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ABSTRACT
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Global demand for affordable solar energy technology has been increasing rapidly over the
last few decades. Out of all solar cell technologies, multi-junction solar cells currently have the
highest efficiency. Multi-junction solar cells are superior in space applications, but their role in
global photovoltaic capacity is still quite small due to a relatively high cost per watt. However,
research funding and interest in multi-junction solar cell technology has been growing in the 2000’s
in pursuit of solar cells with ever higher efficiencies and lower cost per watt for both space and
terrestrial applications.

Characterization is an essential part of multi-junction solar cell research. The electrical prop-
erties of solar cells are measured under illumination from a solar simulator, which is designed
to produce a light beam with spectral composition close to that of the real Sun spectrum. The
characterization results of solar cells are reported under standard spectra, and therefore, the so-
lar simulator has to be correctly calibrated to match the standard spectrum in order to produce
results that can be compared within the research community. Precise calibration is particularly
important for multi-junction solar cells, which are exceptionally sensitive to spectral variations due
to their current balance characteristics.

In this thesis, a new method for calibrating a solar simulator for multi-junction solar cell charac-
terization is introduced. The method uses real-sun measurements and corresponding simulated
local solar spectra provided by Finnish Meteorological Institute. By measuring the current density
of a calibration cell outside and using the simulated local solar spectrum, the solar simulator can
be calibrated to match the spectrum by adjusting the simulator settings so that the current density
of the calibration cell matches the outside measurement. In addition, if the outside measurement
spectrum is close to the standard spectrum, the results can be used to approximate the cell’s
current density under the standard spectrum. Therefore, the results have the potential to be used
in standard spectrum calibration. The method is still early in development, and thus the main
purpose of this work was to test the accuracy and reliability of this method by comparing the mea-
sured current density with a current density derived from the simulated spectrum and external
quantum efficiency.

The outside measurements were done at Optoelectronics Research Centre in Tampere. Over
five measurement sets with differently distributed spectra, the comparison shows good accuracy
of 2% to 4% in the ultraviolet and visible ranges from 300 nm to 700 nm. For longer wavelengths,
from about 700 nm to 1800 nm, the measured current density was systematically 5% to 13%
higher than the calculated current density. The difference can be caused by a multitude of different
factors in both measurements and calculations. However, in spite of the systematic error, the
results were shown to logically follow trends in the local simulated solar spectrum, which is a very
promising result.

Due to the systematic error and an overly large diffuse radiation component in the measure-
ments, the results of this work are not yet usable for precise solar simulator calibration. However,
with a few improvements in the measurement and calculation processes, the method has the po-
tential to be developed into a very efficient and cost-effective tool in solar simulator calibration for
multi-junction solar cell research purposes.

Keywords: solar cell calibration, solar spectrum, simulation, characterization, multi-junction solar
cell
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1 INTRODUCTION

Global demand for affordable clean energy has been increasing rapidly over the last few
decades. The fastest growing green energy technology is photovoltaics (PV), where the
global capacity has grown from 40 GW (2010) to 647 GW (2018) [1], and forecasts sug-
gest that the total PV capacity will reach 1.4 TW by 2024 [2]. Both governmental and
industrial PV research and development funding has also shown significant boost in the
last few years in pursuit of advanced solar cell technologies with low capital cost per watt
[2]. Currently, the highest efficiency PV technology is multi-junction solar cells (MJSC) [3].
MJSC’s have a relatively high cost per watt, and therefore, they are currently mainly used
in space applications where the efficiency, power-to-weight ratio and radiation tolerance
are prioritized over cost per watt [4]. In terrestrial applications, MJSC’s are used in con-
centrated photovoltaics (CPV) where sunlight is concentrated towards the cell with lenses
or mirrors. Global CPV capacity was less than 500 MW in 2016 [5], but CPV installation
rate is projected to increase substantially in the next decade as their cost per watt and
energy payback time is becoming more competitive with flat panel solar cells [6].

