compared
to conventional PV modules. The area of the solar cell receiver is reduced by the level of
concentration while at the same time, the intensity is increased by the same level [19].
The cost of a large cell surface is replaced by the cost of the cheaper optics and other
auxiliary components that are used to capture the incident radiation and focus it onto a
smaller area solar cell, making it economically viable to use expensive and high quality
single and multijunction solar cells. The optical system comprises of materials that are
relatively inexpensive such as mirrors and plastic lenses. Concentrating light, however,
requires direct sunlight rather than diffuse light, which limits CPVs to clear, sunny lo-
cations. It also means that, in most instances, tracking the sun is required to focus light
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on to a solar cell throughout the day and year. This therefore means that achieving
higher concentration ratios requires complex tracking systems and high precision con-
trol mechanisms. Sun tracking, however, increases the daily energy production of the
CPV above that of non-tracking flat plate PV systems. The deployment of solar tech-
nologies is influenced significantly by local solar resources. Shown in Figure 1.5 [20] are
regions around the world that experience a high degree of direct insolation.

Figure 1.5: World map showing long term average levels of Direct Normal Irradiance
(DNI).

Regions with very high DNI offer better locations for CPV deployment compared to con-
ventional PV systems. These regions also have the highest available solar resource
overall [21]. In the early days of the CPV technology, it was feared that the percentage
of DNI was considerably lower than the solar resource available for flat plate systems,
that make use of global radiation.

1.2 Thesis objectives and outline

1.2.1 Thesis objectives

The increased deployment of CPV systems worldwide and the expected growth of this
field in Africa has opened up an increasing scope in the area of characterisation of CPV
devices. High concentrator photovoltaic (HCPV) systems typically use multijunction so-
lar cells while medium and low concentrator photovoltaic (LCPV) systems use either
standard or specifically designed crystalline Si solar cells. The solar cells of a CPV mod-
ule, when under concentration, operate under carefully optimized conditions in terms
of the optical, electrical and thermal sub-systems of the module. Deviation from the
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optimum conditions can lead to device degradation and sometimes premature failure.
In addition, studies on the reliability of CPV cells operating in modules under outdoor
conditions has not been tested to the same extent as compared to standard PV systems.
It is therefore, essential to characterise concentrator solar cells with respect to photo-
response and device parameter uniformity under solar spectral conditions before and
after exposure to concentrated sunlight for extended periods of time in order to form a
basis for quality control and maintenance. The objectives of this research were:

• To identify and characterise the current reducing features on CPV cells through
photo-response mapping

• To determine performance and device parameters of CPV cells through parameter
extraction

• To study the effect of change in the solar spectral content and intensity on the I-V
parameters of spot illuminated solar cells

The above objectives were achieved by carrying out indoor measurements with laser
sources as well as outdoor measurements under the solar illumination using the LBIC
system that was designed and constructed. These measurements were taken using stan-
dard solar cells as well as concentrating solar cell devices at the Outdoor Research Fa-
cility (ORF), of the Department of Physics, Nelson Mandela Metropolitan University.

1.2.2 Content outline

In Chapter 2, a brief introduction to solar cell device physics is given where the different
recombination mechanisms that take place in solar cell devices are explained as well as
performance and device parameters. Solar cell equivalent circuit models based on the
single and double diode equations are presented. Concentrator solar cells are introduced
and their classification based on the level of concentration presented. Silicon concentra-
tor solar cells for use in low to medium concentrator systems and multijunction solar
cells for use in high concentrating photovoltaic systems are also discussed.

Principles of LBIC and an overview of systems developed over time as well as system
characterisation are given in Chapter 3. The Chapter also presents the LBIC scanning
system that was developed for indoor and outdoor measurements in this study. The
hardware and software development of the characterisation tool and experimental set
up are outlined in detail. Results from a multi-crystalline silicon solar cell obtained
using the system are presented and discussed.

In Chapter 4, an interval division algorithm for parameter extraction is presented. The
Chapter discusses the fitting procedure in detail and its implementation in Labview.
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Results of the parameter extraction procedure applied to dark and illuminated I-V mea-
surements from a mc-Si solar cell are discussed. Parameter maps obtained by applica-
tion of the algorithm to LBIC measurements are discussed to understand the effect of
non-uniformity and local defects on device performance.

Chapter 5 discusses characterisation of the Back contact Back junction silicon concen-
trator solar cell and the InGaP/InGaAs/Ge concentrating triple junction (CTJ) solar cell
in terms of photo-response mapping and parameter extraction. Photo-response maps
obtained from Light Beam Induced Current and Solar-Light Beam Induced Current
measurements are presented to map carrier generation uniformity over the cell surface
and to identify localised current reducing features on or within the device. Parameter
extraction from dark and illuminated I-V characteristics are presented and discussed.
The parameters give a general idea about the functioning and or performance of the de-
vices. Parameter maps are also presented to discuss local variation in device parameters
that affects the overall performance of the devices.

In Chapter 6, the effect of change in the spectral content and intensity of the beam probe
on the device and performance parameters of spot illuminated solar cells is discussed
while Chapter 7 summarises and conludes the main results of this work and proposes
some work for future investigations.
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Chapter 2

Basics of solar cells and concentrator
photovoltaic systems

2.1 Introduction

A solar cell is a semiconductor device that is designed and constructed to efficiently ab-
sorb and convert light into electrical energy through the photovoltaic effect, a physical
phenomenon that establishes a voltage across a p-n junction (the interface between the
n and p-type regions) by the absorption of photons. The fraction of solar energy that is
converted into electrical energy is quantified by the efficiency of the solar cell, which in
principle, depends on the generation and recombination of the charge carriers when inci-
dent photons are absorbed. The absorption of the incident photons in the semiconductor
material that forms a p-n junction results in generation of charge carriers (electrons and
holes) that are subsequently separated by the built-in electric field and collected at the
terminals of the junction. Electrons are collected in the n-type region, and holes in the p-
type region, resulting in the carrier separation and voltage generation across the device.
The seperated charge carriers flow through an external load connected to the terminals
of the solar cell to generate electrical current. This chapter provides an overview of the
fundamental operating principles and device physics of solar cells so as to understand
the basics for PV device operation. The basic principles of carrier generation and recom-
bination mechanisms are discussed as well as semiconductor diode characteristics. The
current-voltage (I-V) characteristics and performance parameters as well the effect of
parasitic resistance and temperature are discussed. Finally, an overview of concentra-
tror solar cells for low and high concentrator photovoltaic systems based on silicon and
III-V multijunction solar cells are briefly tackled.
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2.1.1 Solar cells and the solar spectrum

Standard spectra are needed in solar cell research and development because the actual
spectrum impinging on a solar cell in operation varies with location and time of the day
as well as due to weather and seasonal changes. In order to evaluate the relative per-
formance of solar cells and photovoltaic modules, reference standard solar spectra are
needed so as to ensure that the solar cells and modules are exposed to the same agreed
upon spectrum. The American Society for Testing and Materials (ASTM), the Interna-
tional Electrochemical Commission (IEC) and the International Standards Organisation
(ISO) provide the standard spectra for PV performance and testing conditions [22]. Var-
ious standard reference spectra are defined depending on the type and application of the
solar cell devices i.e. whether flat plate or concentrator cells or whether they are meant
for terrestrial or space applications. For space applications, the AM0 is used while for
terrestrial applications, two spectra are defined, one for flate plate modules and the
other for concentrator solar cells applications. The AM1.5G, with an integrated power
density of 1000Wm−2 is used for flat plate modules while the AM1.5D is used mainly
for concentrator solar cells. This spectra has an integrated irradiance of ∼ 900Wm−2.
Shown in Figure 2.1 [23] are the different spectra in common use.

Figure 2.1: Solar spectra for space and terrestrial use.
.

Due to smaller acceptance angles, concentrator solar cells mainly absorb the direct so-
lar irradiation. In regions of high annual direct normal irradiation, the AM1.5D may
not be representative of the prevailing conditions, yet it is in such regions where con-
centrator solar cells are likely to be deployed [24]. As a result, a low aerosol optical
depth (AOD) AM1.5D spectrum shown in Figure 2.1 was proposed in 1999 and is cur-
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rently being used for concentrator solar cell measurements. This spectrum is seen as
being more representative of the spectral conditions for concentrator photovoltaic (CPV)
applications [25].

2.2 Device Physics

Semiconductor solar cells use p-n semiconductor diodes to absorb and convert light en-
ergy into electrical energy. A p-n semiconductor diode is formed when an n-type semi-
conductor is brought into contact with a p-type semiconductor to form a metallurgical
junction. At this junction, holes which are the majority charge carriers in the p-type
semiconductor diffuse across the junction into the n-type semiconductor leaving behind
exposed negative charged ions, that are fixed in the crystal lattice and unable to move.
Similarly, electrons which are the majority charge carriers in the n-type semiconductor
diffuse into the p-type semiconductor leaving behind immobile positively charged ions.
As a result of exposure of the oppositely charged ions, a built-in electric field develops,
which limits the diffusion of holes and electrons. The built-in electric field leads to a
built in electrostatic potential difference across the junction given by [26] .

Vbi =
kT

q
ln

(
NAND

n2
i

)
(2.1)

where NA and ND are the acceptor and donor concentrations respectively, ni is the in-
trinsic carrier concentration, T is the absolute temperature, k is Boltzmann constant
while q is the magnitude of the electronic charge. In thermal equilibrium, the charge
carrier drift and diffusion currents balance each and so the net current is zero. The re-
gion between the exposed donor and acceptor ions is called the space charge region. This
region is effectively depleted of both the holes and electrons and as thus, it is also com-
monly known as the depletion region. On either side of the depletion region away from
the junction, there is no significant built-in electric field in thermal equilibrium. These
regions are called quasi neutral regions. The more heavily doped quasi neutral region is
called the emitter while the lightly doped region is called the base. The emitter and the
base (absorber) have opposite dopant species. Absorption mainly occurs in the base as
the emitter is usually very thin [27]. If a solar cell is illuminated, the photo-generated
minority carriers will be separated by the built-in electric field at the p-n junction, i.e.
electrons to the n-type material and holes to the p-type material where they become
majority carriers. This charge separation causes current to flow across the junction
(photo-generated current) and a voltage build up across the solar cell (photo-voltage)
that foward biases the p-n junction.

When light is incident on a solar cell, it may be reflected, transmitted or absorbed. Pho-
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tons with energy equal to or greater than the band gap energy of the semiconductor
material will be absorbed leading to generation of charge carriers (electron-hole pairs).
However, since electrons and holes normally occupy energy levels at the bottom of the
conduction and valence bands, respectively, the excess energy received by the electron-
hole pairs will be lost to the material lattice, thus increasing the energy of the lattice
vibrations, which results in increase in temperature of the semiconductor. Photons with
energy less than the band gap are transmitted through the material and do not con-
tribute to charge carrier generation. The rate of carrier generation, G(x), i.e the number
of electron-hole pairs per second per cm3 as a function of position below the surface of
the semiconductor material, x, is given by [27]

G(x) = (1− s)
∫

(1− r (λ)) f (λ)α (λ) e−αxdλ (2.2)

where s is the grid shadowing factor, r (λ) is the reflectance, f (λ) is the photon flux and
α (λ) is the absorption coefficient.

2.2.1 Bulk recombination

When a semiconductor is illuminated, it is no longer in thermal equilibrium due to the
excess carrier pairs created by photo-generation. The photo-generated carriers tend to
relax back to their equilibrium values through recombination. The rate of recombination
of the excess charge carriers, ∆n, is given by

(
d∆n

dt

)
rec = −∆n

τ
(2.3)

where τ is the carrier lifetime i.e. the average time which a carrier can spend in an
excited state after electron-hole generation before it recombines. Thus smaller carrier
lifetimes correspond to high recombination rates. The three basic types of recombination
mechanisms which occur within the bulk of the semiconductor are radiative recombina-
tion (band to band), Auger recombination and the Shockley-Read-Hall recombination
(recombination through traps or defects in the forbidden gap). These three recombi-
nation mechanisms differ in the way the excess carrier energy is dispersed, being me-
diated by photons, electrons and phonons respectively but may occur concurrently in
which case the net recombination rate will be the sum of the individual recombination
rates. Auger and radiative recombination mechanisms are also classified as intrinsic
recombination mechanisms while the Shockley-Read-Hall is an extrinsic recombination
mechanism. Intrinsic recombination mechanisms are always present in semiconductor
materials even in ideal crystals.
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2.2.1.1 Radiative recombination

Radiative recombination is the reverse process of optical absorption and is thus an inher-
ent property of the semiconductor material. It is typically dominant in direct bandgap
semiconductors (which are common among the III-V compounds) than in indirect types.
In this process, an electron from the conduction band directly combines with a hole in
the valence band, with the energy difference between the two states being released as
a photon. The emitted photons may be absorbed again by the semiconductor material,
through a process called photon recycling. However, such relatively low-energy photons
are only weakly absorbed, and hence they are only reabsorbed to a significant extent if
there is excellent light-trapping present. In indirect band gap materials such as silicon,
some of the energy difference between the two states is shared with a phonon so as to to
conserve both momentum and energy. This makes radiative recombination inherently
less probable in indirect semiconductors. The net radiative recombination rate, U rad , is
given by [26, 27]

U rad = B
(
np− n2

i

)
(2.4)

where B is the radiative recombination coefficient for a given semiconductor, while n

and p are electron and hole concentrations respectively. In an n-type material for low
injection i.e when the excess charge carrriers ∆p = ∆n are fewer than the majority
charge carriers, the net radiative recombination rate can be expressed as [27]

U rad ≈
∆p

τrad,p
(2.5)

where τrad,p = 1
noB

is the minority carrier lifetime, no is the equilibrium electron con-
centration, ∆p = p − po is the excess hole concentration and po is the equilibrium hole
concentration. The expression for the p-type material can be similarly written.

2.2.1.2 Auger recombination

Auger recombination is an intrinsic recombination process that involves three particle
interaction where an electron and a hole recombine, but instead of emitting the energy
as heat or as a photon, the energy is transferred to a third carrier, an electron in the
conduction band (or a hole in the valence band). The electron (or hole) then relaxes
thermally to the conduction (or valence) band edge by emitting phonons. This process
is intrinsic to all semiconductors and occurs regardless of the presence of any material
imperfections. It is most effective when there is a high density of carriers in one of
the bands or both i.e. when heavily doped or under high injection conditions. The net

13



Chapter 2. Basics of solar cells and concentrator photovoltaic systems

recombination rate due to Auger recombination process is [27, 28]

Uaug = (Ann+ App)
(
np− n2

i

)
(2.6)

where An, Ap are the Auger recombination rates for n and p materials respectively. The
first term is dominant in a p-type material while the second term is dominant for an n-
type material. Both terms are, however, important for a material in high level injection
[28]. In an n-type material under low injection and under the assumption that An and
Ap are comparable in magnitude, the net Auger recombination rate is given by [27]

Uaug ≈
∆p

τaug,p
(2.7)

where τaug,p = 1
Ann2

o
is the hole lifetime in n-type material. Similarly, the expression for

electron lifetime in p-type material is obtained . τaug shows a stronger dependence on the
injection level compared to τ rad and so Auger recombination will become the dominant
mode of recombination for semiconductor materials under high injection levels such as
concentrator solar cells, or for high dopant densities such as heavily doped emitter re-
gions of silicon solar cells.

2.2.1.3 Recombination through defect levels

The presence of defects within a semiconductor crystal (from impurities or crystallo-
graphic imperfections such as dislocations and interstitials) produces discrete energy
levels within the bandgap. Some of energy levels lie deep in the middle of the band
gap. These defect levels or traps (introduced intentionally e.g. through doping or unin-
tentionally) greatly facilitate recombination through a two-step process: a free electron
from the conduction band first relaxes to the defect level, the electron then moves to
the valence band where it recombines with a hole or a hole can jump up to the same
defect level before the electron is thermally re-emitted into the conduction band. This
extrinsic recombination mechanism strongly depends on the concentration of the impu-
rities. The net recombination rate per unit volume per second through a single level trap
(SLT) within the forbidden gap is given by the Shockley Read Hall (SRH) recombination
equation [29, 30]

USRH =
np− n2

i

τpo (n+ n1) + τno (p+ p1)
(2.8)

where τpo = 1
σpνthNt

and τno = 1
σnνthNt

are the fundamental hole and electron lifetimes
while νth is the thermal velocity of charge carriers, Nt the density of recombination traps
and σp and σn are the capture cross-sections for the specific trap, n1 is the electon density
when the electron Fermi level is equal to the trap level while p1 is the hole density when
the hole Fermi level is equal to the trap level. n1 and p1 introduce a dependence of the
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recombination rate on the energy level of the traps and are defined as [30]

n1 = ni exp
(
Et − Ei
kT

)
(2.9)

p1 = ni exp
(
Ei − Et
kT

)
(2.10)

where and Ei is the intrinsic Fermi level and Et is the energy level of the trap. If car-
rier trapping is negligible i.e ∆n = ∆p, the SRH recombination lifetime, τSRH can be
expressed as [31, 32]

τSRH =
τno (po + p1 + ∆n) + τpo (no + n1 + ∆n)

no + po + ∆n
(2.11)

From Equation 2.11, it can be seen that the SRH lifetime is a function of the carrier
injection level and the dopant density (through no and po), as well as defect specific
properties such as the concentration of traps, their energy level and their capture cross-
sections. It also shows that traps with energies close to the centre of the bandgap (deep
defects) are the most effective recombination centres. For a very large number of excess
holes and electrons, the recombination rate is high but the carrier lifetime is longer.
This is particularly important in the base region of solar cells, especially concentrator
solar cells since the base region is the least doped.

2.2.2 Surface recombination

Semiconductor device surfaces and interfaces usually contain a large number of recom-
bination centres due to the abrupt termination of the crystal lattice that leaves behind a
large number of electrically active dangling bonds. As a result, surfaces and interfaces
are more likely to contain impurities since they are exposed during the device fabrica-
tion process, leading to the presence of traps within the forbidden gap at the surface
or interface. Recombination can therefore occur at solar cell surfaces and interfaces by
the same mechanism as with the bulk traps. For a single defect at the surface, the net
recombination rate is given by [33]

U s =
nsps − n2

i
ns+n1

Spo
+ ps+p1

Sno

(2.12)

where ns and ps are the concentrations of electrons and holes, respectively, at the sur-
face, Spo = σpνthNts and Sno = σnνthNts where Nts is the density of surface states per
unit area σp and σs are the capture cross-sections for the specific defects. Generally,
defect density is so high that the defect levels can be considered to be continuously dis-
tributed throughout the bandgap, and both their density and capture cross-sections will
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be dependent on their energy level. The net surface recombination velocity Seff is given
by

Seff =
Us

∆ns
(2.13)

Surface recombination velocity is typically used for quantifying surface recombination
processes, it affects the dark saturation current and the quantum efficiency of solar
cells. For optimal operation of solar cell devices, surface recombination is minimised
by passsivation of the surface or introduction of a window layer that prevents minority
carriers from reaching the surface. In addition, doping of the semiconductor surface
minimises the excess concentration of minority carriers at the surface and hence reduces
the recombination rate as seen from Equation 2.13.

In most practical cases two or more of the bulk recombination mechanisms and surface
recombination described above may occur in a given sample at a given injection level
and can be considered to occur independently. For independent processes, the net re-
combination rate is the sum of the contributions from individual mechanisms, resulting
in an effective carrier lifetime τeff , given by

τeff =

(
1

τrad
+

1

τaug
+

1

τSRH

)
+

1

τsurface
(2.14)

or
τeff =

1

τbulk
+

1

τsurface
(2.15)

High bulk recombination rates limit the open circuit voltage and reduce the fill-factor
in low efficiency devices [28] and so should be minimised to improve the performance of
the device. In addition, injection level dependent surface recombination rates have also
been shown to reduce solar cell efficiency significantly [34].

2.2.3 Semiconductor diode characteristics

When an n-type material and p-type material are brought into contact to form a metal-
lurgical junction, an electric field is set up that opposes the diffusion of holes and elec-
trons until equilibrium is established. When an external voltage, V , is applied, it can be
shown that the concentration of minority charge carriers at the edges of the depletion
region is given by

pn (xn) =
n2
i

ND

e
qV
kT (2.16)

np (xp) =
n2
i

NA

e
qV
kT (2.17)

where pn (xn) and np (xp) are the concentrations of holes and electrons at the edge of the
depletion region of the n and p-type materials respectively while xn and xp locate the
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edges of the depletion region in the n and p-type materials respectively. The concen-
tration of minority carriers at the edge of the depletion region is thus seen to increase
exponentially with applied voltage. If the quasi neutral regions are uniformly doped
and the majority carrier currents are small, the minority carriers will flow mainly by
diffusion since the electric field is negligible in this region. Using the minority carrier
diffusion equations and applying appropriate boundary conditions, it can be shown that
the total current (due to holes and electrons) throughout the semiconductor diode is
given by

I = Io
(
e
qV
kT − 1

)
(2.18)

where
Io = A

(
qDen

2
i

LeNA

+
qDhn

2
i

LhND

)
(2.19)

is the saturation current, A is the cross-sectional area of the diode, De and Dh are the
electron and hole diffusion coefficients, respectively, which depend on the mobility of
the carriers through the semiconductor material while Le and Lh are the minority car-
rier diffusion lengths for electrons and holes, respectively. The diffusion length, which
should be long enough to ensure that the generated carriers reach the solar cell contacts
before they recombine, is related to the diffusion coefficient and the minority carrier life-
time through the relation L =

√
Dτ . Equation 2.18 gives the ideal diode equation in the

dark. However, practical solar cells do not obey the ideal diode equation. The non-ideal
diode equation is approximated by the introduction of an ideality factor n in Equation
2.18 to give

I = Io
(
e
qV
nkT − 1

)
(2.20)

The ideality factor is a measure of the quality of the junction and the type of recombina-
tion in the solar cell. If recombination is dominated by minority carrier recombination in
the quasi neutral regions, the ideality factor has a value close to 1. However, when other
recombination mechanisms occur, n can have a value close to 2. Under illumination, it
can be shown that the current-voltage (I-V) characteristics of a p-n semiconductor diode
are given by

I = Io
(
e
qV
nkT − 1

)
− IL (2.21)

where
IL = qAG (Le +W + Lh) (2.22)

is the light generated current, W is the width of the depletion region. Equation 2.22
shows that only charge carriers generated within the depletion region and within one
diffusion length on either side of the depletion region contribute to the light generated
current. Simulated dark and light I-V characteristics are shown in Figure 2.2.
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Figure 2.2: I-V characteristics of a diode in dark and under illumination.

The light diode I-V characteristic is identical to the dark I-V characteristic but is shifted
down by the photogenerated current IL.

2.2.4 Solar cell parameters

When a solar cell is illuminated, the incident photons are absorbed by the solar cell to
generate a photo-current, which is superimposed upon the dark current.

Figure 2.3: The Light I-V characteristic of a solar cell in the first quadrant showing the
solar cell performance parameters.
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The solar cell characteristics can then be modelled by a superposition of light-induced
current and the I-V characteristic of the p-n junction. From the light I-V curve, solar
cell performance parameters such as the open circuit voltage (Voc), short circuit current
(Isc) can be obtained. These and other figures of merit are illustrated in Figure 2.3.

2.2.4.1 Open circuit voltage

At open circuit voltage, the output current is zero. Hence Equation 2.21 can be modified
to yield Equation 2.23

Voc =
nkT

q
ln
(
IL
Io

+ 1
)

(2.23)

Equation 2.23 shows that Voc increases with decrease in Io which is determined by the
carrier recombination in the quasi neutral regions as well as the depletion region. The
carrier recombination in both regions depends on the intrinsic carrier concentration, ni,
which is a function of temperature i.e.

ni = 2
(
m∗
nm

∗
p

) 3
4

(
2πkT

h2

) 3
2

e−
EG
2kT (2.24)

where m∗
n and m∗

p are the effective masses of electrons and holes, respectively, EG is the
band gap while h is Planck’s constant. The effective masses weakly depend on tempera-
ture while the band gap varies with temperature according to Equation 2.25

EG (T ) = EG (0)− αT 2

β + T
(2.25)

where α and β are constants specific to the semiconductor. Thus increase in temperature
increases ni which in turn increases in Io thus leading to a decrease in Voc.

2.2.4.2 Short circuit current

Current through a solar cell when the voltage across the cell is zero is the short circuit
current, (Isc). It is the maximum current that can be extracted from the solar cell and
depends on the photon flux density incident on the solar cell, which is determined by
the spectrum of the incident light. Ideally Isc is equal to the light generated current IL.
Low energy band gap and high diffusion length of the minority carriers are favourable
for high short circuit current. Short circuit current is also determined by the cell’s quan-
tum efficiency, which is the fraction of the incident photons that produce electron-hole
pairs at a given wavelength. Short circuit current is weakly temperature-dependent, it
increases slightly with increase in temperature.
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2.2.4.3 Maximum power output

The power output of the solar cell is given by

P = IV (2.26)

and is maximum at the maximum power point defined by Imp and Vmp, the current and
voltage, respectively, at which P = Pmax, the maximum power output from the solar cell.
The maximum power point defines the largest rectangle for any point on the I-V curve.
Pmax is given by

Pmax = ImpVmp (2.27)

2.2.4.4 Fill factor and efficiency

A measure of the squareness (quality of the shape) of the I-V curve is called the fill
factor, FF . It is the ratio of the areas of the rectangles defined by Vmp, Imp and Voc, Isc
and is always less than one. The FF is given by Equation 2.28

FF =
Pmax
VocIsc

=
VmpImp
VocIsc

(2.28)

Empirically, the ideal fill factor is given by Equation 2.29 [26]

FF =
voc − ln (voc + 0.72)

voc + 1
(2.29)

where voc = q
nkT

Voc is the normalised value of the open circuit voltage. The higher the
FF, the more the I-V curve resembles a constant current source with maximum voltage
and the higher the electric power that can be extracted.

Probably, the most important performance indicator of a solar cell is the efficiency, η,
defined as the ratio of the power output to the power input or in other words, the ratio of
the electrical energy generated by the device to the light energy incident on the device.
Solar cell efficiency is reported at maximum power condition and calculated as given by
Equation 2.30

η =
Pmax
Pinc

=
VmpImp
Pinc

=
FFVocIsc
Pinc

(2.30)

where Pinc is the incident power. Pinc is an important experimental parameter to com-
pare efficiencies of solar cell devices which therefore calls for standard test conditions
to be used. For flat plate modules, the AM1.5G spectrum with an integrated irradiance
of 1000Wm−2 at 25 °C is used. One of the major reasons for low efficiency of solar cells
is due to the fact that each photon, irrespective of its energy, generates one electron-
hole pair. The electron and hole pair generated quickly relaxes back to the edges of the
respective carrier bands emitting phonons, which have low energy but relatively high
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momentum compared to a photon. This results in dissipation of energy as heat. In ad-
dition, recombination of carriers which takes place in the bulk of the semiconductor as
well as the surfaces reduces the efficiency of solar cells.

2.2.4.5 Parasitic resistance

The diode equation (Equation 2.21) does not take into consideration the effect of par-
asitic resistances (series and shunt resistance) which are always present in real solar
cells. The series resistance can be due to the movement of current through the emitter
and the base of the solar cell i.e. base and emitter sheet resistances, the contact resis-
tance between the metal contact and the semiconductor and the resistance of the top
and rear metal contacts. Shunt resistances are due to current leakage across the p-n
junction, non peripheral regions in the presence of crystal defects and precipitates of
foreign inpurities in the junction as well as leakage currents across the edge of the cell
[26]. When these parasitic resistances are incorporated, the diode equation in the first
quadrant is given by

I = IL − I0
(
e
q(V+IRs)

nkT − 1
)
− V + IRs

Rsh

(2.31)

where Rs and Rsh are the series and shunt resistances, respectively.

Figure 2.4: Simulated effect of: a) series resistance b) Shunt resistance, on I-V curves of
solar cells.
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The series resistance affects the short circuit current by biasing the dark diode, causing
the current through the load (short circuit) to be less than the photo-generated cur-
rent. Series resistance, however, does not affect the solar cell at open circuit voltage,
as illustrated in Figure 2.4(a), since the overall current flow through the solar cell, and
therefore the voltage drop across the series resistance is zero [35, 27]. The shunt resis-
tance reduces Voc but does not affect Isc, as illustrated in Figure 2.4(b), since at short
circuit conditions, the short circuited path provides the lowest resistance compared to
the leakage path [27, 35]. The current path through the shunt resistance when the
circuit is opened at the load lowers the bias across the diode, hence degrading Voc. Gen-
erally, resistive effects in solar cells reduce the efficiency of the solar cell through power
dissipation in the resistances. For typical values of shunt and series resistance, the
major impact of parasitic resistance is to reduce the fill factor of the device. The series
resistance degrades the fill factor by increasing the bias across the diode. Since the
diode current varies exponentially with the diode bias, parasitic diode current increases
greatly even when there are very small changes in series resistance. The effect of series
resistance can be approximated by [26]

FF = FF0

(
1−Rs

Isc
Voc

)
(2.32)

where FF0 is the ideal fill factor as defined by Equation 2.29. Shunt resistance degrades
the fill factor by diverting some of the photo-generated current that would otherwise go
through the load. Its effect on fill factor can be approximated by [26]

FF = FF0

{
1−

(
voc + 0.7

voc

)
FF0

Rsh

Voc
Isc

}
(2.33)

At low light levels, the photo-generated current is low and any current loss to the shunt
will have a significant impact. In high quality solar cells, Rs is very low while Rsh is as
high as possible.

2.2.5 Temperature effect

Increasing the temperature of a solar cell reduces the bandgap according to Equation
2.25. The decreased badgap results in more absorption of light of longer wavelength,
leading to an increase of Isc. However, the parameter most affected by an increase
in temperature is the Voc due to the temperature dependence of Io. The temperature
dependence of Io can be expressed as [26]

Io = BT γe
−
(
EGO
kT

)
(2.34)
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where EGO is the band gap linearly extrapolated to absolute zero, B is a temperature
independent constant while γ incorporates all possible temperature dependencies of the
other material parameters. An increase in temperature thus increases the saturation
(recombination) current and results in a decrease in Voc as seen from Equation 2.23.
Although Isc increases with increasing temperature, the decrease of Voc plays a more
dominant role, which results in the decrease of η as temperature increases. Figure 2.5
demonstrates the effects of temperature on the I-V characteristic of a solar cell.

Figure 2.5: Effect of temperature on I-V characteristics of a solar cell.

2.3 Solar cells under concentration

2.3.1 Effect of illumination intensity

Operating solar cells under concentration can result in higher conversion efficiencies
since both current and voltage increase with light intensity. If a solar cell is well opti-
mised and in low injection conditions so that minority carrier recombination rates are
linear, the short circuit current (Isc) increases linearly with the level of concentration
(concentration ratio) X, as long as X is not very large (typically X < 100). The level
of concentration refers to the ratio of the solar radiation incident on a solar cell at a
given concentration to the solar radiation at one sun irradiance. This ratio is normally
expressed in terms of number of ’suns’. The one sun (1X) irradiance is normally taken
to be equal to 1000Wm−2 [35]. Thus,

IXsc = XIsc (2.35)
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where IXsc is the short circuit at a concentration level of X suns while Isc is the short
circuit current at 1-sun condition. Since Voc varies logarithmically with short circuit
current (Equation 2.23), then Voc varies logarithmically with X according to Equation
2.36

Voc (X) =
nkT

q
ln
(
XIsc
Io

+ 1
)
≈ Voc (1) +

nkT

q
lnX (2.36)

where Voc (1) is the one sun Voc. At low concentration levels and for a solar cell with
minimal series resistance, higher Voc results in higher FF . However, as the concentra-
tion level increases, the resulting high current density leads to an increase in resistive
losses that result in a decrease in FF and efficiency. Thus for a given series resistance
of the solar cell, efficiency increases initially with concentration due to increase in Voc

with concentration until the effect of series resistance losses dominates after which the
efficiency decreases with increase in concentration [35]. Since concentrator photovoltaic
(CPV) solar cells typically operate at high current densities, series resistance plays a
very significant role in their performance and therefore the metal grid configuration of
CPVs must be carefully designed to minimise the series resistance losses. Thus one
of the main differences between the fabrication technology of CPVs and standard solar
cells is the requirement for CPVs producing higher current densities to have very low
series resistance.

2.3.2 Effect of concentration on recombination

Under concentrated light conditions, the photo-generated minority charge carrier den-
sity may exceed the doping density, which leads to high injection conditions. Under high
injection conditions, the excess minority charge carrier concentration is much higher
than the thermal equilibrium majority charge carrier concentration but the excess hole
density must be equal to the excess electron density, for charge neutrality to exist i.e.
4n = 4p >> n0, p0 [36, 37]. In the limit where concentration of free electrons is equal to
the concentration of free holes i.e. n = p, and assuming n >> n1 and p >> p1, Equation
2.8 reduces to [30]

USRH ≈
n

τpo + τno
(2.37)

The SRH recombination rate is still proportional to the carrier concentration but the car-
rier lifetime is higher since the local carrier lifetimes generally increase with increase in
carrier concentration. This is because carrier generation rate dominates carrier recom-
bination rate, which improves charge carrier lifetime [35]. If the SRH recombination is
the dominant recombination mechanism at high injection levels, superposition should
still hold but the short circuit current may increase even faster than the concentration
level due to the longer carrier lifetime at high injection. For radiative and Auger recom-
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bination mechanisms, Equations 2.4 and 2.6 also reduce to [30]

Urad = Bn2 (2.38)

Uaug = An3 (2.39)

in the limit n = p. Radiative and Auger recombination mechanisms therefore become
non-linear under high injection conditions and if they are the dominant recombination
mechanisms at such injections levels, the superposition principle will nolonger hold [30].
In this case, the dark current term will increase with generation rate but Voc will in-
crease more slowly than is predicted by Equation 2.36. Thus a change in the intensity
dependence of Voc can be used to differentiate between the dominating recombination
mechanisms at different injection levels. For n = p and if EFn − EFp ≈ qV , where V is
the voltage across the p-n junction, while EFn and EFp are the quasi Fermi levels for the
electrons and holes respectively, then [38]

np = n2 = n2
i e

qV
kT (2.40)

or
n = nie

qV
2kT (2.41)

Consequently, recombination will vary as ∼ e
qV
2kT for SRH, ∼ e

qV
kT for radiative and ∼ e

3qV
2kT

for Auger recombination process. This corresponds to ideality factors of 2, 1 and 2
3

for
SRH, radiative and Auger recombination mechanisms at high injection levels. The ide-
ality factors for different recombination mechanisms in a solar cell at different injection
levels are summarised in Table 2.1.

Table 2.1: Ideality factors for different recombination mechanisms at different injection
levels.

Recombination mechanism Injection level Ideality factor
SRH Low 1
SRH High 2

Radiative Low 1
Radiative High 1

Auger Low 1
Auger High 2

3

Surface Low 1
Surface High 2
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2.4 Quantum efficiency and spectral response

The quantum efficiency, QE, of a solar cell is the ratio of the number of electron-hole
pairs produced by an incident photon of a given wavelength. We distinguish between
internal and external quantum efficiencies, which differ in terms of consideration of
reflection from the cell surface. The internal quantum efficiency (IQE) only considers
photons that are not reflected from the cell surface and refers to the fraction of pho-
tons transmitted into the material that result into electron-hole pairs while External
Quantum efficiency (EQE) refers to the ratio of the electron-hole pairs produced to the
number of incident photons. EQE considers all photons that are incident on the solar
cell surface. The expressions for EQE and IQE are given in Equations 2.42 and 2.43,
respectively [39].

EQE (λ) =
Isc
q

hc

Pin (λ)
(2.42)

where Pin (λ) is the incident photon energy and λ is the wavelength.

IQE (λ) =
1

1−R (λ)
EQE (λ) (2.43)

whereR (λ) is the reflection coefficient at λ. IQE is higher than EQE, low IQE values in-
dicate high recombination in the semiconductor material. A typical quantum efficiency
characteristic is shown in Figure 2.6 where lower QE for both short and long wavelength
radiations is observed.

Figure 2.6: Typical quantum efficiency and reflectance curves of a semiconductor mate-
rial.
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The low QE at shorter wavelengths is due to strong recombination at the front surface
while at longer wavelenghths, it results from rear surface recombination and low ab-
sorption of the long wavelength radiations. Related to the quantum efficiency is the
spectral response, SR(λ) of the solar cell. The spectral response can be used to analyse
how photons of different wavelengths contribute to the short circuit current. It is the
ratio of the photocurrent generated by a solar cell to the power incident on the solar cell
at a given wavelength and can be expressed as [40].

SR (λ) =
qλ

hc
QE (λ) (2.44)

where c is the speed of light in a vaccuum. The spectral response can thus be internal
or external. The short circuit current can be determined from the spectral response of
the cell and the incident spectrum through the relation [27]

Isc =
∫
SR (λ) f (λ) dλ (2.45)

where f (λ) is the incident spectrum. The spectral response of a solar cell gives an indi-
cation of the extent to which a solar cell is able to convert the absorbed solar radiation
into photo-generated current at different radiation wavelengths.

2.5 Solar cell equivalent circuit models

As already mentioned, a solar cell is a p-n junction. When exposed to light whose photo-
energy is greater than the band gap of the semiconductor material, a photo-current
proportional to the incident radiation is generated. The current generated by the solar
cell is given by Equation 2.31. In order to understand the performance and operation
of a solar cell, the solar cell equation (Equation 2.31) can be modelled as a current
generator in parallel with a diode representing the light generated current and the dark
recombination current mechanisms respectively. This model is commonly referred to
as the single diode model, which is a modified Shockley diode equation incorporating a
diode quality factor to take into account the quality of the junction and the effect of the
different recombination mechanisms. The equivalent circuit diagram of the single diode
model is shown in Figure 2.7.
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Figure 2.7: Single diode equivalent circuit model.

In order to account for radiative recombination in the quasi-neutral region and the SRH
recombination in the space charge region, the double diode model, which simulates the
space-charge recombination effect by incorporating a separate current component with
its own exponential voltage dependence is used. This model shown in Figure 2.8 consists
of two parrallel connected diodes, D1 in which only band to band recombination takes
place, and D2 in which only recombination through defects occurs in the space charge
region [41]. Under illumination, the double diode equation is given by

I = IL − I01
(
e
q(V+IRs)
n1kT − 1

)
− I02

(
e
q(V+IRs)
n2kT − 1

)
− V + IRs

Rsh

(2.46)

where I01 is the dark saturation current due to recombination in the quasi neutral re-
gion, n1 is the ideality factor for D1 while I02 is the dark saturation current in the space
charge region and n2 is the ideality factor for D2.