An important aspect of photovoltaic research is the characterization of research cells.
Characterization results are used within the research community to further design and
optimize the structure of the solar cell, and therefore, accurate characterization is essen-
tial for efficient development. Reported solar cell performance characteristics are based
on standardized ASTM solar radiation spectra [7], which are replicated in the laboratory
environment with a solar simulator. The simulator has to be precisely calibrated in order
to produce scientifically comparable and reproducible results, and precise calibration is
particularly important in spectrally sensitive solar cells such as MJSC’s. However, com-
mercially available solar simulators are rarely accurate over the whole solar spectrum,
and therefore different parts of the spectrum have to be calibrated separately for accu-
rate MJSC characterization. [8]

In this thesis, a new method is developed in which the solar simulator is calibrated for
MJSC characterization by using real-sun measurements and simulated solar spectra.
This is achieved by measuring the performance of a reference solar cell outside, and
then using the simulated local solar spectrum to approximate the performance under the
standard spectrum. The solar simulator can then be calibrated by tweaking the settings
so that the measured reference cell performance matches the approximate standard per-
formance derived from the outside measurements. Different reference cells with unique
spectral responses can be used to calibrate the ultraviolet (UV), infrared (IR) and visible
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wavelength ranges separately. The use of simulated spectra is a cheaper and easier op-
tion compared to a high-end spectrometer, which can require constant maintenance and
calibration. In addition, the simulated spectra can be acquired for any measurement time
retrospectively, as long as there is sufficient atmospheric data available.

Chapter 2 introduces the basic theory of the solar spectrum, semiconductor solar cells,
III-V MJSC’s, and solar cell characterization. After that, in Chapter 3, the new method is
explained by describing the data and tools used in the performance calibration. Then, the
calibration results are analyzed and discussed, and possible future development paths of
the method are considered. The results of this thesis are summarized in Chapter 4.
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2 THEORY

This chapter introduces the basic theory behind the thesis subject. Basics of solar radia-
tion and spectrum is briefly explained in Section 2.1. Section 2.2 focuses on the physics
behind solar cell operation, and Section 2.4 focuses on the performance characterization
of solar cells.

2.1 The solar spectrum

Different solar cell technologies share a common goal of converting solar radiative power
into electrical power with high efficiency. In order to achieve this, a good understanding of
solar radiation and its spectral distribution is essential, especially under varying weather
conditions.

The Sun radiates a nearly constant flux of photons, and the spectral distribution at the
top of Earth’s atmosphere (TOA) is close to that of a perfect black body at T = 5785 K.
The average solar irradiance at TOA, so-called ’solar constant’, is approximately I0 =
1366 W

m2 . [9] When solar radiation enters the atmosphere, it is diminished by atmospheric
absorption, scattering and other effects depending on the current atmospheric conditions.

Atmospheric losses in the solar spectrum are typically measured by air mass (AM), which
describes the relative beam path length through the atmosphere before reaching sea
level. Air mass is defined at sea level as the beam path length divided by the thickness
of the atmosphere [10], and the most commonly used formula for it is

AM =
1

cos(θz)
, (2.1)

where θz is the solar zenith angle (SZA). This simple formula gives satisfactory results
for θz < 70◦, but for larger SZA values, more refined equations are required to account
for the curvature of the Earth [10]. Larger AM values correspond to greater atmospheric
attenuation, hence leading to a weaker overall spectrum.

The most commonly used extraterrestrial standard spectrum at TOA is the AM0 spectrum
[11] in which the air mass is considered zero because the beam does not travel in the
atmosphere at all. For terrestrial solar radiation, the air mass is AM1 when the Sun is at
zenith, i.e. the SZA is zero. However, the Sun is rarely at zenith in real world applications,
and thus the most commonly used terrestrial standard spectra are AM1.5D and AM1.5G
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(SZA ≈ 48◦), which represent a more typical irradiance throughout the sunny hours of
the day in a wide range of locations [12]. The AM1.5D (direct) spectrum only describes
the direct irradiance, while the AM1.5G (global) spectrum contains both direct and diffuse
irradiances. The AM standard spectra each have their specified atmospheric conditions,
most importantly atmospheric gas concentrations, pressure and aerosol levels. [7] The
standard solar spectra are presented in Figure 2.1.
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Figure 2.1. Standard ASTM spectra [7][11], including the most significant atmospheric
absorption bands [9]. Visible spectrum included for reference.