Figure 2.8: Double diode equivalent circuit diagram.

If recombination through defects is not neglected, one must then consider that at small
voltages, recombination through defects dominates while at large voltages, band to band
recombination dominates [41].
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2.6 Concentrator photovoltaic systems

Generation of electrical energy using solar cells is desirable but the cost of solar en-
ergy conversion into electrical energy using current photovoltaic technologies is still
expensive and therefore prohibitive. Alternative technologies to bring the cost down are
therefore being sought in order to make solar energy as competetive as the conventional
energy sources. The use of concentrating systems to concentrate the solar light onto
a small area of the solar cell is therefore considered. In CPV systems, optical devices
are used to concentrate the light onto small and high efficient photovoltaic solar cells
thus reducing the area of the active material required to generate a given amount of
energy [42, 43]. In this way, expensive solar cell material is replaced by low cost optical
devices while at the same time increasing the intensity of light reaching the solar cell.
CPV systems can be classified according to the level of concentration of the solar radi-
ation incident on the solar cell. According to this classification, CPV systems fall into
three groups i.e. Low concentration (LCPV) that have a concentration level between 1

and 40 suns (1− 40X), medium concentration (MCPV) that have a concentration level
between 40 and 300 suns (40− 300X) and high concentration (HCPV) that have a con-
centration level between 300 and 2000 suns (300− 2000X) [43]. Generally, LCPV and
MCPV use high efficiency silicon solar cells while HCPVs use solar cells based on III-V
semiconductor materials [44]. In addition to reducing the solar cell active material, CPV
systems also offer a possibility of increasing the solar cell efficiency.

2.6.1 Silicon concentrator solar cells

Silicon concentrator solar cells are a promising alternative to the conventional PV tech-
nology as the solar cells can be made smaller according to the concentration ratio, which
results in the use of less photo-active material. The use of conventional silicon solar
cells in concentrator solar systems is limited by the increase in resistive losses that lead
to a reduction in efficiency under concentration. In conventional solar cells, it is difficult
to obtain very low series resistances due to the presence of sheet resistance of the front
side emitter that arises from the lateral current flow in the diffused regions, which must
be kept low for good quantum efficiency [45]. For use in concentrator systems, silicon
solar cells specially designed are fabricated using technologies that produce high effi-
ciency solar cells. The technologies used should produce solar cells that maintain high
bulk minority carrier lifetime, low surface recombination velocity, excellent reflection
control and light trapping and good design of metallisation to minimise optical and re-
sistance losses [45, 46]. High efficiency silicon solar cells with efficiencies ∼ 27% have
been achieved under concentration using the back contact solar cell technology [47].
However, the initial designs were too complex for low concentration applications and
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the fabrication costs for this technology were quite high, making the final solar cell de-
vice quite expensive and therefore unlikely to be economically competitive [48, 49]. Back
contact solar cells have both positive and negative electrical contacts at the rear of the
cell. This helps to reduce the shading and resistive losses from the gridlines and allows
easy interconnection since the front surface need not to be accessed with interconnects
[50, 46]. In addition, it allows for an optimised solar cell packing density that increases
the total active area efficiency of the module and also gives an attractive visual appear-
ance of the modules, an aspect that is much appreciated by designers and achitects for
building integration photvoltaics [51, 50, 52]. Back contact solar cells can be grouped
into three categories i.e back contact back junction solar cells (BC-BJ), the emitter wrap
through (EWT) and metallisation wrap through (MWT).

2.6.1.1 Back contact-Back junction silicon solar cells

The back contact-back junction (BC-BJ) solar cells, also known as the interdigitated
back-contact (IBC) solar cells have both positive and negative electrical contacts and the
collecting junction at the rear of the cell. Because the collecting junction is situated at
the rear of the solar cell, charge carriers generated at the front surface have to traverse
the entire wafer thickness to the rear side, which therefore requires such a solar cell
to have high carrier diffusion lengths [53]. The basic structure of an IBC solar cell is
shown in Figure 2.9 [54].

Figure 2.9: Cross-section and structure of an IBC solar cell.
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They are usually fabricated on n-type Czochralski grown silicon (Cz-Si) due to the higher
minority carrier lifetimes of n-type as compared to the p-type Cz-Si with similar impu-
rity concentrations [55]. This therefore means that a p+ emitter is required to form a
p-n junction. Since electrical contacting and hence extraction of charge carriers occurs
on the rear side of the solar cell device, shadowing losses due to the metal grid on the
front surface are completely eliminated, resulting into an increased photo-current and
efficiency of the device [56]. Thus for high current collection efficiency, the minority
carrier diffusion length should be much bigger compared to the thickness of the cell
and the front surface should be well passivated to minimise surface recombination due
to the high minority charge carrier concentration levels especially under concentrated
light [56, 57]. However, because the rear surface is not completely covered by a col-
lecting emitter, recombination in regions without the emitter occurs, reducing the short
circuit current of the device, an effect referred to as electrical shading. It is a result of
a reduced minority charge carrier collection probability due to an increased recombina-
tion in the non-collecting base region that consists of the back surface field (BSF) and
generally an undiffused gap region. Electrical shading losses depend on the geomerty
of the metallisation fingers, base doping concentration and the passivation quality of
the rear surface [58, 59]. The rear surface of IBC solar cells can be independently opti-
mised for low series resistance and high fill factors, while the front surface is optimised
for anti-reflection and passivation properties to achieve maximum optical coupling and
high short circuit currents. Conversion efficiencies of up to 24.2% have been achieved
using an n-type CZ-Si wafer [60].

2.6.1.2 Emitter wrap through silicon solar cells

In the emitter wrap through (EWT) solar cells, the front surface collecting junction
(emitter) is connected to the interdigitated contacts at the back of the solar cell us-
ing laser drilled and emitter diffused holes (vias) through the substrate [61] as shown
in Figure 2.10 [62]. Due to the presence of collecting junctions on both sides of the cell,
the EWT concept is considered particularly suited for materials with low bulk diffusion
lengths, since the average minority carrier distance to the emitter is significantly re-
duced. In addition, since carrier collection in an EWT cell can occur at both the front
and back junctions, high current densities can be collected resulting in higher collec-
tion efficiency with medium quality base silicon compared to the IBC solar cell [63, 12].
However, large area EWT cells with screen printed metallisation have high series re-
sistance that limits the fill factor, though efficiencies up to 21.4% have been reported on
FZ Si [48]. If EWT solar cells are properly designed, very low series resistance can be
achieved without the need for high vias density.
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Figure 2.10: Schematic illustration of an emitter wrap through (EWT) Silicon solar cell.

2.6.1.3 Metal wrap through.

These cells are characterised by the presence of a metal grid and the emitter on the front
surface in combination with the presence of interconnection pads for both polarities on
the rear surface [50, 51]. The front side metal fingers are connected to the busbar on the
rear side through the laser drilled holes, which are filled with metal as shown in Figure
2.11 [62].

Figure 2.11: Structure of a Metal Wrap through (MWT) solar cell.

Compared to EWT, the conduction in the holes of metal wrap through (MWT) cells is
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high because of the application of metal inside the holes [64]. As a result, a limited
number of holes will be sufficient to enable a good fill factor for MWT cells, making the
processing easier than for EWT. Just like EWT cells, the MWT solar cell design does not
require long carrier lifetimes material like the BC-BJ cells, and can therefore be pro-
duced on conventional multi-crystalline silicon wafers. Compared to the conventional
solar cell production technology, only two additional steps are required i.e. laser via
drilling and rear contact isolation, which is an advantage, compared to other rear con-
tact cell technologies. MWT solar cell efficiencies of up to 19% for Cz-Si and up to 17.5%

for mc-Si have been reported [65, 66].

2.6.2 Multijunction concentrator solar cells

The highest conversion efficiencies attained for solar cells so far have been achieved with
the multijunction approach using solar cells made of III-V semiconductor materials.
Multijunction solar cells consist of multiple semiconductor layers (subcells or junctions)
of different band gaps stacked in such a way that the front surface is transparent to
radiations absorbed by the subsequent layers. This is attained by stacking the different
semiconductor layers in such a way that the top (front) subcell has the highest band
gap while the subsequent subcells have decreasing band gaps, with the bottom (rear)
subcell having the lowest band gap. This ensures that high energy photons are absorbed
in the top subcell and generate electron-hole pairs while the less energetic photons pass
through to the lower subcells where they are absorbed resulting into generation of more
electron hole pairs. Due to the longer minority carrier lifetime of electrons than holes
in most III-V materials, each subcell in the multijunction is doped as a thin n-type
emitter on a thick p-type base [67, 68]. Each subcell is efficiently tuned to absorb a
given range of wavelengths of the solar spectrum with the subcells having overlapping
quantum efficiencies that collectively absorb a wider range of wavelengths from the solar
spectrum. This helps to reduce transmission and thermal losses commonly present in
conventional single junction solar cells and therefore increase the conversion efficiency
[69]. Figure 2.12 [70] shows the AM1.5 spectrum highlighting the parts of the spectrum
that can be theoretically absorbed by a silicon solar cell (Figure 2.12(a)) and a triple
junction solar cell (Figure 2.12(b)).
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Figure 2.12: Spectral losses in: a) Silicon solar cell, b) InGaP/InGaAs/Ge triple junction
solar cell.

The maximum solar irradiance that can be absorbed by the silicon solar cell and the
InGaP/InGaAs/Ge triple junction solar cell is shown in the figure where a reduction in
thermalisation and transmission losses is realised by using a triple junction solar cell.

The subcells in multijunction solar cells can be mechanically stacked or monolithically
grown to form a two terminal device in which each junction in the stack must be trans-
parent to radiations with energy below their band gaps. This sets constraints, especially
on the subcell substrates and back contact metallisations to be used through which the
radiations must pass [71]. These constraints, are, however, not insurmountable and
different approaches have been used to overcome them.

2.6.2.1 Mechanically stacked multijunction solar cells

Mechanically stacked multijunction solar cells consist of multiple subcells with different
band gaps, each fabricated on its own substrate and then stacked using adhesives on top
of each other as shown in Figure 2.13 [72]. Each subcell has its own contacts and can be
connected separately. This makes these devices more flexible as subcells with different
band gaps can be connected together without the need to worry about lattice mismatch
issues and also have low spectral sensitivity compared to monolithically grown multi-
junction devices [73]. In addition, the subcells do not necessarily have to be connected
in series which eliminates the need for current matching, thus allowing full exploitation
of the current generated by each subcell in the solar cell device.
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Figure 2.13: Mechanically stacked multijunction solar cell.

However, technological difficulties in maintaining the optimum optical coupling between
the subcells, the complex electrical architecture required due to individual subcell con-
nection and a higher series resistance due to multiple lateral current flows have made
the devices more complex to manufacture [73]. In addition, since the subcells are man-
ufactured separately with each subcell having its own substrate, it makes these devices
more bulky and expensive to make. Efficiencies of more than 38% have been attained
with mechanically stacked multijunction solar cells using the spectrum splitting tech-
nique [74].

2.6.2.2 Monolithic multijunction solar cells

In monolithic multijunction solar cells, the subcells are epitaxially grown one upon an-
other on a single substrate to form a two terminal device in which the subcells are
connected in series. Since most multijunction solar cells made of thin n-doped emitter
on a thick p-doped base, connecting such n-on-p subcells in series would result to p-on-n
diodes between the subcells, which would then block current flow between the subcells.
Series connection of the subcells is thus realised using interband tunnel diodes as shown
in the schematic diagram in Figure 2.14 [75].
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Figure 2.14: Schematic diagram of a monolithic concentrating triple junction (CTJ) solar
cell.

Figure 2.15: Equivalent circuit model of a CTJ solar cell.

The two terminal equivalent circuit model for the CTJ, with each junction modelled with
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a single diode, is shown in Figure 2.15. The interband tunnel diodes joining the subcells
are modelled as resistors and incorporated into the series resistances of the subcells [76].
Tunnel diodes generally consist of thin degenerately doped p-on-n layers connected in
reverse polarity between the subcells. They provide low electric resistance to current
flow and have high optical transmissivity. The I-V characteristic of a tunnel junction
diode is shown in Figure 2.16 [68].

Figure 2.16: I-V characteristic of a tunnel diode as compared to a typical p-n junction
diode

At low voltages, high current densities flow and the I-V characteristic is essentially
ohmic. However, current flow decreases after the characteristic peak tunneling current
density. At significantly higher voltages, the current density increases again and the
tunnel diode behaves like a normal p-n junction diode as shown in Figure 2.16. The
operating range of a tunnel diode is therefore between 0V and the voltage at the peak
tunnelling current density. Tunnel diodes for multijunction solar cells should have high
peak current densities. These are achieved by using thin, heavily doped layers of rela-
tively low band gap semiconductors.

Because the subcells are connected in series, the current between the subcells must be
matched since the current generated by the device is limited by the subcell producing
the lowest current i.e. the output current I from the device is given by

I = min {Ii} (2.47)

where Ii is the current generated by subcell i. The current generated by each subcell is
in turn determined by its spectral response and the spectral content of the beam incident
on it i.e.

Ii =
∫
SRiEi (λ) (2.48)
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where SRi is the spectral response of subcell i and Ei is the spectrum incident on it. The
device voltage V is given by [72]

V =
∑
i

Vi (2.49)

where Vi is the subcell voltage. Current matching for a given spectrum is attained
through selection of appropriate band gaps for the subcells as well as through subcell
thinning. However, any changes in the spectral content of the incident beam may lead
to current mismatch between the subcells thus affecting the current output of the de-
vice. The monolithic multijunction solar cell is therefore very sensitive to fluctuations
in the spectrum with time due to changing atmospheric conditions and the position of
the sun [75]. In addition to current matching, the subcells and the substrate should
be lattice matched to minimise defects or dislocations that may act as recombination
centres. This creates another constraint as some semiconductor materials with suitable
band gaps that can be optimally current matched are not lattice matched thus limiting
the potential efficiency of the device. One way to mitigate the current mismatch con-
straint has been through the growth of lattice mismatched (metamorphic) devices using
graded buffer layers between the subcells [77]. The graded buffer layer gradually al-
ters the lattice constant from the substrate to that of the subsequent subcell. However,
highly metamorphic materials have a large lattice mismatch (∼ 1.7−2.4%) which makes
it difficult to grow the subsequent subcells [78]. In addition, during the growth, the
buffer layer relaxes. This relaxation introduces defects and dislocations that propagate
along the growth direction thus negatively affecting the performance of the subsequent
subcells and hence the overall performance of the device [77]. This is, however, being
addressed through inverted metamorphic growth, in which the solar cell device is grown
upside down, with the top subcell grown lattice matched to the substrate, followed by the
graded buffer layer and then the metamorphic subcell as illustrated in Figure 2.17 [78].
This preserves the material and device quality of the lattice matched, high band gap
subcells and shields them from the dislocation defects from the metamorphic layers. In
addition, the substrate is removed thus lowering the total weight of inverted metamor-
phic solar cell device. However, the removal of the substrate increases the complexity
of the processing and fabrication of the cell which ultimately results in yield losses and
increases the cost of the final product [77]. Currently, the state of the art multijunc-
tion solar cell is the monolithic lattice matched InGaP/InGaAs/Ge triple junction solar
cell. The structure, however, does not have the optimum band gap configuration and
is highly current mismatched [79]. Efficiencies of more than 40% under concentration
have been attained for monolithic multijunction solar cells based on lattice matched and
metamorphic solar cell technologies [79, 80, 81].
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Figure 2.17: Schematic diagram of a 3-junction inverted metamorphic solar cell.

2.6.2.3 Effect of current mismatch on I-V characteristics

For a series connection of subcells whose individual I-V characteristics are described by
V (I), the operating voltage is the sum of the subcell voltages as given in Equation 2.49
while the short circuit current, Isc, is taken to be that of the current limiting subcell for
subcells without significant current leakage or reverse bias breakdown. Figure 2.18 (a)
shows the individual I-V curves for the three subcells as well as the resulting I-V curve
for the triple junction illustrating how the voltages of series-connected subcells add up
at a given current. In the Figure, the bottom subcell has the highest current while the
middle subcell has the lowest current and is therefore the current limiting subcell. A
mismatch step is observed in the reverse bias region and its position depends on the
reverse bias I-V characteristic of the limiting subcell. If the current limiting subcell has
a low reverse breakdown voltage, the mismatch step occurs in the power quadrant of the
I-V curve as shown in Figure 2.18 (b). The effect of current mismatch in monolithically
grown multijunction solar cells is a big a challenge especially under outdoor conditions
due to the continously changing solar spectrum and can result in drastic performance
losses.
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Figure 2.18: Simulated subcell I-V characteristics and the combined.

2.7 Conclusion

The basic theory and operating principles of solar cells have been presented in this
chapter. Principal recombination mechanisms such as bulk and surface recombination
processes have been discussed and expressions for their recombination rates presented.
The ideal diode equation was derived and generalised for practical solar cells so as to
encorporate the effect of the quality of the junction and parasitic resistances that affect
the performance of solar cell devices. Solar cell equivalent circuit models based on the
single and double diode models were presented. These models are used to describe the
behaviour of the I-V characteristics from which device parameters Io, Rsh, Rs, n and
performance parameters Voc, Isc, Pmax, FF , η can be extracted. The effect of parasitic re-
sistances as well as temperature on the I-V characteristic and hence performance of the
device was demonstrated. Concentrator photovoltaic systems and their classification
based on the level of concentration have been discussed. Back contact silicon concentra-
tor cells were presented and discussed as an example of solar cells that can be used for
low to medium concentration, while multijunction solar cells based on III-V semiconduc-
tors are used for high concentration PV systems. A back contact back junction silicon
solar cell and an InGaP/InGaAs/Ge triple junction solar cells will be further studied and
characterised in the subsequent chapters.
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Chapter 3

LBIC mapping technique and system
development

3.1 Introduction

The performance of opto-electronic devices is affected by spatial distribution of inho-
mogeneities in semiconductor materials used to fabricate them. In photovoltaic (PV)
devices, these inhomogeneities may occupy very minute areas of the device but may
affect current generation over a large area sorrounding the affected region and hence
affect the overall performance and efficiency of the device [82] . Diagnostic techniques
that reveal spatially resolved material characteristics (electrical or optical) with a high
spatial resolution are therefore necessary to identify the causes of these spatial vari-
ations. Such spatial variations can be examined non-destructively by focusing a laser
beam onto the cell surface and measuring the photo-generated current as the beam is
moved across the cell surface in a raster scan. This technique is known as the Light
Beam Induced Current (LBIC) mapping technique. When solar light is used as a beam
probe instead of laser light, then we have the Solar-Light Beam Induced Current (S-
LBIC) mapping technique. In this case, the system has to be mounted on a two-axis sun
tracker since the direct beam solar radiation is required as a beam probe. The LBIC
technique generally involves shining the light beam onto the solar cell surface and mea-
suring the photo-generated current across the terminals of the solar cell as a function of
position of the light beam. The measured current across the solar cell terminals is then
used to generate topographical images of the solar cell at different experimental condi-
tions. LBIC mapping is usually carried out under short circuit current conditions and
allows determination of the diffusion length of the solar cell material from local photo-
generated current measurements. It should be noted that since the solar cell is spot
illuminated, the current measured across the cell contacts indicates the whole solar cell
material’s response to point illumination [83]. For a given spectrum of light of a given
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intensity incident on a solar cell, the current generated is determined by the absorption
and generation properties as well as the electrical properties of the solar cell device at
the point of incidence. At defect regions such as grain boundaries, the photo-generated
current is reduced due to enhanced charge carrier recombination. LBIC measurements
are normally performed with low intensity beams to avoid saturation of minority charge
carriers which may result in changes in the local transport properties. However, some
measurements have been carried out at high intensity levels with beam diameters of
∼ 1µm resulting into the high injection regime. In the high injection regime, the in-
fluence of the majority charge carriers on the current transport mechanism have to be
considered together with the minority carrier current flow [84]. In addition, more recom-
bination centres in the illuminated surface and in the bulk can be activated resulting in
degradation of the device performance [85]. For single junction devices, it is desirable
to perform LBIC measurements using monochromatic sources so as to ensure that the
generation rate is the same for all the generated charge carriers [86], though white light
from sources such as halogen lamps with a monochromator have been used as well as
solar light as used in the S-LBIC [87]. In this Chapter, an overview of the LBIC map-
ping technique and systems as well as system characterisation are given. We describe
the LBIC system that was designed and built to characterise different solar cell devices,
including concentrator solar cells. Results of photo-response mapping of a mc-silicon
solar cell device are also presented and discussed.

3.2 Overview of LBIC systems

Since the late 1970’s, the laser scanning technique has been in use for mapping pho-
tocurrent generation uniformity in PV devices especially polycrystaline silicon solar cells
[16, 88, 89]. In the 1980’s, mapping of defects in PV devices was performed using a two
dimensional laser scanner that used oscillating mirrors to move the incident beam in a
raster pattern over the cell surface [90]. However, the two mirror laser scanner is not
suitable for quantitative studies of very small areas due to difficulties in aligning and
maintaining a highly focused spot over such an area [82]. In addition, for large area
scans, the distance between the deflecting device and the incident point is not constant
which creates problems related to maintenance of correct focusing [91]. In general, in-
stead of moving the beam across a fixed solar cell using a set of steering mirrors or by
moving the light source, the light beam probe can be fixed while the cell is moved using
translation stages. Systems based on this mode of scanning tend to be slower compared
to those using beam deflection since the scanning speed is determined by the speed of
the translation stages. With current availability of high precision stepper motors, the
translation stage approach is preferred since one can position the solar cell with a re-
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peatabilty to the same position of less than 1µm. The laser scanning technique has
developed over years to a standard characterisation technique for process development
of different PV devices due to advancement in technology and the growing demand for
higher efficiency PV systems and has come to be known as the LBIC technique. Most
of these systems are designed for small area systems at single cell level [91, 92, 87]
although large area systems for full size commercial PV modules have also been devel-
oped [93]. Various research groups globally have developed LBIC systems with different
capabilities. Some of the recent designs are highlighted.

Hiltner et al. (2000) [94] developed a high-resolution and high-sensitivity laser stepping
apparatus at Colorado State University (USA) to characterise grain boundaries and lo-
cal defects in thin film polycrystalline solar cells. Their system featured a diffraction
limited laser spot size at different wavelengths in the red and infrared wavelength re-
gions that could attain a spatial resolution of ∼ 1µm. X-Y translation stages were used
to move the solar cell sample under a fixed light beam which was sinusoidally modulated
so as to allow lock in detection of the photo-current. Photodiodes were incorporated into
the system to monitor the intensity of the incident beam as well as reflection from the
sample. Beam steering mirrors were used to allign the beam probe on to the microscope
objective lens. From their system, they were able to obtain apparent quantum efficiency
maps with high resolution and to probe single grains in selected devices.

Carstensen et al. (2003) [92] developed an advanced LBIC measurement system called
CELLO that was used to determine all local parameters of a large area silicon solar
cell. In their set up, halogen lamps were used to bias the solar cell device while a sinu-
soidally modulated infrared beam was used as a beam probe. From their results, they
were able to identify material and process induced defects, obtain local series and shunt
resistances maps, lateral diffusion of minority carriers as well as local I-V characteris-
tics.

Martin et al. (2004) [91] designed a versatile computer controlled high resolution LBIC
system capable of obtaining submicrometer resolution quantum effeiciency images. Beam
focusing was highly automated with focusing algorithms that enabled them to compute
the optimum distance at which the focusing lens would be positioned with respect to the
sample for optimum performance. The system was capable of simultanesouly obtaining
LBIC and specular reflection images at a resolution of 0.5µm.

A large area LBIC system was developed at the Centre for Renewable Energy Systems
Technology (CREST), Loughborough University, UK [95, 96] with a capability to scan
solar cell modules of dimensions up to 1.5m× 1.5m. The system was able to give detailed
current maps from which spatial variation of structural defects of the modules could be
identified.

Vorster et al. (2007) [97], at Nelson Mandela Metropolitan University (NMMU), South
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Africa, developed an LBIC system that uses concentrated solar spectrum as a light
source (S-LBIC) by placing the measurement system on a two-axis sun tracker. The
system was designed so as to be able to accomodate laser beam sources (LBIC) in place
of the direct solar beam for indoor measurements and was initially developed to study
concentrator photovoltaic solar cells (CPVs) but could also be used to study conventional
solar cells under high saturation conditions [83]. By dynamically biasing the device un-
der test, they were able to identify defects under different bias conditions and to obtain
point-by-point I-V measurements from which device and performance parameter maps
were obtained.

Though the LBIC technique is a very useful technique for mapping spatial distribution
of photo-generated current on large area samples, its disadvantage is the low spatial
resolution compared to other techniques such the electron beam induced current (EBIC)
[98, 99]. The minimum spot sizes that can be obtained with this technique are ∼ 0.5µm.
This is an obstacle when one wants to probe features far below the sub-micron level.

3.3 LBIC system characterisation

The spatial distribution of inhomogeneities determines the overall performance of PV
devices. Minute defect areas on a solar cell can considerably deteriorate the perfor-
mance of the device and if connected to other well performing solar cells in a module
can lead to a significant reduction in the power output of the module. The defects may
be local sites of excessive recombination such as grain boundaries or dislocations, or
can be shunts which are characterised by an increase of the local dark current. Im-
provement of PV devices performance therefore calls for characterisation of the spatial
variation of the electronic properties responsible for cell performance on a point-by-point
basis. The LBIC technique is used to map the spatial distribution of defects through a
point-by-point illumination of the surface using a highly focused irradiation beam. The
photo-generated current is plotted as a function of position to give a two-dimensional
map of the current signal. Each data point on the map is generated by the current from
the sample as the beam probe scans over the sample device. By dynamically biasing the
device at each measurement point from reverse bias to a voltage slightly greater than
its Voc, point-by-point I-V characteristics are obtained to which parameter extraction al-
gorithms are applied to extract point-by-point I-V parameters. For a given intensity and
wavelength of the beam probe, the magnitude of the current generated at each point
represents the material’s response to the incident beam at that point. Due to the strong
dependence of the LBIC signal on the laser intensity, laser stability is of utmost impor-
tance as any variation in the intensity would cause uncertainty in the measurement.
In order to obtain a high resolution photo-response map, the beam probe should be op-

44



Chapter 3. LBIC mapping technique and system development

timally focused as this will determine the spot size of the beam probe. However, it is
equally important that the system be free of mechanical and or optical fluctuations so
as to ensure precise control of the illumination position and photonic stability of the
beam probe [91].

3.3.1 Beam diameter

The beam probe diameter (spot size) partly determines the spatial resolution of the
system and is related to the focal length of the lens and the size of the pre-focused
beam [100]. Smaller spot diameters are obtained by optimising the focal length of the
objective lens. The beam diameter is measured at the plane where the solar cell is placed
by running line scans over a sharp edge or a busbar of the solar cell. The beam diameter
can be obtained by measuring the distance over which the signal suddenly changes at
the sharp edge or bus bar as illustrated in Figure 3.1.

Figure 3.1: Short circuit current variation across a bus bar. The scan distance between
the points when the current changes from maximum to minimum across the bus bar
edge is the beam diameter.

In our set up, the spot size of a 660nm wavelength laser was obtained by determining
the distance covered by the beam probe as it was scanned across the edge of a bus bar
when the signal level reduced from the maximum value at the edge of the solar cell
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active area to the minimum value at the bus bar, as shown in Figure 3.1. From these
measurements, the average beam diameter was ∼ 170µm.

3.3.2 Generation volume

When a solar cell is spot illuminated, the distribution of the electron-hole pair genera-
tion within the sample is given by the generation volume profile. Various models have
been used to describe the generation volume profile of charge carriers within a semi-
conductor under the influence of light or electron beam radiation [89, 101, 102, 103].
The carrier generation properties of light however, differs from carrier generation by
electrons since a single photon can only generate a single electron-hole pair as opposed
to many carriers generated by a single electron. The generation volume depends on
wavelength and determines the density and position of the charge carriers relative to
the junction. For an n doped material in low injection conditions, the excess minority
carrier distribution can be described by the continuity equation (Equation 3.1):

Dp∇2∆p (r)− ∆p (r)

τp
+ g (r) = 0 (3.1)

where Dp is the diffusion constant of minority charge carriers, ∆p (r) is the density of
excess minority charge carriers, τp is the minority charge carrier life time while g (r) is
the generation volume function for the electron-hole pairs induced by light or electron
beam. For LBIC measurements with a Gaussian laser beam incident on a solar cell
device as illustrated in Figure 3.2, g (r) can be expressed as [104]

Figure 3.2: Schematic illustration of the generation volume of a solar cell device.
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g (r) = g0e
−
(
x2+y2

σ2

)
e−(αz) (3.2)

where g0 = φηα (1−R) and α is the absorption coefficient for the laser wavelength, η the
quantum efficiency, φ is the maximum flux density of the laser beam, R the reflection
coefficient while σ is the beam radius. The beam radius is defined as the radius at which
the amplitude of the beam decreases by a factor 1

e
. The light beam carrier generation

is not uniform over the generation volume but is highest closest to the surface and the
beam axis [105]. The measured current collected at the junction is given by Equation
3.3

I = qDp

∫
dx
∫
dy

(
∂∆p

∂z

)
z=0

(3.3)

where q is the magnitude of the electronic charge and the junction is assumed to be an
infinitely recombinative surface [104].

3.3.3 Beam probe intensity

The intensity and spectral composition of the beam determines the generation profile.
The magnitude of the photo-generated current in a single junction solar cell is directly
proportional to the intensity of the incident beam of a particular wavelength as long as
the power of the incident beam is low enough to avoid high injection that could lead
to changes in the local transport properties [86] and or thermal effects. Typical laser
beam power used in this thesis for LBIC measurements using a 660nm wavelength
laser was 4mW , corresponding to an injection of ∼ 1.3 × 1016 photons per second. If
the active surface is uniform and larger than the spot size of the beam, the magnitude
of the photo-generated current will be independent of the focusing level since the num-
ber of incident photons is constant irrespective of the level of focusing [106]. However,
localised inhomogeneities such as variations in the series and shunt resistances of the
device will influence the strength of the photo-generated current. Due to the strong de-
pendence of the photo-generated current on the intensity of the beam, it is important
that the laser output is stable to avoid uncertainties in the measured signal that could
be misinterpreted as localised defects.

3.3.4 System resolution

The system resolution is an optimisation of the scanning time for a given area and the
diameter of the beam. The scanning time for a given area is determined by the scanning
step size which is itself related to the spot size (diameter) of the beam probe while the
diameter of the beam probe is determined by the focusing system. Generally, the spatial
resolution is limited by the spot size and the scanning step size. The smaller the step
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size, the higher the resolution. However, the step size should not be much smaller
than the spot size for a better resolution to be obtained. The scanning time can range
from few seconds to tens of hours depending on the resolution. LBIC permits very high
spatial resolution but is time consuming. As a result, low resolution maps are usually
taken first to identify regions of interest, from where high resolution maps are then
taken. It should be noted, however, that most of the LBIC systems for research purposes
are not optimised for scanning time. In principle, the resolution is also limited by the
diffusion length of the minority carriers in the material, especially for materials with
large diffusion length and low absorption coefficient such as silicon [94]. As the beam
enters the material, divergence occurs leading to an effective spot size which increases
as the beam penetrates the material.

3.4 System development

The LBIC system was locally designed and built at the Centre for Energy Research
(CER), Department of Physics, Nelson Mandela Metropolitan University (NMMU), to
measure the spatial uniformity of the solar cell response to light when the solar cell de-
vice is spot illuminated using laser light as a beam probe. This was realised by placing
the sample cell under a fixed laser beam while moving the sample in a raster pattern us-
ing a computer controlled sample positioning system. The apparatus in general consists
of three sub-systems i.e. the Optics , sample positioning and the electronics sub-systems.
The details of the system are shown schematically in Figure 3.3.

Figure 3.3: Schematic diagram showing the main components of the LBIC system.

The measurement system was compactly designed so that it can be adapted for oudoor

48



Chapter 3. LBIC mapping technique and system development

measurements using the sun as the beam probe (S-LBIC) by placing it on a two axis sun
tracker as shown in Figure 3.4.

Figure 3.4: LBIC system built for indoor and outdoor measurements: a) Showing main
components in a dark enclosure b) System on a two axis tracker for S-LBIC measure-
ments.

In addition, adjustments could be made by encorporating a beam splitter and spectrom-
eters so as to be able to perform spectral measurements. To minimise the effect of
external light sources, the system is placed in a dark enclosure with a small opening
on top where the light source is placed. External or background light, if not controlled
or minimised can affect the photo-response of the solar cell device under investigation,
leading to unexpected results.

3.4.1 Optics sub-system

The optics sub-system comprises of the laser diodes and the focusing lens. The laser
diodes used are coherent cube lasers from Coherent CUBETM [107] (785nm/40mW ,
660nm/60mW and 445nm/40mW ) with built in photodiodes to monitor the laser output
power level and the temperatures of the diode and its base. The laser system, mounted
on a heat sink for cooling and operated in continous wave (CW) mode, was fixed above
the translation stages, thus allowing for the sample to be moved under a stationary
laser beam while scanning. In order to control the output power level using a computer,
a USB interface was used. Control of the power output of the lasers ensures that the
beam probe power is low enough to avoid carrier saturation due to high injection as well
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as heating of the sample under investigation. Choice of the wavelength of the laser used
is also important since it determines the penetration depth of the incident photons. The
penetration depth also depends on the absorpton coefficient of the material. In general,
longer wavelengths (lower photon energies) penetrate deeper into the material before
they are absorbed than shorter wavelengths. In addition, use of light sources of differ-
ent wavelengths to scan the sample can help to reveal defects at different depths within
the sample, thus allowing the investigation of different layers of the solar cell device.
The focusing lens used for LBIC measurements is a 4× microscope objective with a nu-
merical aperture of 0.1 and a working distance of 18.5mm. This large working distance
allows room for cell contacts and mounting of the reflection detector above the sample
solar cell. For S-LBIC measurements, a 15× reflective microscope objective from Thor-
Labs [108] was used. This reflective objective focusing lens system consists of reflective
surfaces that focus light without introducing chromatic aberration. It has a numerical
aperture of 0.3 and a working distance of 24.1mm. An appropriate spot size was obtained
by manually adjusting the position of the lens relative to the sample to optimse its focal
length.

3.4.2 Sample positioning

Accurate positioning of the solar cell is very important for LBIC measurements. To re-
alise this, positioning of the sample under a fixed light beam was achieved using two
identical computer controlled VT-80 translation stages from PI Micos, Germany [109].
The translation stages are equipped with integrated limit switches and motorized with
2-phase bipolar stepper motors. A back-lash free re-circulating ball bearing along with
a back-lash compensated lead screw ensures quiet and smooth motion. Command pro-
gramming and configuration is executed via a RS232 interface, which allows setting of
the motion parameters of the translation stages and point-to-point moves. Each stage
has a travel limit of 51.47mm, a uni-directional repeatability down to 0.4 µm and a max-
imum speed of 13mms−1. The two stages are fixed into an XY assembly as shown in
Figure 3.5 and tuned for optimum performance using a computer controlled custom
made LabView program.
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Figure 3.5: XY translation stages.

3.4.3 Electronics sub-system

The photo-generated current from a solar cell may vary depending on the incident
beam’s spot size, intensity and with position on the surface of the solar cell device,
and the solar cell technology. Good control of the input impedance of the current de-
tection electronics is therefore very important to avoid changes in measured current
due to loading errors. Small currents such as those generated by a single solar cell may
be difficult to measure without amplification. A Stanford Research Systems SR570 low
noise current pre-amplifier, with a 50 Ω output impedance was used for current ampli-
fication. It has sensitivity settings from 1 pAV −1 to 1mAV −1 that can be selected in a
1, 2, 5 sequence. In addition, an input current offset is available to avoid overloading the
amplifier with a DC offset current. The pre-amplifier has two identical RC filters whose
cutoff frequencies and configuration (high pass or low pass) are controlled from the front
panel. These filters were used to minimise the level of noise in the measured signal.
More specifications about the amplifier can be found in the amplifier manual [110]. In
order to measure the voltage dependence of the photo-generated current, the solar cell
was dynamically biased with a sinusoidal wave pattern using an Agilent 20MHz Func-
tion waveform generator. It is a programmable wave function generator that uses a
USB computer interface and has an output impedance of 50 Ω. It was used to dynami-
cally bias the solar cell at a voltage step interval of 0.01V and frequency of 10Hz. The
biasing rate was optimised to limit capacitive transient effects [87].
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3.4.4 Computer control and data acquisition

Integrated into the system is the Labview scanning program that controls the trans-
lation stages using an RS232 interface. Biasing of the solar cell using the Function
waveform generator and data acquisition with a National Instruments simultaneous
sample and hold data acquisition device are integrated into the scanning program and
are controlled through a USB interface.

Figure 3.6: Flow diagram for the scanning program.
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Shown in Figure 3.6 is a flow chart diagram showing a sequency of steps through which
the program is ran to take a scan. A screenshot of the front panel of the main window
for the program is shown in Figure 3.7.

Figure 3.7: Front panel of the main window of the Labview scanning program.

When the program is started, it prompts the user to select the Virtual Instrument Soft-
ware Architecture (VISA) resource name (com.port) for the translation stages to start
communication between the computer and the translation stages. Once communication
has been established, the user can, if necessary, calibrate the translation stages and ad-
just the motion parameters such as velocity and acceleration using the “Calibrate” and
“Motion Parameters” buttons shown in Figure 3.7 as well as setting the scanning axis.
The sample position is adjusted using the “UP/DOWN” or “Go To” buttons to ensure
that it is well positioned relative to the beam probe, before setting the starting point
(origin for the axes) using the “Set Zero” button. After setting the origin for the axes,
the sample is moved using the “UP/DOWN” or “Go To” buttons to select the area to be
scanned, which is then set using the “Set Rectangle” button.If I-V measurements are to
be taken, the user should ensure that the incident beam is focused on the active area
of the sample. By clicking on the “Start Scan” button, the program prompts the user
to select the DAQ device, biasing voltage interval and the VISA resource name for the
waveform generator, before opening another window from which the type of scan to be
performed is selected. This window is shown in Figure 3.8.
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Figure 3.8: Screenshot of the scan type selection window.