From Figure 2.1, one can recognize the most significant absorption bands in the typical
solar cell operation range of λ < 1700 nm. Ozone has an absorption band in the UV spec-
trum (λ < 400 nm), and water vapor has multiple wide absoption bands at wavelengths
over 800 nm [12]. Therefore, variations in the ozone layer and atmospheric water va-
por contents can have a great impact on solar cell performance, especially for spectrally
sensitive solar cell technologies. Sharp absorption peaks, like oxygen A-band absorption
at λ = 771 nm [9], have lesser impact on solar cell performance because they have a
relatively small impact on the total irradiance (i.e. the area below the irradiance curve).

Figure 2.1 also illustrates the main difference between the AM1.5D and AM1.5G spec-
tra. Rayleigh scattering in the atmosphere is more pronounced on shorter wavelengths,
which results in the diffuse radiation component containing mostly shorter wavelengths
[9]. Therefore, the difference between AM1.5D and AM1.5G spectra is emphasized at
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shorter wavelengths. This difference can be observed intuitively: the direct radiation from
the Sun is more yellow or orange (longer wavelengths), while the diffuse radiation over
the whole sky is more blue (shorter wavelengths). AM1.5G is commonly used as refer-
ence for terrestrial flat solar panels which absorb light from all parts of the sky. AM1.5D
is used as a reference for concentrated photovoltaics (CPV), where the solar cell is only
exposed to the direct light component magnified by the concentrator system. [12]

2.2 Basics of semiconductor solar cells

This section focuses on the physics behind semiconductor solar cells. The band structure
and band gap is discussed in Subsection 2.2.1. The p-n junction, which is the basic
structure of most solar cells, is explained in Subsection 2.2.2. Subsection 2.2.3 outlines
the basic solar cell operation principle. Subsection 2.2.4 briefly covers the most common
loss mechanisms in solar cells.

2.2.1 Band structure and band gap

Semiconductors are materials which have the ability to generate charge carriers by ab-
sorbing photons via the photovoltaic effect [13]. The most important property related to
photovoltaic effect in semiconductors is the band gap, which can explained by analyzing
the material’s band structure.

Solid semiconductors have a periodic crystalline lattice, which determines the material’s
electric properties. By solving the time-independent Schrödinger equation for an electron
in the lattice structure, one can derive the electron band structure for the semiconduc-
tor. The band structure contains all the allowed energy states for the electron, and it is
divided into two bands: the valence band and the conduction band. [13] The valence
band contains the electrons which are bound to lattice atoms, and the conduction band
contains the electrons which can move freely in the lattice as charge carriers.

The band gap Eg is the energy difference between the highest energy state in the valence
band and the lowest energy state in the conduction band. If an electron at the top of the
valence band is given energy ∆E ≥ Eg, e.g. via photon absorption, it can transition over
the band gap into the conduction band. The electron can then act as a charge carrier in
the conduction band. In the process, the electron leaves behind an empty energy state
in the valence band, which is called a hole. Even though holes are not particles, they can
be treated as positive charge carriers in the valence band. [14] A direct band gap means
that the transition does not require a change in the electron wavevector, and thus absorp-
tion can happen straightforwardly between the photon and the electron. In indirect band
gap materials, the electron wavevector must change during the transition, which requires
an additional particle, usually a phonon (lattice vibration) [14]. The two simplified band
structures are illustrated in Figure 2.2.
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Figure 2.2. Simplified direct (left) and indirect (right) band gap structures. The electron
gets promoted to the conduction band, leaving a hole (positive charge) behind in the
valence band. Both the electron and the hole act as charge carriers in the semiconductor.

The absorption coefficient in semiconductors depends on the density of occupied states
in the valence band, as well as the density of unoccupied states in the conduction band.
For indirect band gap materials, the absorption coefficient also depends on the availability
of phonons with the required crystal momentum. [13] This fundamental difference leads
to indirect band gap materials having much smaller absorption coefficient compared to
direct band gap materials. For example, the absorption coefficient for gallium arsenide
(Eg = 1.42 eV, direct) is up to two orders of magnitude greater than silicon (Eg = 1.12 eV,
indirect) in the visible range [13]. Overall, between two materials with the same band gap
energy, the one with the direct band gap is usually preferable in solar cell applications
because it has much greater absorption even with relatively thin layers. As an example,
thin-film solar cells with cadmium telluride (direct band gap) have a high absorption with
an absorber layer only a few microns thick, reaching conversion efficiencies up to 22.1 %
[3].