It should be noted that the photo-response scan is performed with no voltage bias ap-
plied to the sample. To perform point-by-point I-V measurements (“IV vs. Position”),
a continous I-V scan on a single spot is first carried out to set appropriate biasing fre-
quency and to ensure that the I-V curve is sweeping from Isc to Voc. This is done by
adjusting the biasing voltage amplitude and or the voltage offset from the continous I-V
curve window shown in Figure 3.9.

Figure 3.9: Screenshot of the single spot continous I-V curve measurement window.

Once this is done and the user is satisfied with the shape of the I-V curve, the continous
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I-V curve measurement is stopped, which will prompt the user to save the data. The
single I-V data can be saved or the scan cancelled without saving the data, which will
close the single spot continous I-V measurement window, taking the user back to the
scan type selection window (Figure 3.8). From this window, point-by-point I-V measure-
ments are performed using the “IV vs. Position” buttom that opens another window from
where the user will specify the scanning step size and start the scan or cancel the scan if
necessary. This window has an option that allows the user to change the scanning axis,
if necessary. Once the scanning is completed, the program prompts the user to save the
data and stop the program or start another scan.

3.4.5 Reflection measurements

Reflection from the sample reduces the amount of radiation that can be absorbed and
thus reduces the short circuit current of the solar cell. The magnitude of photo-induced
current measured by the reflection detector largely depends on the intensity of the re-
flected beam which is in turn determined by the reflecting surface. By comparing the
reflected signal from the reflection detector with the photo-response map from the sam-
ple under study, information about surface features of the sample can be obtained. This
information can be used to locate and determine the presence of optical impediments
and to distinguish them from other current reducing features such as shunts. The re-
flection detector used in this study was a 155 × 80mm2 multi-crystalline silicon (mc-Si)
solar cell fixed 10mm above the sample and with ∼ 4mm diameter hole at its centre for
the incident beam to pass through to the sample solar cell. This is shown in Figure 3.10.

Figure 3.10: Reflection detector before and after mounting above the stage.

55



Chapter 3. LBIC mapping technique and system development

3.5 Spot illuminated solar cell model

When a solar cell is spot illuminated, only a small area of the cell as given by the di-
ameter of the beam probe is illuminated while the bulk part of the cell is in the dark,
with little or no photo-generation at all. This can be considered as two subcells i.e. the
“illuminated subcell” and the “dark subcell”, connected in parallel, with each subcell
represented by the single diode model as shown in the equivalent circuit diagram in
Figure 3.11. RshL and RshD in the circuit diagram represent the shunt resistances for
the illuminated and dark subcells respectively while RsL and RsD are the corresponding
series resistances. If the shunt resistances for the dark and illuminated subcells are
combined into a lumped shunt resistance Rsh and similarly for the series resistances
into a lumped series resistance, Rs, the I − V characteristic of a spot illuminated solar
cell can be expressed by a two diode model as

I = IL − IoL
[
e
q(V+IRs)
nLkT − 1

]
− IoD

[
e
q(V+IRs)
nDkT − 1

]
− V + IRs

Rsh

(3.4)

where IL is the light generated current, IoD and IoL are the saturation currents for the
dark and illuminated subcells respectively while nD and nL are the corresponding ide-
ality factors. Though the model does not fully account for all the carrier transport and
recombination paths, it is a useful starting point to understanding solar cells’ behaviour
under spot illumination.

Figure 3.11: Equivalent circuit diagram of a spot illuminated solar cell.

Since the beam spot is always very small compared to the bulk of the solar cell in the
dark, the diode recombination properties of the dark subcell may be regarded as con-
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stant with respect to beam position. It should be noted that for spot illumination of
a solar cell, the current measured indicates the whole solar cell material’s response to
being spot illuminated and depends on the size of the beam spot. Integration of current
obtained at all measurement points over the cell surface may therefore not necessarily
give the current measured under full cell illumination due to differences in the genera-
tion volume and the possibility of the beam spot overlapping certain areas, depending
on the scanning step size.

3.6 Multi-crystalline silicon solar cell photo-response
mapping

Multi-crystalline silicon (mc-Si) contributes more than 50% of the total Si for PV applica-
tions and this percentage is expected to rise tremendously [111]. It is mainly produced
from a low grade feedstock that consists mainly of materials that do not meet the spec-
ifications of the microelectronics industry and quite often, contain a high concentration
of impurities and electrically active defects like dislocations and grain boundaries (GBs)
which act as sites of excessive recombination.

Figure 3.12: Short circuit current (Isc) map of a mc-Si showing grain boundaries.

These defects and impurities are detrimental to the minority carrier lifetime and thus to
the efficiency of these solar cell devices. In addition, the defects may be localised shunt
regions that affect the fill factor and the Voc of the device and so need to be identified
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and characterised. In this section, a 40 × 40mm2 sample cell cut from a 155 × 80mm2

mc-Si solar cell was used for LBIC measurements. Variations in spatial uniformity of
the mc-Si solar cell device were examined in terms of photo-response uniformity using
a 660nm wavelength laser. The results of the Isc mapping are shown in Figure 3.12 in
which the metallic current collection grids (fingers) at the surface of the cell are clearly
visible due to the shadowing effect. The finger metallisation act as optical blockages
that reflect the incident light as revealed by an increase in the reflection detector signal
at these positions in the reflection map shown in Figure 3.13. Also observed are grain
boundaries which appear as irregular lines with reduced photo-current in the Isc map.
The different grains show variations in the current collection which is attributed to the
differences in light absorption as well as crystal grain orientation that result in more
incident light being scattered.

Figure 3.13: Reflection map of a mc-Si solar cell.

When the light beam is incident on the solar cell surface in the vicinity of the grain
boundary, some of the generated minority carriers recombine at the grain boundaries,
leading to a local reduction in the number of photo-generated charge carriers collected
by the p-n junction and hence a reduction in the photo-response. The GB interface states
play a dominant role in determining the electronic and photovoltaic properties of mc-Si
by acting as traps and recombination centres for the photo-generated carriers due to the
presence of deep or shallow levels, depending on the level of impurity decoration [112].
It is also observed in Figure 3.12 that the contrast along the GBs is not uniform. This
is attributed to the fact that GBs act as sinks for impurities. Their level of activity can
therefore be explained in terms of impurity accumulation in the GB strain field [39].
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GBs affect the performance directly by a current and voltage drop due to recombina-
tion or indirectly by a voltage drop induced by local fixed charges [104]. The impact
of GBs on device performance has been studied by various authors [89, 103, 104, 113]
and their effects and transport properties have shown to involve complex phenomena
such as an injection dependant potential barrier induced by charged defects at the GB
which influences its recombination strength [114]. Donolato [89] derived an expression
to describe the LBIC or EBIC (electron beam induced current) contrast, C (x0) , across a
semiconductor grain boundary given by

C (x0) =
[I0 − I (x0)]

I0
(3.5)

where I0 is the background current at a large distance from a grain boundary, I(x0) is
the beam-induced current in the vicinity of a grain boundary as illustrated in Figure
3.2. The GB line itself therefore does not give a contrast but its the sorrounding envi-
ronment that gives it a contrast. It should be noted, however, that due to the difference
in electrical activities of GBs, their influence on LBIC profile differs. In general, the
effects of GBs depend on the microstructure, grain size distribution, junction depth as
well as doping [115].

3.7 Conclusion

In this Chapter, various LBIC systems that have been developed over time have been
reviewed. Their development was partly driven by the need to improve the resolution
of the systems as well as availability of new technologies that have resulted in improve-
ment in scanning speeds and accuracy. The LBIC mapping technique has proved to be
an effective technique that reveals spatial inhomogeneities in PV systems and devices,
it is non-destructive and has a relatively high resolution. The spatial resolution of the
system is partly determined by the scanning step size and the diameter of the focused
beam. The Chapter also described the LBIC/S-LBIC system that was designed and com-
pactly built to be used for indoor and outdoor measurements. A model for a solar cell
under spot illumination was presented and discussed. Photo-response mapping results
for a mc-Si solar cell obtained using the system were also presented and discussed. The
system was used to obtain indoor measurements using lasers as beam probes and out-
door measurements (S-LBIC) to characterise concentrator solar cells whose results are
presented in Chapter 5.
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Solar cell parameter extraction

4.1 Introduction

Improving the efficiency of solar cells requires an understanding of the physical pro-
cesses that determine their performance. Solar cell performance is normally assessed
by measuring the I-V characteristics under specific conditions and then extracting the
I-V parameters from the measured data. The solar cell I-V characteristics are often
described by the diode models, as given by Equations 2.31 and 2.46. The model param-
eters are closely related to the internal physical mechanisms that occur in the solar cell
and so their knowledge is important in understanding the processes involved. Solar
cell parameter extraction has been a research topic for many years and several articles
have reviewed different parameter extraction methods over time. Generally, there are
two approaches that have been used to extract solar cell parameters from I-V measure-
ments taken either in the dark [116, 117] or under illumination [118, 119, 120, 121],
viz: analytical techniques [122, 123, 124, 125] and numerical extraction techniques
[126, 127, 128]. Extraction of I-V parameters based on numerical techniques use al-
gorithms to fit computed I-V characteristics to the measured ones, which may require
significant computational effort due to the non-linearity and implicit nature of these
equations. Besides, their accuracy depends on the fitting algorithm and the fitting crite-
rion used [127]. Analytical extraction techniques which are normally preferred as they
are fast may be inaccurate since they are normally based on simplified formulae [127].
Accurate extraction and interpretation of solar cell parameters is important in improv-
ing the device quality and design during fabrication and in device modelling and simula-
tion. In addition, optimisation efforts and quantitative studies to asses the capabilities
of various solar cell technologies under various test and operating conditions benefit
greatly from accurate extraction and interpretation of the model parameters [124]. In
this chapter, an interval division algorithm for the extraction of solar cell parameters
from I-V measurements is presented. Results obtained for a mc-Si solar cell in the dark
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and under illumination are presented and discussed.

4.2 Parameter extraction algorithm

In order to extract device and performance parameters from the matrix of I-V mea-
surements obtained using the LBIC/S-LBIC mapping technique, a curve fitting interval
division algorithm based on the diode models was used. The algorithm which was devel-
oped in Labview, imports the measured I-V data sets and simulates the I-V curve using
either the single diode model given by Equation 2.31 or the double diode model given by
Equation 2.46. The simulated I-V curve parameters are then programatically adjusted
until the measured and simulated I-V curves are fitted within a set tolerance limit (tol)
of the parameters. A small tol value minimises the computational error and enables
the algorithm to converge to a more accurate set of parameters but may increase the
computational time. The fitting procedure of the interval division algorithm is given in
the flow chart in Figure 4.1. Generally, the interval division algorithm obtains solar cell
parameters by successively dividing the interval between measured and calculated data
sets using a user defined dividing factor. It is based on the Newton iteration method
with some modifications as given in Equation 4.1 [120]:

f (x+ 1) = f (x)− f (x)− f (e)

l
(4.1)

where f (x) and f (e) are the calculated and measured (experimental) values, respec-
tively, l is a user defined factor (convergence factor) that determines the relative speed
of convergence. The choice of l for each parameter is guided by the shape of the modelled
curve relative to the measured one on visual inspection as well the speed of convergence.
Each of the parameters of the single diode equation, namely: Io, Rsh, Rs, IL and n are
initialised and applied to Equation 2.31 to compute and plot the modelled I-V curve.
The Isc and Voc (measured and modelled) are determined from the intercepts of the axes
and compared. The magnitude of the slopes of the linear sections in the low voltage
range (LVR) and the high voltage range (HVR) for the experimental and modelled data
are also computed to obtain shunt and series slopes, respectively. The magnitude of
the difference between modelled and experimental shunt slopes are used to update the
modelled shunt resistance until a set criterion is met. Similarly, the difference between
the series slopes is used to update the modelled series resistance. There are parameters,
however, that cannot be obtained directly from the I-V curve such as the saturation cur-
rent and the ideality factor. The ideality factor is a measure of the quality of the diode
and generally determines the degree of curvature of the “knee” of the I-V curve. Since
n cannot be directly obtained from the measured values, an indirect fitting method has
to be identified. This is done by applying an exponential fit to the interpolated current
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and voltage values at the “knee” of the I-V curve to obtain a damping factor value that
determines the curvature.

 

Start 

Initialise cell parameters 

Set LVR, HVR, Vmax offset & spacing 
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Figure 4.1: Interval division algorithm flow chart.

The range of the I-V values at the “knee” to which the exponential fit is applied are
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determined by setting a voltage offset and spacing from the voltage at the maximum
power point. The damping factors of the exponential fit for the measured and modelled
I-V curves are then compared and the difference used to update the modelled value of n
until a set tolerance limit is reached. In addition, since Voc does not appear in the diode
equation, other parameters that indirectly affect it (secondary fitting parameters) have
to be identified. Adjusting the saturation current Io of the modelled I-V curve results
in a change in Voc. The difference in Voc obtained from the measured and modelled I-V
curves is, therefore, used to update Io. The measured and modelled (fitted) I-V curves
are plotted on the same axis which allows visual inspection and monitoring of the curve
fitting process. The program automatically saves the extracted parameters once the
set tolerance limits have been met or the maximum number of iterations set has been
reached before it terminates. A screen shot of the Labview Front Panel of the parameter
extraction algorithm is shown in Figure 4.2.

Figure 4.2: Screenshot of the Labview Front Panel for the Parameter extraction algo-
rithm .

The parameter extraction algorithm was applied to I-V measurements of a multi-crystalline
silicon solar cell obtained in the dark and under illumination conditions to test its per-
formance and accuracy and the results are presented in the following section.
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4.2.1 Goodness of fit

To test how well the calculated I-V curve fits the measured I-V curve, the goodness of
fit, R2, value is calculated. The R2 value is defined as

R2 = 1− SSres
SStot

(4.2)

where SSres is the sum of the squares of the residuals while SStot is the total sum of
squares, which is proportional to the sample variance. SSres and SStot are given by

SSres =
∑
j

(
Imj − Icj

)2
(4.3)

SStot =
∑
j

(
Imj − Ī

)2
(4.4)

where Imj is the jthmeasured current value and Icj is the corresponding calculated current
value while Ī is the mean measured current. Since the calculated goodness of fit is for
the whole I-V curve, it gives an indication on how well the modelled I-V curve fits the
measured I-V curve. Values of R2 close to 1 indicate a good fit.

4.3 Multi-crystalline silicon solar cell I-V parameters

The I-V characteristics of a multi-crystalline silicon solar cell in the dark and under
illumination were obtained to extract device and performance parameters. These pa-
rameters give a basic indication of the functioning of the device and their extraction and
interpretation is important for the quality control and evaluation of the performance of
solar cell devices. The extracted parameters obtained using the interval division algo-
rithm are presented and discussed.

4.3.1 Dark I-V characteristics

Dark I-V measurements are obtained by injecting carriers into the circuit with electrical
means rather than with light sources. As a result, current flows into the cell as opposed
to current flow out of the cell under illumination conditions. However, the electrical con-
figuration still results in the cell’s p-n junction being in forward bias as during typical
operation and so dark I-V measurements can be used to analyse the electrical charac-
teristics of a cell just like light I-V measurements [129]. Dark I-V measurements show
how a solar cell device operates as a diode and are invaluable in obtaining information
about device parameters which can be deduced from the shape and linearity of the mea-
sured curve at different current levels. They, however, do not provide information about
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performance parameters.

Figure 4.3: Measured and fitted Dark I-V curve for a mc-Si solar cell.

The curvature and slope of the curve in the low current region (LCR) are determined by
the parameters Rsh, Io and n while Rs determines the shape in the high current region
(HCR). Large curvature in the LCR and the HCR is an indication of low shunt and
high series resistances, respectively, while an inflection in the curve around mid current
level region may signify the presence of non-ideal carrier recombination losses [129].
To obtain dark I-V measurements, the mc-Si solar cell was put in a dark enclosure so
as to eliminate light generated current and dynamically biased using an Agilent wave
form generator with a sinusoidal wave at a frequency of 10Hz. The measured I-V values
were fitted to extract device parameters. The measured dark I-V curve exhibited a clear
double diode I-V characteristic and so was fitted using the algorithm based on the double
diode model. The results of the dark I-V curve fitting are shown in Figure 4.3 where we
observe good agreement between measured and fitted I-V curves. The calculated R2

value was 0.999, which represents a 0.1% deviation. The influence of the series and
shunt resistances in the high and low current regions is also clearly visible in the figure.
The extracted parameters based on the double diode model are given in Table 4.1 where
relatively low Rsh and high Rs values are obtained suggesting that current losses due to
parasitic resistances could be substantial. At forward voltage bias range from 0−0.15V ,

65



Chapter 4. Solar cell parameter extraction

the dark current is mainly determined by the shunt resistance while at biasing voltages
from ∼ 0.15− 0.4V , the current flow is dominated by carrier recombination in the space
charge region (second diode) with an ideality factor of ∼ 3.6. Between 0.4V and ∼ 0.6V ,
the dark current is dominated by the diffusion current (first diode current) with an
ideality factor ∼ 1.5 as shown in Table 4.1.

Table 4.1: Extracted dark I-V device parameters for a mc-Si solar cell.

Parameter n1 Io1(A) n2 Io2(A) Rs(Ω) Rsh(Ω)
Extracted value 1.49 1.62× 10−8 3.64 2.98× 10−5 0.097 17.9

At high biasing voltages (greater than ∼ 0.6V ), the current flow is limited by the series
resistance of the device and this shows up as a bending of the curve at very high for-
ward voltage bias as shown in Figure 4.3. An ideality factor close to 1 for the diffusion
current is expected [130, 131] while for the recombination current, the ideality factor
should be close to 2. The high ideality factor for the diffusion current could be attributed
to recombination mechanism in the quasi neutral region (QNR) that results from trap-
assisted tunnelling and field-assisted recombination [116] at grain boundaries in mc-Si
solar cells. Ideality factors greater than 2 for the recombination current have been pre-
viously reported by [132, 130, 133] working on crystalline silicon solar cells and possible
explanations proposed. Breitenstein et al. [133] attributed the large ideality factor to
the effect of multi-level recombination while Beier and Voss [132] have attributed it to
the effect of the position and concentration of the recombination centres as well as the
capture cross-section area for the charge carriers. The mechanism responsible for the
large ideality factor for the recombination current in this case is not apparently clear.

4.3.2 Illuminated I-V characteristics

The current in an illuminated solar cell is conventionally described by the dark current-
voltage characteristic shifted by the short circuit current according to the superposition
principle. I-V measurements obtained under illumination are normally used to charac-
terise solar cells and allow determination of device and performance parameters.

4.3.2.1 Full cell illumination

Current-voltage measurements of a mc-Si solar cell were obtained on a clear day with
the sample mounted on a two axis sun tracker. The global solar irradiance as recorded
by the pyranometer on the plane of array (POA) was 1050Wm−2, while the solar cell
temperature as recorded by a thermocouple attached to the back of the solar cell was
27.5 °C. A curve fitting algorithm based on the single diode equation discussed earlier
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was then applied to extract device and performance parameters. The measured and the
fitted I-V curves are shown in Figure 4.4

Figure 4.4: Measured and Fitted full cell illumination I-V characteristic of a mc-Si solar
cell.

while the extracted parameters are shown in Table 4.2. Good agreement between the
fitted and measured I-V curves is observed, with an R2 value of 0.997, implying that the
single diode model is sufficient to describe the behaviour of the illuminated I-V curve.

Table 4.2: Extracted parameters for a mc-Si under full cell illumination.

Parameter n Io(A) Rs(Ω) Rsh(Ω) Isc(A) Voc (V ) FF
Extracted value 2.30 1.65× 10−5 0.095 23.34 0.29 0.58 0.62

The I-V curve and the extracted parameters show low shunt resistance, which could
be due to the presence of shunt paths within the bulk material that result in current
leakage across the junction. The low shunt resistance results in low device fill factor
as shown in Table 4.2. The shunt paths may be process induced or due to material
induced defects and can be detrimental to the performance of the device. The device
also has high reverse saturation current and ideality factor greater than 2, which could
be attributed to carrier recombination in the quasi neutral regions on either side of the
junction.
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4.3.2.2 Solar cell under spot illumination

Local variations in solar cell photo-response can be revealed by spot illumination of
the device using LBIC imaging technique. These variations can be due to spatial non-
uniformities in local properties of the device that determine its performance.

Figure 4.5: Performance parameters of a mc-Si solar cell.

By dynamically biasing the solar cell at each measurement point from reverse bias to a
voltage slightly higher than its Voc, localised point-by-point I-V measurements were ob-
tained using a 660nm wavelength laser beam focused to a spot size of ∼ 180µm. An area
of 8.1 × 8.1mm2 was scanned at a scanning step interval of 0.1mm, resulting into 6561

localised I-V curves. Curve fitting was performed on each of these localised I-V curves
to extract I-V parameters, thus allowing for mapping of spatial variation of device and
performance parameters. The results of device and performance parameters are shown
in Figures 4.5 and 4.7. The performance parameter maps in Figure 4.5 show a reduc-
tion in the extracted parameters due to the finger grid metallisation as well as the grain
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boundary and defects along a finger grid metallisation. The reduction in performance
parameters at grain boundaries is due to increase in recombination as already discussed
in sub-Section 3.6. A reflection map shown in Figure 4.6 reveals a surface defect (shad-
ing defect) that locally blocks the incident beam and results in an increase in reflection
over the same area.

Figure 4.6: Reflection map of a mc-Si solar cell showing a surface defect.

Another performance reducing feature (shunt defect) close to this shading defect did not
show any significant change in the measured reflection signal, an indication that this
is not a surface but a shunting defect. Shunt defects in solar cells are mainly process
induced, with material induced shunts being quite an exception [134]. Such a shunt
appearing below the finger could be due to the finger metallisation paste penetrating
through the emitter to the base material, which may result into a Schottky shunt de-
fect. In Figure 4.7, the extracted device parameters are presented in which an increase
in magnitude of the extracted parameters over the finger metallisation is observed. This
increase is generally an artefact due to shading by the finger metallisation. As the light
beam moves over a finger metallisation, the effective active area illuminated changes,
resulting into current reduction. The maps, however, do not show any significant change
in the extracted device parameters over the grain boundaries and the shading defect ear-
lier identified. Grain boundaries that are not strongly recombinative, though visible in
LBIC images, may not show measurable shunting effects. In Figure 4.7 (a) and (b), an
increase in the ideality factor and saturation current at the shunt defect is observed.
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An increase in saturation current over this defect is an indication of increase in recom-
bination and is attributed to a higher density of localised defect states (recombination
centres) that cross the p-n junction. Figure 4.7 (c) and (d) show the extracted parasitic
resistances in which an increase in series resistance and a decrease in the shunt resis-
tance due to the defect is observed. An increase in series resistance results in a decrease
in the fill factor and maximum power as shown by Figure 4.5 (a) and (b), thus affect-
ing the efficiency of the device. The decrease in the shunt resistance over the defect
is a clear evidence of significant shunting, providing alternative shunting paths for the
photo-generated charge carriers that results in current leakage across the p-n junction,
thus lowering the maximum power out, open circuit voltage and the fill factor.

Figure 4.7: Extracted device parameters of a mc-Si solar cell.

4.4 Conclusion

An interval division algorithm for solar cell parameter extraction has been described
and used to extract parameters for a mc-Si solar cell. The algorithm was applied to I-V
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measurements obtained in dark and under illumination conditions to extract device and
performance parameters. The parameters give an idea about the functioning of the de-
vice. Good agreement between measured and fitted I-V curves were obtained, with high
R2 values, an indication that the algorithm can accurately model the I-V characteristics
of the solar cell device. The curve fitting routine was applied to the I-V data matrix
obtained using the LBIC mapping technique to extract device and performance parame-
ter maps, from which spatial variations of the device and performance parameters were
studied. The parameter maps revealed different types of performance degrading defects
such as grain boundaries, optical blockages and shunts that could affect the performance
of the device to different extents.
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Concentrator solar cell
characterisation

5.1 Introduction

Solar cell characterisation is an important undertaking both during research work in a
laboratory as well as on a production line during manufacturing processes. This is so as
to evaluate the performance and improve or maintain the quality of solar cell devices.
This may involve illuminating the solar cell and measuring the current and voltage un-
der specific conditions to obtain efficiency and other performance indicators such as fill
factor and maximum power. The performance of a solar cell depends on the conversion
efficiency of every point of the photoactive material which is in turn affected by the
presence of localised defects. High resolution mapping allows visualising and localising
current reducing defects such as micro cracks and impurities that act as recombination
centres, local optical blockages and shunts that may affect the cell efficiency and cell
lifetime. These current reducing features may not be visually detectable. The solar cell
may look uniform visually even when there are significant non-uniformities in photo-
response over the cell area. The LBIC mapping technique can be used to identify and
localise these current reducing features. The solar cell under study is moved in a raster
pattern while being point illuminated by a fixed light source to generate a localised cur-
rent. The generated current represents the solar cell material’s response to the incident
beam at that point. When the generated current is plotted as a function of position, a
photo-response map that enables mapping of carrier generation uniformity over the cell
surface is obtained. By dynamically biasing the device from reverse bias to a voltage
slightly higher than its Voc, I-V measurements are obtained from which device and per-
formance parameters can be extracted. In addition, by using beam probes of different
wavelengths, the generation depth can be investigated through calculation of photon
penetration depth which depends on wavelength, thus making it possible to detect de-
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fects within a device cross-section [135]. In this Chapter, characterisation of two types
of concentrating solar cell devices: a Back contact Back junction silicon solar cell for low
to medium concentration and an InGaP/InGaAs/Ge triple junction solar cell for high
concentration is discussed. These devices are characterised in terms of photo-response
mapping and parameter extraction.

5.2 Back contact Back junction silicon solar cell

Back contact silicon solar cells have attained reasonable efficiencies under laboratory
conditions though the manufacturing costs are still quite high. Their efficiencies are lim-
ited to some extent by spatial non-uniformities due to localised defects and defects intro-
duced during the manufacturing processes. These defects may introduce energy levels
within the forbidden bandgap region that act as recombination centres for the photo-
generated charge carriers, resulting in a reduction of the carrier lifetime. Such spatial
inhomogeneities can be examined nondestructively by focusing a highly stabilised laser
beam onto the surface of the solar cell and measuring the induced photocurrent point-by-
point as the beam is moved in a raster pattern across the sample. The photo-generated
current is associated with the intrinsic characteristics of the electron-hole recombina-
tion and the level of photon penetration into the active material and can therefore give
information about photo-current generation uniformity, presence of defects and their re-
combination strength. Though the solar cell may look uniform on visual inspection, non
uniformities in photo-response may be present which could be due to manufacturing
flaws or as a result of device degradation. In addition, extracted device parameters can
give an idea about the nature of recombination mechanisms that are dominant within
the device. Thus, information from photo-response mapping and parameter extraction
can be used to improve manufacturing processes by exposing discontinuities in a cell’s
photo-response.

5.2.1 Photo-response mapping

Figure 5.1 shows the Isc and reflection map of a back contact back junction (BC-BJ) sil-
icon solar cell obtained using a 660nm wavelength laser highlighting the importance of
LBIC as a mapping technique to identify current reducing defects in solar cells. In this
figure, we observe current reducing features highlighted with arrows and a dashed rect-
angle. Also observed are alternating regions of high and low photo-current generation.
The defect shown by the rectangle is a surface defect that reflects the incident beam
as confirmed by an increase in the reflection signal over the same area. This defect is a
result of the removal of the anti-reflection coating layer due to poor handling of the solar
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cell. The current reducing features shown by the arrows were not observed in the reflec-
tion detector signal, an indication that these are not surface defects but defects within
the bulk of the solar cell device. Such defects could be due to impurities introduced dur-
ing the device manufacture. Physical examination of the device could only reveal the
damage to the anti-reflection coating that caused an increase in the reflection detector
signal as already mentioned.

Figure 5.1: a) Isc map, b) Reflection map of a BC-BJ silicon solar cell.

The feature marked X is more severe and could be acting as a shunt path that leads
current away from the intended load. This could possibly be a precipitate or an inclusion
introduced during the fabrication process.

Figure 5.2: Line scan through a defect region at different biasing voltages.
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Generally, shunts are mainly due to manufacturing defects rather than poor cell design
and they provide an alternative current path for the photo-generated current thereby
decreasing the cell efficiency by increasing the leakage current that lowers the maxi-
mum power output and the Voc [136, 137]. The effect of shunting is particularly severe
at low light levels since at such levels, less current is generated and so any loss will
be detrimental. A line scan along the dotted line (Figure 5.1) showing the extent of
current reduction due to this defect at different biasing voltages is given in Figure 5.2.
The reduction in the measured induced current at the defect region at different biasing
voltages is constant, meaning that its effect on photo-current generation is independent
of the biasing voltage. The alternating regions of high and low photo-current generation
observed in Figure 5.1 are due to electrical shading over the base fingers. Because the
rear surface of the BC-BJ solar cell is not completely covered by a collecting emitter
as illustrated in Figure 5.3 [58], recombination in regions not covered by the emitter
reduces the Isc, an effect referred to as electrical shading.

Figure 5.3: Schematic illustration of the two dimensional symmetry element of a BC-BJ
silicon solar cell.

The photo-generated minority carriers in regions above the heavily doped back surface
field (n+ BSF) have to travel laterally to the collecting emitter (p+ emitter). For indus-
trial back junction solar cells, the width of the BSF is several times the cell thickness
[11]. Since the lateral distance which the minority carriers have to diffuse in order to be
collected by the p-n junction is much larger compared to the cell thickness, minority car-
rier collection in the region above n+ BSF is severely reduced resulting in a significant
reduction in Isc and a considerable loss in the device efficiency [137, 11]. In addition, en-
hanced recombination over the non collecting base region (undiffused gap and the BSF
regions) which have high saturation current densities leads to reduction in Isc over the
base fingers [138].
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5.2.2 I-V measurements and parameter extraction

I-V curve measurement is an essential characterisation technique for evaluating the be-
haviour and performance of solar cells and modules. By varying the applied voltage and
measuring the corresponding current, I-V characteristics can be obtained from which
performance indicators can be extracted. Current and voltage measurements of a Back
contact Back junction silicon solar cell were obtained in the dark and under illumination
conditions and a curve fitting algorithm described in Chapter 4 applied to extract device
and performance parameters. The results are presented and discussed in this section.

5.2.2.1 Dark I-V measurements

The dark I-V characteristic curve obtained using a Keithley source measure unit (SMU)
instrument is shown in Figure 5.4.

Figure 5.4: Dark I-V curve for a BC-BJ silicon concentrator solar cell.

The extracted device parameters are shown in Table 5.1.

Table 5.1: Extracted dark I-V parameters for a Back contact Back junction silicon con-
centrator solar cell.

Parameter n Io(A) Rsh (Ω) Rs (Ω)
Value 1.36 1.38× 10−9 3.06× 106 1.33× 10−1

The dark I-V curve shows one linear region, indicating that the single diode model may
be sufficient to describe the obtained I-V characteristic. The solar cell is characterised
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by an ideality factor of ∼ 1.4 and a saturation current of ∼ 1.4× 10−9A which could pos-
sibly mean that the current generation in the device is dominated by recombination in
the space charge region. Generally, ideality factors and saturation currents depend on
the quality of the junction, with ideality factors greater than 1 an indication of low qual-
ity junction and normally considered as a signature of recombination losses [139]. In
addition, the saturation current is affected by the diffusion length and carrier mobility
as expressed in Equation 2.19. The device has a high shunt resistance that minimises
leakage currents across the p-n junction as well as low series resistance. Such param-
eters are ideal for high performance concentrating devices to minimise resistive losses
especially at hight current densities. The series resistance reduces the fill factor of the
solar cell according to the approximation proposed by Green [26]:

FF = FFo

(
1−Rs

Isc
Voc

)
(5.1)

where FFo is the ideal fill factor in the absence of parasitic resistances.

5.2.2.2 Full cell illuminated I-V measurements

Full cell illumination I-V measurements were carried out at solar noon on a clear sky
day. The recorded plane of array irradiance as measured by the pyranometer mounted
on the two axis tracker was 940Wm−2.

Figure 5.5: Full cell illumination I-V curve of a BC-BJ silicon solar cell.

Figure 5.5 shows the measured and fitted I-V curve, with an R2 value of 0.99998. The
extracted parameters are given in Table 5.2.
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Table 5.2: Extracted full cell illumination parameters for a Back contact Back junction
silicon solar cell.

Parameter n Io(A) Rsh (Ω) Rs (Ω) Isc(A) Voc (V ) FF
Extracted value 1.723 3.55× 10−8 1.21× 106 4.38× 10−2 0.0487 0.631 0.751

The extracted parameters show very high shunt resistance and low series resistance
that are ideal for high performance concentrating solar cell devices. The difference in
Rs obtained from dark and illuminated solar cell measurements can be attributed to the
difference in current flow patterns in the cell in the dark and under illumination condi-
tions. In the dark, current flows into the cell as opposed to current flow out of the cell
under illumination conditions, which results in different electron flow patterns under
the two conditions [140]. The device has an ideality factor less than 2 but higher than
the dark ideality factor as well as a higher recombination current under illumination
compared to the dark conditions. The deviation between dark and illumination condi-
tions can be attributed to a departure from the superposition principle resulting from
the non-linearity of the semiconductor device equations with respect to carrier concen-
tration [141]. The superposition principle forms the theoretical basis for comparison of
dark and illuminated I-V characteristics. This departure is due to an additional current
dependent bulk recombination caused by the higher density of charge carriers under
illumination and under current extraction than in the dark. It depends on the illumi-
nation intensity but is negligible at low intensities. According to Breitenstein [142], the
deeper physical reason for the departure is due to the fact that under illumination and
under current flow, the electron quasi Fermi level in the bulk lies above that at the same
p-n junction voltage in the dark, which generally, results into higher bulk recombination
under illumination and low forward bias than in the dark.

5.2.2.3 Parameter maps

The area around the defect feature marked X observed in Figure 5.1 was scanned using
a 660nm wavelength laser while dynamically biasing the solar cell from reverse bias
to a voltage slightly greater than its Voc to obtain point-by-point I-V measurements.
The Isc map of the scanned area is shown in Figure 5.6 while representative I-V curves
extracted at point Q, an area of high photo-response, and point P, a defect region are
shown in Figure 5.7. The curve fitting algorithm earlier described was applied to the
point-by-point I-V measurements to extract device and performance parameters. The
extracted device parameters are shown in Figure 5.8 where a decrease in the shunt
resistance and an increase in the series and reverse saturation current over the defect
are observed.
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Figure 5.6: Isc map of the area around the defect

Figure 5.7: Spot illuminated I-V curves extracted from LBIC measurements

A slight decrease in the ideality factor is also visible over the defect area. Localised
increase in series resistance has a detrimental effect on the fill factor and the short
circuit current of the solar cell. The observed decrease in the shunt resistance over
the defect leads to an increase in the leakage current that drains part of the locally
induced current, resulting in a decrease in the maximum power output and the open

79



Chapter 5. Concentrator solar cell characterisation

circuit voltage while an increase in the saturation current means an increase in the
dark current which results in a decrease in the short circuit current and the open circuit
voltage as shown in the performance parameter maps in Figure 5.9.

Figure 5.8: Extracted device parameter maps for a Back contact Back junction solar cell:
a) Shunt resistance, b) Series resistance, c) Saturation current, d) Ideality factor.

Severe shunting can result in hot spot formation that is detrimental to the performance
of the device.

80



Chapter 5. Concentrator solar cell characterisation

Figure 5.9: Extracted performance parameter maps for a Back contact Back junction
solar cell: a) Open circuit voltage, b) Short circuit current, c) Fill factor, d) Maximum
power.

5.3 InGaP/InGaAs/Ge triple junction solar cell

Currently, the state of the art high efficiency III-V solar cells utilise the lattice matched
concentrating triple junction (CTJ) solar cell structure that consists of monolithically
grown Ga0.5In0.5P (1.86 eV ) as the top subcell, Ga0.99In0.01As (1.36 eV ) as the middle sub-
cell and Ge (0.67 eV ) as the bottom subcell on a Ge substrate [79, 143]. Though this solar
cell structure has attained conversion efficiencies of more than 40% under concentration,
the band gap combination of the subcells is not optimal for maximum conversion effi-
ciency of the solar spectrum as this structure suffers from current mismatch due to the
higher current produced by the Ge subcell as a result of the large band gap difference
between Ga0.99In0.01As middle subcell and the Ge bottom subcell [144, 15, 67]. The low
band gap Ge subcell produces a current density that is far in excess of what is produced
by the epitaxial InGaP and InGaAs subcells grown above it, with the GaInAs middle
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subcell utilising the smallest part of the spectrum and hence producing the lowest cur-
rent, making it the current limiting junction [15]. In order to achieve current matching
conditions under a specific spectrum, the absorbing layer of the InGaP upper subcell can
be thinned so that more photons are transmitted to the GaInAs middle subcell. Alterna-
tively, the band gaps for the top two subcells can be decreased by increasing the indium
content in the top and middle subcells. This, however, increases the lattice constant of
the two subcells resulting in a lattice mismatch between the top two subcells and the Ge
subcell. The optimal band gap and optimal subcell thinning generally depends on the
spectral content of the incident beam which determines the photo-current generated by
each subcell [71].

Characterisation of multijunction solar cells presents more challenges compared to sin-
gle junction solar cells due to the series connection of multiple subcells [145]. In mono-
lithically integrated solar cells, the subcells are epitaxially grown and internally con-
nected in series through tunnel junctions to form a two terminal device. Because each
subcell is optimised to absorb a given range of wavelengths of the solar spectrum, any
changes in the incident spectrum may result in current mismatch which will affect the
performance of the device. In this section, we present results of photo-response mapping
and parameter extraction for InGaP/InGaAs/Ge CTJ solar cell, an n on p polarity on a
germanium substrate manufactured by the Emcore Corporation, with an active surface
area of 10 × 10mm2. Figure 5.10 [146] shows the 39% conversion efficiency receiver as-
sembly [147] of the CTJ used in this study.

Figure 5.10: CTJ Receiver Assembly.

This CTJ solar cell is optimised for terrestrial applications under concentrated incident
illumination and high current densities and incorporates a proprietary antireflective
coating that provides low reflectance over a wavelength range of 0.3 to 1.8 μm [147].
The band gaps of the top, middle and bottom subcells are 1.86, 1.36 and 0.67 eV , respec-
tively. The spectral response of this CTJ is given in Figure 5.11 [148] and shows the
spectral response ranges of the three subcells i.e. the top junction spectral response
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range is∼300 − 700nm, the middle junction is∼550 − 900nm, while the bottom junction
is ∼800 − 1900nm. The results of the spectral response give a clear idea of what wave-
lengths can be used to properly perform an LBIC scan.

Figure 5.11: Spectral response of individual subcells of InGaP/InGaAs/Ge CTJ.

5.3.1 Photo-response mapping

The InGaP/InGaAs/Ge CTJ solar cell was illuminated with a 660nm wavelength laser
with a spot size of ∼ 150µm and intensity of 12mW , which corresponds to an injection
level of ∼ 4× 1016 photons per second. This wavelength lies within the spectral response
range of the top two subcells (see Figure 5.11) and so would activate the InGaP and
InGaAs subcells. The Ge bottom subcell will not primarily be activated by the 660nm

laser beam as this wavelength lies outside the spectral response range of the Ge subcell
and will primarily operate under dark conditions, producing no current at all.

Figure 5.12: CTJ solar cell under a forward bias of 3V showing electroluminescence.

83



Chapter 5. Concentrator solar cell characterisation

Due to the series connection of the subcells, no current output will be expected from the
CTJ solar cell device since the output current is determined by the subcell producing the
lowest current. However, when an InGaP/InGaAs/Ge CTJ solar cell is forward biased, it
undergoes electroluminescence, with the top InGaP subcell emitting red light that can
easily be seen with a naked eye as shown in Figure 5.12, with a peak at 680nm. The
emission from the middle junction lies in the infrared region, with a spectral peak at
880nm while the electroluminescence spectrum from the Ge subcell peaks at 1700nm

and is very weak since Ge is an indirect bandgap material. The electroluminescence is
due to the radiative recombination of electrons injected from the emitter into the base
when the solar cell is forward biased [149]. Radiative recombination tends to be the
dominant recombination process for direct semiconductor materials with pure and per-
fect crystal orientation [150]. In multijunction solar cells, the radiatively emitted light
from an overlying high bandgap junction may be absorbed by a lower bandgap junc-
tion, a process called luminescent coupling. The emitted secondary luminescent photons
which could be absorbed by the lower bandgap junctions will contribute to photocurrent
generation of those junctions [151, 152]. For high quality III-V junctions whose recom-
bination is largely radiative, this effect can have a significant effect on the short circuit
photocurrent densities of the junctions [153].

Figure 5.13: Isc map for the InGaP/InGaAs/Ge CTJ using a 660 nm wavelength laser.

For the InGaP/InGaAs/Ge CTJ solar cell, the emitted luminescent photons from the In-
GaP top subcell may be absorbed by the middle subcell leading to an increase in the
InGaAs subcell current generation while the photons emitted from the middle subcell
may also be absorbed by the Ge subcell, thus enhancing photocurrent generation in the
bottom subcell. Radiative coupling between the subcells may therefore play an impor-
tant role in overcoming current mismatch and thus improving the performance of the
CTJ solar cell devices especially when they are operated under spectral mismatch condi-
tions [154, 155]. By illuminating the CTJ solar cell with the 660nmwavelength laser, the
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emitted secondary photons from the InGaAs subcell could activate the bottom Ge subcell
and prevent it from being under “dark conditions”. This could explain the current re-
sponse observed in Figure 5.13 when the InGaP/InGaAs/Ge CTJ solar cell is illuminated
with a 660nm wavelength laser. The Isc map (Figure 5.13) shows the expected current
reduction due to shading from the contact fingers and busbar metallisation. The fingers
and busbar metallisation act as optical blockages that reflect the incident light. The
current reduction contour adjacent to the metallisation (fingers and busbars) is due to
the change in effective illuminated area as the light spot moves over a shading finger
or busbar. Also observed is an area marked X that shows reduced photo-response right
under a finger metallisation. This could be a shunt created during solar cell processing.
A possible current loss mechanism could be local shunt paths that are formed across the
p-n junction when dopant impurity atoms diffuse across the junction below the finger
metallisation. Shunts in solar cells are defect related and act as low resistance con-
nections that form alternative paths for the photo-generated current. They reduce the
fill factor and output power and in severe cases, they result in reduction of Voc. Severe
shunts can result into hot spots which are detrimental to the performance of solar cells
as they can cause serious reliability problems in finished solar cell devices and modules.

5.3.2 I-V measurements and parameter extraction

For series connected multijunction solar cells, the shape of the I-V curve is dominated
by the I-V characteristic of the subcell producing the least current if the subcells are
not current matched. I-V measurements for the InGaP/InGaAs/Ge CTJ solar cell were
obtained in the dark and under full cell solar illumination conditions using a Keithley
source measure unit (SMU). The curve fitting algorithm discussed previously in Chapter
4 was then used to extract the I-V parameters by fitting the experimental data to the
modelled data. The results are presented and discussed in this section.

5.3.2.1 Dark I-V measurements

Figure 5.14 shows the measured and fitted dark I-V characteristics for the CTJ solar
cell in which we observe good agreement between the measured and fitted I-V curves,
except at very low bias voltages where reverse bias voltage breakdown is observed to
occur.
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Figure 5.14: Dark I-V characteristic of a CTJ solar cell.

The breakdown could be from the Ge subcell due to its low band gap that makes it
susceptible to reverse bias breakdown. The device parameters extracted using the two
diode model are also shown in Table 5.3.

Table 5.3: Extracted dark I-V parameters for a triple junction solar cell.

Parameter n1 I01 (A) n2 I02 (A) Rsh (Ω) Rs (Ω)
Extracted value 3.21 3.77× 10−17 4.13 2.62× 10−13 4.53× 105 1.79× 10−2

The graph shows that the total current is dominated by different conduction mecha-
nisms, each dominating in a specific voltage range. At biasing voltages below ∼ 0.1V ,
the effect of reverse bias voltage breakdown is dominant while at voltage range between
0.1V and ∼ 1.7V , the shunt resistance and the 2nd diode current, with a higher satu-
ration current, dominates. The 2nd diode (recombination current diode) has on average
an ideality factor of ∼ 1.4, an indication that recombination mechanism is dominating
the low to medium bias region. At voltages higher than ∼ 1.7V , the diffusion current
(1st diode), characterised by an average diode ideality factor of ∼ 1 is dominant. The de-
vice has a very low series resistance whose effect on the dark I-V curve at high biasing
voltages is not significant.
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5.3.2.2 Full cell solar illumination

Current and voltage measurements were taken on a clear sky day, with the measure-
ment system on a two axis sun tracker. The plane-of-array solar irradiance as recorded
by the pyranometer on the tracker was 940Wm−2. A curve fitting algorithm based on
the single diode model was applied to the measured I-V values to extract device and
performance parameters. In Figure 5.15, the measured and fitted I-V curves are plot-
ted showing good agreement with an R2 value of 0.9996, indicating that the single diode
model may be sufficient to model the I-V characteristics of the CTJ solar cell. The single
diode model has previously been applied to multijunction solar cells to predict their per-
formance and is often used by CPV system designers [156]. The I-V characteristics show
that the CTJ solar cell device is characterised by high voltage and low current values
that result in lower resistive power losses compared to single junction devices.

Figure 5.15: Measured and fitted full cell illumination I-V characteristic of a CTJ solar
cell.

Series-connected multijunction solar cells are inherently lower current devices than sin-
gle junction cells since the current output from the device is limited by the current from
the lowest performing subcell, and therefore have a great advantage in minimising re-
sistive losses especially at high concentrations. The extracted parameters are shown in
Table 5.4 in which we observe that the CTJ solar cell is characterised by high shunt re-
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sistance, low saturation current and ideality factor ∼ 3, consistent with reported values
[157].

Table 5.4: Extracted full cell illumination parameters for the triple junction concentra-
tor solar cell.

Parameter n Io (A) Rsh (Ω) Rs (Ω) Isc (A) Voc (V ) FF
Extracted Value 3.016 5.97× 10−17 5.23× 104 0.727 0.0129 2.577 0.861

The extracted ideality factor represents the effective mean ideality factor for the three
subcells that make up the lumped diode, giving an average of 1.0 per subcell. This could
possibly indicate that diffusion is probably the dominant current mechanism in each
subcell. In reality, variation in the ideality factor of each subcell is expected due to the
differences in the junction profile as each subcell differs in structure and composition.
The device also has a low series resistance which is ideal for concentrating photovoltaic
devices as it minimises ohmic power losses and its effect on efficiency and fill factor. The
series resistance depends on the density of front contact grid fingers [158], with higher
grid density for solar cells designed for high concentration but has to be optimised to
minimise device shadowing that reduces the current. The high fill factor exhibited by
the device reflects the high quality of the CTJ solar cell. Most high quality III-V multi-
junction concentrator solar cells have fill factor ranging from the mid to high 80% range
[75]. Fill factor is often used to establish whether a multijunction solar cell is operating
under current matched or mismatched conditions during spectrometric measurements.
Seifer et al. [159] working on a dual junction device for spectrometric characterisation
observed that the fill factor of the device was lowest at the current matching condition
but increased with increase in current mismatch.

5.3.2.3 Spot illuminated I-V curve

A representative spot illuminated I-V curve was extracted from LBIC measurements
at point marked Z in Figure 5.13 and fitted using an interval division algorithm based
on the single diode model. The extracted and fitted I-V curves are shown in Figure
5.16, with an R2 value of 0.994. The extracted I-V characteristic shows reverse voltage
breakdown in the power quadrant which could be attributed to the Ge bottom subcell
not being fully activated by the 660nm wavelength laser. Due to its low band gap, the
Ge subcell is more susceptible to reverse bias breakdown compared to the InGaP and
the InGaAs subcells. This voltage breakdown was, however, not observed in the full
cell solar illumination I-V curve since all the subcells were fully activated by the solar
spectrum that covers the spectral reponse range of the three subcells. The extracted
parameters are also shown in Table 5.5. The extracted parameters are typical of single
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subcell parameters, apart from the Voc that is the sum of the individual subcell Voc’s due
to the series connection of the subcells.

Figure 5.16: Point illuminated I-V curve extracted from LBIC measurements.

Table 5.5: Extracted parameters for the point illuminated CTJ solar cell.

Parameter n Io (A) Rsh (Ω) Rs (Ω) Isc (mA) Voc (V ) FF
Extracted value 1.83 2.0× 10−25 1.30× 105 0.357 0.138 2.264 0.801

The extracted ideality factor is indicative of current response from a single subcell that
is acting as the current limiting junction for the CTJ solar cell. Ideality factors of the
individual subcells are expected to be close to 1 [157] though they may deviate from 1

due to non-ideal recombination current in the subcells.

5.3.3 S-LBIC measurements

S-LBIC mapping technique has an advantage over LBIC, especially when applied to
multijunction solar cells as the former has a full solar spectrum compared to the latter
that uses monochromatic light as a beam probe. As a result, the subcells in a multi-
junction series connected stack may not all be activated without any biasing (voltage or
light) if the wavelength of the LBIC beam probe does not lie within the spectral response
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ranges of all the subcells in the stack. This may result in some junctions operating in the
dark, thus affecting the photo-response of the device. The intensity of the beam and the
spectral content, however, do not change with time if a laser with a stable output is used.
In S-LBIC, however, the intensity and or spectral content of the solar beam may change
with time due to changing atmospheric conditions which may affect measurements, es-
pecially when scanning a relatively large area, which may result in misinterpretation
of results. S-LBIC measurements should therefore be taken on a clear sky day, around
solar noon on a two axis sun tracker for a small area scan that may not take a long
time to complete. With the measurement system on a two axis sun tracker, an area
of 3 × 3mm2 was selected for scanning using a scanning step size of 0.1mm and a spot
size of ∼ 200µm. It took ∼ 8 minutes to complete the scan. An interval division algo-
rithm based on the single diode model was then applied to extract point-by-point I-V
parameters which are shown in Figures 5.17 and 5.18.

Figure 5.17: CTJ solar cell performance parameter maps: a) Short circuit current, b)
Open circuit voltage, c) Maximum power, d) Fill factor.

The performance parameter maps in Figure 5.17 show a decrease in the extracted pa-

90



Chapter 5. Concentrator solar cell characterisation

rameters due to shading from the fingers and the bus bar metallisation. The contours
observed in the performance parameter maps are due to the change in the effective ac-
tive area illuminated as the beam spot moves over a shading finger. Also observable is a
spot with reduced photo-response due to a dust particle. Such dust particles as well as
the fingers and bus bar metallisation act as optical blockages by reflecting most of the
incident light, which results in reduction in the device photo-response. Shown in Figure
5.18 are device parameter maps in which an increase in the ideality factor, saturation
current and series resistance over the busbar metallisation is observed while there is a
decrease in the shunt resistance.

Figure 5.18: CTJ solar cell device parameter maps: a) Ideality factor, b) Saturation
current, c) Shunt resistance, d) Series resistance.

The observation over the bus bar metallisation is an artefact attributed to the effect of
shading on the spot illuminated I-V characteristics in this region. The device parameter
maps did not show any distinct features including the effect of the dust particle observed
in Figure 5.17 since it is a local optical blockage that reduces the photocurrent over a
very small area.
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5.4 Conclusion

In this Chapter, two concentrator solar cell devices, a Back contact Back junction (BC-
BJ) silicon solar that is suitable for low to medium concentrator applications and an
InGaP/InGaAs/Ge CTJ solar cell suitable for high concentration applications were char-
acterised in terms of photo-response mapping and parameter extraction. The photo-
response maps obtained from LBIC measurements, together with reflection measure-
ments were used to identify localised current reducing features such as shunts and local
optical blockages. It was noted that the BC-BJ silicon solar cell does not suffer from
optical shading arising from the front finger metallisation since all the electrical con-
tacts are located at the rear surface. However, it suffers from electrical shading due to
recombination in regions that are not covered by a collecting emitter at the rear sur-
face. The photo-response map obtained using a 660nm wavelength laser revealed the
presence of a defect characterised by low shunt resistance and an increase in series and
reverse saturation current as observed in the extracted device parameter maps over
the defect region. A decrease in localised performance parameters over the defect was
indicative of the detrimental effect of the defect over the performance of the device. De-
vice and performance parameters extracted from dark and full cell solar illumination
I-V characteristics for the two concentrator solar cell devices showed that the devices
were characterised by high shunt and low series resistances, parameters that are ideal
for concentrating solar cells that operate at high current densities. Deviations between
dark and illuminated I-V parameters were observed and were attributed to departure
from the superposition principle due to non-linearity of the semiconductor device equa-
tions with respect to carrier concentration. Using a 660nm wavelength laser as a beam
probe while applying a voltage bias to the InGaP/InGaAs/Ge CTJ solar cell, the InGaP
and InGaAs subcells were activated by the beam probe since it lies within the spectral
response range of the two subcells while the Ge bottom subcell was activated through
luminescent coupling, thus enabling LBIC measurements to be obtained. However, the
spot illuminated I-V characteristic obtained with the 660nm wavelength laser showed
reverse bias voltage breakdown in the power quadrant which was attributed to the Ge
subcell not being fully activated. Voltage breakdown was not observed in the power
quadrant under solar illumination. With the measurement system on a two axis sun
tracker, S-LBIC measurements were carried out to obtain point-by-point solar beam I-V
characteristics from which device and performance parameter maps for the CTJ solar
cell were extracted. The parameters maps did not show any distinct performance reduc-
ing features, an indication of the high quality of the device.
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Intensity and Spectral change effects
on solar cell I-V parameters

6.1 Introduction

Photovoltaic (PV) device characterisation involves extraction of performance and device
parameters from I-V characteristics obtained under specific spectral conditions such as
specified by the reference standard reporting conditions (SRC) to evaluate their perfor-
mance. The standard reference spectra represent terrestrial solar spectral irradiance
incident on a particular surface under one set of specified atmospheric conditions [160].
However, under outdoor conditions, the devices are exposed to varying conditions such
as changing intensity, temperature and spectral content which affects the I-V charac-
teristics and performance of the device. Changing illumination intensity and spectral
content affects performance and device parameters of solar cells and has been studied by
various researchers for various devices under full cell illumination [161, 162, 163, 164].
Mapping of spatial variation of device and performance parameters using characteri-
sation techniques such as LBIC are based on spot illumination of the solar cell device
to obtain localised point-by-point I-V characteristics. A need therefore exists to study
the variation of the measured parameters of a spot illuminated cell. The localised I-
V characteristics obtained are representative of the whole solar cell’s response to spot
illumination since measurements are made at the external contacts of the solar cell
device. The evaluation of performance and device parameters at different intensities
and spectral content of spot illuminated solar cells is therefore important in an effort
to understand how the intensity and spectral content affect the results of LBIC. Such
studies are useful in identifying various physical processes in solar cells and developing
optimised designs that can result in higher photovoltaic conversion efficiencies. In this
chapter, the effect of changes in intensity and spectral content on the device and per-
formance parameters of a back contact back junction silicon solar cell and a III-V triple
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junction concentrator cell under spot illumination is studied.

6.2 Effect of illumination intensity

Device and performance parameters of a spot illuminated Back contact Back junction
(BC-BJ) silicon solar cell discussed in Sections 2.6.1.1 and 5.2.1 were extracted from I-V
measurements obtained at different illumination levels while keeping the illumination
spot position constant. A 445nm wavelength laser was used as a beam probe with a spot
size of ∼ 1.2mm. The laser beam power output was varied from 0 to 45mW , correspond-
ing to an intensity variation from 0 to ∼ 400 kWm−2, to obtain I-V characteristics at
different illumination levels. Figure 6.1 presents the illumination level dependent I-V
characteristics of a BC-BJ Si solar cell which show that as the incident power changes,
the corresponding I-V curve also changes.

Figure 6.1: I-V characteristics of a Back contact Back junction Si solar cell at different
laser power outputs.

The photo-generated current increases with photon flux due to increasing laser power
output which results in the observed increase in current as the laser power output is
increased. When the laser power output is increased, the number of photons incident
on the solar cell increases, which results in increase in the number of photo-generated
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charge carriers. As the number of photo-generated charge carriers increase, the diffu-
sion constant, mobility and carrier lifetime change [165] . At high injection, the mobility
and diffusion constant reduce while the minority carrier lifetime increases. The increase
in minority carrier lifetime increases Voc and Isc. The increase in Isc is linear while Voc
increases logarithmically as shown in Figure 6.2.

Figure 6.2: Variation of Isc and Voc with intensity for spot illuminated Back contact Back
junction Si solar cell.

The increase in Voc with intensity is due to the re-distribution of charge carriers that
sets up a potential difference which results from the splitting of the thermal equilibrium
Fermi level into the minority carrier electron quasi Fermi level and the minority carrier
hole quasi Fermi level [75]. The difference between the quasi Fermi levels gives

Voc ≈
EFN − EFP

q
(6.1)

where EFN and EFP are electron and hole quasi Fermi levels respectively. As the inten-
sity of the incident photons increases, the separation of the quasi Fermi levels increases
further and hence Voc also increases. Figure 6.3 shows the variation of series and shunt
resistances with illumination intensity. The series resistance is observed to decrease
with increasing intensity, decreasing sharply at low intensities, before levelling off at
higher intensities, as earlier observed by Lal et al. [137] and Khan et al. [163] work-
ing on silicon solar cells. The decrease of Rs with illumination intensity is attributed
to the increase in conductivity of the active layer with the increase in intensity of illu-
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mination. The shunt resistance increases initially at low intensity before decreasing at
higher illumination levels. The increase in Rsh with intensity at low illumination levels
may be due to the presence of local inhomogeneities that lead to non-uniform current
flow or to the charge leakage across the p-n junction in the cell [166]. This is because
shunts are normally associated with defect regions that have a large concentration of
traps. The traps make the defect regions electrically active and may act as sinks for the
photo-generated charge carriers.

Figure 6.3: Shunt and series resistance as a function of illumination intensity.

As the illumination intensity increases, the traps begin to get filled up which leads to a
reduction in the shunt current and thus increasing the shunt resistance. The shunt re-
sistance attains a maximum value when all the traps are filled up [163]. However, as the
intensity increases further, recombination centres may be introduced at the surface and
within the bulk due to Auger recombination that becomes dominant at higher carrier
densities, thus resulting in an effective decrease in the shunt resistance. In addition,
secondary effects such as heating of the cell may contribute to a decrease in Rsh [167].
In Figure 6.4 the variation of ideality factor and saturation current with illumination
intensity is presented showing an increase in n and Io with intensity. The increase in n

and Io is attributed to an increase in the photo-induced recombination within the bulk
as well as surface recombination processes due to increase in the density of defect states
caused by the energy released from charge carrier recombination. As the charge carriers
recombine, the energy released breaks the atomic bonds which may then act as defect
states that create more recombination sites.
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Figure 6.4: Ideality factor and saturation current as a function of illumination intensity.

6.3 Effect of spectral change

Spot illuminated and full cell illumination I-V characteristics were obtained to extract
I-V parameters at different spectral conditions. These are presented and discussed in
this section.

6.3.1 Back contact Back junction silicon solar cell

6.3.1.1 Spot illumination

Under spot illumination, two lasers of wavelengths 445nm and 785nm, each with a
power output of 5mW were used to obtain spot illuminated I-V characteristics at the
two spectral conditions. These curves were fitted using the interval division algorithm
to extract device and performance parameters. The measured and fitted I-V curves are
shown in Figure 6.5 and the extracted parameters are listed in Table 6.1. The extracted
performance parameters are observed to increase with wavelength due to the difference
in the absorption coefficient and penetration depth of silicon at the two wavelengths.
The absorption coefficient is a function of wavelength that determines the absorption of
monochromatic light of a given wavelength.
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Figure 6.5: Measured and fitted I-V curves of Back contact Back junction silicon solar
cell at two spectral conditions.

Table 6.1: Extracted parameters for a Back contact Back junction Si solar cell at two
spectral conditions.

Parameters
Laser source n Io(A) Rsh(MΩ) Rs(Ω) Isc(mA) Voc(V ) FF

445nm 1.58 5.50× 10−10 3.362 15.97 0.125 0.504 0.728
785nm 1.62 7.88× 10−10 1.655 2.42 0.169 0.517 0.730

The optical absorption coefficient of silicon and other semiconductor materials decreases
with increasing wavelength as shown in Figure 6.6 [168]. Due to the high absorption
coefficient of silicon for short wavelength radiations, radiations shorter than 500nm are
mainly absorbed in the front emitter region of the solar cell [169], enhancing charge
carrier generation at the emitter (n-type) region of the solar cell. Charge carrier gen-
eration in the emitter is affected by surface recombination and the diffusion length as
carriers generated close to the surface may recombine before they are collected by the
p-n junction at the rear surface since they have to travel longer distances. This results
in higher recombination losses that affects both Isc and Voc significantly. The device is
also characterised by ideality factors less than 2 at the two spectral conditions with a
higher ideality factor observed at longer wavelength radiations. The values of n and
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Io are determined by the contribution of surface recombination, space charge and bulk
recombination to the total recombination mechanisms taking place in the device.

Figure 6.6: Optical absorption coefficients of various semiconductor materials.

6.3.1.2 Full cell illumination

I-V characteristics were obtained under full cell solar illumination, with the solar cell
mounted on a two axis tracker. The solar spectral content was then changed using two
long pass colour filters from Thorlabs, with cut off wavelengths of 610nm and 1000nm.
The transmission for the filters as a function of wavelength is shown in Figure 6.7 [170].
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Figure 6.7: Transmission spectra for: a) the , b) long pass filters.

The measured I-V characteristics obtained at the three spectral conditions are shown in
Figure 6.8 while the extracted I-V parameters are shown in Table 6.2.

Figure 6.8: Measured and fitted full cell illumination I-V characteristics for a BC-BJ Si
solar cell under different solar spectral conditions.

Table 6.2: Extracted I-V parameters of a Back contact Back junction Si solar cell under
different spectral conditions.

Parameters
n Io(A) Rsh(kΩ) Rs(Ω) Isc(mA) Voc(V ) FF

Full Solar beam 1.65 1.75× 10−8 2.21 1.95× 10−4 51.85 0.635 0.761
610 nm filter 1.59 9.13× 10−9 3.82 5.55× 10−2 32.19 0.619 0.760
1000 nm filter 1.55 6.17× 10−9 20.99 2.72× 10−3 6.47 0.557 0.750

The extracted performance parameters are observed to decrease with increase in cut
off wavelength of the long pass filter. This decrease is due to the effect of the spectral
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response of the device together with the decrease in the intensity of the radiation inci-
dent on the device as more radiation is cut off by the filters. A typical silicon solar cell
spectral response is shown in Figure 6.9. When a 610nm long pass filter is used, Isc de-
creases by ∼ 38% while Voc decreases by ∼ 2.5%. At a cut off wavelength of 1000nm, the
decrease in Isc is ∼ 87.5% while Voc is ∼ 12.3%. The decrease is thus higher at higher cut
off wavelength since almost all the radiations within the spectral response range of the
device have been cut off. The ideality factor and saturation current are also observed
to decrease as the cut off wavelength is increased while the shunt resistance increases
but there is no clear trend in the series resistance. The decrease in saturation current
is attributed to a reduction in surface recombination as the shorter wavelength radia-
tions are cut off, leaving the incident beam with only long wavelength radiations that
penetrate deeper into the bulk material.

Figure 6.9: Spectral response of a Silicon solar cell.

6.3.2 Concentrating triple junction solar cell under full cell illu-
mination

The amount of current generated by each subcell in a multijunction solar cell is deter-
mined by the spectral content of the beam incident on it and its spectral response. The
spectral response of each subcell in the InGaP/InGaAs/Ge CTJ solar cell was shown in
Figure 5.11. Changes in the spectral content of the incident beam will affect the current
generated by each subcell and since the subcells are series connected, this may result in
current mismatch, thus affecting the I-V characteristics and performance of the device.
The effect of changing spectral content on the full cell illumination I-V characteristics
and performance of the InGaP/InGaAs/Ge CTJ solar cell was investigated by changing
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the spectral content of the incident solar beam using the 610nm and a 1000nm long pass
colour filters. The measured and fitted I-V characteristics obtained with and without a
filter are presented in Figure 6.10. When the 1000nm long pass filter is used, a dark
I-V curve is obtained even though the spectral response of the CTJ solar cell extends to
∼ 1800nm. This is because radiations longer than 1000nm will only activate the bottom
Ge subcell while the top two subcells will not be activated and so do not produce any
photo-current. Since the subcells are series connected, the photo-current from the CTJ
solar cell is zero and so a dark I-V is obtained. A curve fitting algorithm was applied to
the I-V curves obtained with no filter and with the 610nm long pass filter to extract the
I-V parameters shown in Table 6.3. Under solar illumination, the CTJ device attains a
short circuit current of ∼ 13.5mA, Voc of ∼ 2.6V and a fill factor of 0.86. The device also
has a saturation current of ∼ 3×10−17A and ideality factor ∼ 3, consistent with reported
values [157]. When the 610nm long pass filter is used, the Isc decreases to ∼ 4mA while
Voc decreases to 2.56V , representing ∼ 70% decrease in Isc and ∼ 2% decrease in Voc. This
reduction is due to a decrease in the number of photons incident onto the device as the
shorter wavelength radiations are cut off by the filter. In addition, due to a reduction
in the amount of blue light incident on the CTJ device, the current from the top subcell
decreases substantially and severely limits the Isc of the CTJ solar cell .

Figure 6.10: Measured and fitted full cell illumination I-V curves for a CTJ solar cell
under different solar spectral conditions.

Table 6.3: Device and performance parameters of a CTJ solar cell extracted from I-V
measurements obtained under two spectral conditions.

Parameters
n Io(A) Rsh(kΩ) Rs(Ω) Isc(mA) Voc(V ) FF

Full Solar beam 2.99 2.85× 10−17 20.05 0.34 13.54 2.61 0.86
610 nm filter 2.30 7.35× 10−22 78.06 0.66 3.98 2.56 0.88
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The decrease in current generated by the top subcell results in current mismatch that
is shown by the increase in the fill factor. The ideality factor and the saturation current
are also observed to decrease and this is attributed to the effect of current mismatch
between the subcells since the shape of the I-V curve of a series connected multijunc-
tion device is determined by the I-V curve of the current limiting subcell. The analysis
therefore shows that multijunction solar cell devices are sensitive to spectral changes
in the incident beam compared to standard solar cells. The spectral sensitivity arises
from the fact that current from multijunction solar cells with series connected subcells
is determined by the subcell producing the least current. Since each subcell is tuned
to respond to a specific range of wavelengths of the solar spectrum, any changes in the
spectrum will affect the current output from each subcell and thus the overall device
output. The sensitivity increases with increase in the number of series connected sub-
cells since the spectral response range of each subcell is narrowed to accomodate the
increasing number of subcells over the solar spectrum.

6.4 Conclusion

In this chapter, we investigated the effect of spectral change and intensity on the de-
vice and performance parameters of two concentrator solar cells. By varying the power
output of the 445nm wavelength laser from 0 to 45mW, I-V curves of a spot illuminated
BC-BJ Si solar cell were obtained at different intensities from which device and perfor-
mance parameters were extracted. The short circuit current increased linearly while
the open circuit voltage increased logarithmically with intensity. The series resistance
decreased with intensity which was attributed to increase in conductivity of the active
layer while the shunt resistance increased initially at low intensities but started to de-
crease as the intensity increased further. The ideality factor and the saturation current
were observed to increase with intensity which was attributed to increase in recombi-
nation within the bulk and the surface. Under monochromatic spot illumination, the
performance of BC-BJ Si solar cell was higher at 785nm than at 445nm due to higher
spectral response of Si at 785nm than at 445nm. By changing the spectral content of the
incident solar beam incident using a long pass colour filters with a cut off wavelengths
of 610nm and 1000nm, the extracted parameters of the two concentrator solar cells were
observed to change. The observed decrease in the performance parameters of the BC-
BJ Si solar cell was attributed to a decrease in the number of incident photons as the
shorter wavelength radiations were cut off by the filters. For the CTJ solar cell, the cut
off of the radiations below 610nm resulted in current mismatch that severely degraded
the Isc. The current mismatch affected the extracted device and performance parame-
ters. With a 1000nm long pass filter, a dark I-V was obtained since only the bottom Ge
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subcell was activated.
The variation of extracted I-V parameters of a spot and or full cell illuminated solar cell
with intensity and spectral content shows the importance of having a stable illumina-
tion source while performing LBIC/S-LBIC measurements. The output from the incident
beam source should be stable in terms of intensity and spectral content as any varia-
tions could lead to mis-interpretation of results obtained from such measurements. This
is especially crucial under outdoor conditions while performing S-LBIC measurements
where the solar spectral content and intensity may change due to changing environmen-
tal conditions.
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Conclusion and outlook

The main aim of this work was to characterise solar cells in terms of photo-response us-
ing the LBIC mapping technique and parameter extraction from dark and illuminated
I-V measurements so as to understand the impact and origin of non-uniformities on the
performance of solar cell devices. Spatial inhomogeneities in the semiconductor start-
ing material or variations in the device properties introduced during the device manu-
facturing processes can influence the performance of photovoltaic devices. This thesis
presented the LBIC mapping technique, a non-destructive characterisation technique,
to spatially map the photo-current response of concentrator solar cells point-by-point.
The LBIC system for characterisation of solar cells was developed, compactlty designed
and optimised for use for both indoor and outdoor measurements. The system provides
spatially resolved measurements and is an effective characterisation tool to reveal spa-
tial non-uniformities in solar cell devices with relatively high resolution. By moving the
solar cell device under study in a raster pattern under a fixed light beam source, the gen-
erated photo-current can be plotted as a function of position to obtain a photo-response
map from which spatial non-uniformities and defects are identified. Incorporation of a
reflection detector in the system allowed us to distinguish between optical impediments
on the cell surface and other current reducing defects such as shunts. The device un-
der test was dynamically biased by applying a sinusoidally varying voltage to obtain
point-by-point I-V characteristics and to study the electrical activity of current reduc-
ing features at different biasing voltages. The LBIC/S-LBIC mapping technique was
used to characterise a mc-Si solar cell and two concentrator solar cells: a Back contact
Back junction (BC-BJ) silicon solar and an InGaP/InGaAs/Ge concentrating triple junc-
tion (CTJ) solar cell. The devices were characterised in terms of photo-response and
parameter mapping using indoor and outdoor measurements.

The electrical activity of solar cells is normally described by measuring and interpreting
their I-V characteristics using the single or double diode, lumped parameter equiva-
lent circuit models. This involves extracting I-V parameters using parameter extraction
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algorithms from the measured I-V characteristics taken either in the dark or under
illumination conditions. In this thesis, a parameter extraction algorithm using an in-
terval division method based on the lumped single diode equation but which could also
be modified to use the double diode model was developed in Labview. The algorithm
uses the measured I-V data and the initialised diode parameters to compute the mod-
elled I-V curve by dividing the interval between the measured and modelled I-V curves
using a user defined dividing factor for each parameter until a set tolerance for each
parameter has been reached. To test its performance, the algorithm was applied to dark
and illuminated I-V measurements of a mc-Si solar cell from which good agreement be-
tween measured and modelled I-V characteristics was realised. Extraction of parameter
maps from LBIC measurements enabled the study of the spatial variation of device and
performance parameters of the mc-Si solar cell, especially at areas containing defects
observed in the photo-response maps.

Though BC-BJ silicon concentrator solar cells do not suffer from optical shading arising
from the front grid metallisation since all the electrical contacts are located at the rear
surface, they suffer from electrical shading due to recombination in regions that are not
covered by a collecting emitter at the rear surface. The effect of electrical shading was
observed as alternating regions of high and low induced current in the photo-response
map of the solar cell. A defect characterised by low shunt resistance but high series
and reverse saturation current was also observed in the photo-response map and was
attributed to the presence of a precipitate or an inclusion introduced during the man-
ufacturing process. A decrease in localised performance parameters over this defect as
observed in the performance parameter maps is indicative of the detrimental effect of
the defect over the performance of the device. A line scan through this defect at differ-
ent biasing voltages revealed that its effect on photo-response was independent of the
biasing voltage. Device parameters extracted from dark and full cell solar illumination
I-V curves were characterised by high shunt and low series resistance, parameters that
are particularly ideal for concentrator solar cells since they operate at high current den-
sities. A concentrating triple junction solar cell was characterised using monochromatic
and solar light beams. By illuminating the CTJ solar cell with a 660nmwavelength laser
while applying a voltage bias, the InGaP and InGaAs subcells were activated while the
Ge subcell could be activated through luminescent coupling by secondary luminescent
photons emitted by the InGaAs middle subcell, thus enabling LBIC measurements to
be obtained. However, point illuminated I-V curves obtained from LBIC measurements
using the 660nm wavelength laser showed reverse bias voltage breakdown in the power
quadrant which was attributed to the Ge subcell not being fully activated. The extracted
parameters from the point illuminated I-V curve using the laser source as a beam probe
were characteristic of a single subcell. Under solar illumination, reverse voltage break-
down was not observed in the power quadrant since all the subcells were fully activated
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by the solar spectrum. Parameters extracted from dark and full cell solar illumina-
tion I-V characteristics showed high shunt and low series resistances which are ideal
for concentrator solar cells. Device and performance parameter maps obtained from S-
LBIC measurements did not show any distinct performance reducing features over the
scanned area, an indication of the high quality of the CTJ solar cell device.

The BC-BJ silicon solar cell was subjected to changing intensity under spot illumination
to study the effect of intensity variation on the I-V characteristics and performance of
the device. The extracted device and performance parameters were observed to change
with varying intensity of the beam probe. In particular, Voc was observed to increase
logarithmically while Isc increased linearly over the intensity range considered. The
series resistance was observed to decrease with intensity which was attributed to in-
crease in conductivity while the shunt resistance initially increased before decreasing
at higher intensities due to the presence of localised defect regions with a large concen-
tration of traps. The increase in ideality factor and saturation current with intensity
was attributed to photo-induced recombination within the bulk as well as surface re-
combination processes. Under monochromatic illumination, the extracted performance
parameters for the BC-BJ Si solar cell were higher at a wavelength of 785nm than at
445nm due to high absorption coefficient of Si for shorter wavelength radiations that
results in carrier generation close to the surface, where there is a higher probability of
recombination before being collected at the p-n junction. Under full solar spectrum, the
performance parameters were observed to decrease as the incident photons with wave-
lengths below 610nm and then 1000nm were blocked using the long pass colour filters.
The observed decrease in the performance parameters of the BC-BJ Si solar cell was
attributed to a decrease in the number of incident photons as the shorter wavelength
radiations were cut off by the filters. For the CTJ solar cell, the cut off of the radiations
below 610nm resulted in current mismatch that severely degraded the Isc. The current
mismatch affected the extracted device and performance parameters. With a 1000nm

long pass filter, a dark I-V was obtained since only the bottom Ge subcell was activated.

Characterisation of solar cells in terms of photo-response and parameter mapping us-
ing measurements obtained from LBIC measurements has been achieved in this thesis.
The LBIC mapping technique is able to give very high spatial resolution measurements
if a highly focused beam and appropriate step size are used. Practical difficulties were
encountered, however, while manually focusing the incident beam onto the solar cell
sample to obtain an appropriete spot size, and was time consuming. The use of an auto-
mated focusing system incorporated into the scanning routine to optimise the focusing of
the incident beam onto the sample is proposed. In addition, challenges remain in iden-
tifying a suitable model applicable to LBIC measurements as only a small part of the
solar cell is illuminated while the rest of the device is in the dark. The situation becomes
even more complex when applied to two terminal monolithic multijunction devices. The
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single or the double diode model may serve as a starting point to a more refined model.
In addition, for future research with multijunction solar cells continuing from this work,
use of appropriete light biasing so as to isolate and characterise individual subcells in
the stack is proposed, to extract subcell parameters. The individual subcell parameters
can be comparatively analysed with the multijunction device parameters to yield infor-
mation that can be crucial in formulating a suitable model for multijunction devices.
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