The number of electrons and holes in the conduction and valence bands, and thus elec-
trical conductivity, can be controlled by introducing impurity atoms into the semiconductor
lattice [13]. This is called doping, and the dopants are called either donors or accep-
tors, depending on whether they have more (donor) or less (acceptor) valence electrons
compared to the semiconductor being doped. As an example, when silicon (group IV) is
doped with phosphorus (group V), the phosphorus atom acts as a donor and it donates
one electron to the conduction band. On the contrary, when silicon is doped with boron
(group III), the boron atom acts as an acceptor and it accepts an electron, hence cre-
ating a hole in the valence band. Semiconductors doped with donors are called n-type
because the majority charge carries are negative (electrons), and semiconductors doped
with acceptors are called p-type because the majority carriers are holes (positive). [13]
Doping enables versatile tuning of the semiconductor electrical properties to match re-
quirements in a wide range of applications, for example in transistors, lasers, LED’s and
solar cells.
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2.2.2 The p-n junction

The basic structure of a solar cell is based on the p-n junction, which is a basic semicon-
ductor structure consisting of n-type and p-type semiconductor regions fused together.
When the junction is formed, the majority carriers (electrons) start to diffuse from the n-
region into the p-region, and the holes from p-region start to diffuse towards the n-region.
The electrons and holes recombine when they make contact with each other. [15] When
electrons diffuse away from the n-region, the positive ion cores fixed in the lattice form a
positively charged space charge region near the junction. In the p-region, the lattice ion
cores are negative, so the p-side space charge region is negatively charged. [13]

The charged lattice ions in the space charge region form an electric field, which creates
a force on the free charge carriers which is opposite to the diffusion force. Eventually,
the two forces cancel each other out and the p-n junction reaches thermal equilibrium.
The space charge region is often referred to as the depletion region, because free charge
carriers are quickly swept away from the region so that the region is depleted of any free
charge carriers. [15] The p-n junction is illustrated in Figure 2.3.

p n

Depletion region

Electric field

Diffusion force
on holes

Diffusion force
on electrons

E-field force
on electrons

E-field force
on holes

IdiffIdrift

Figure 2.3. Basic structure of a p-n junction.

The electric field in the p-n junction acts as an energy barrier for electrons and holes.
There are two types of current flowing in a non-illuminated p-n junction. The diffusion
current Idiff is caused by the movement of majority carriers against the electric field over
the depletion region due to diffusion. The diffusion current flows from p-side to the n-side.
[14]

The other type of current in a non-illuminated p-n junction is the drift current Idrift, where
the minority charge carriers drift over the depletion region due to the force provided by
the electric field. The drift current flows from n-side to p-side, opposite to the diffusion
current. In an unbiased p-n junction, i.e. one without an external voltage biasing, the
diffusion and drift currents cancel each other out, resulting in a net zero current [15].

The p-n junction can be biased by applying an external voltage. If an external voltage is
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applied so that the p-side has a lower electrical potential than the n-side, the p-n junction
is reverse-biased. In reverse biasing, the holes in the p-region are pulled away from the
junction, and the same happens to the n-region holes. The result is that the depletion
region becomes wider, increasing the energy barrier across the junction. [14] The in-
creased energy barrier acts against the majority carrier diffusion force, greatly reducing
the diffusion current. The drift current is mostly unaffected, because the drift current is
limited by the number of minority charge carriers on either side of the p-n junction, which
is not affected by bias voltage. [14] Therefore, the reverse-bias current practically only
consists of the drift current and is largely independent of the reverse-bias voltage, up to
a certain breakdown voltage. When the reverse-bias breakdown voltage is reached, the
reverse-bias current increases rapidly and if not accounted for, the heat generated by the
large current may break the semiconductor device and parts of the external circuit. [15]

If an external voltage is applied to the p-n junction so that the p-side has a higher electrical
potential than the n-side, the p-n junction is forward-biased. Forward biasing pushes
the p-side holes and n-side electrons towards the depletion region, which neutralizes
the depletion region from both sides. The width of the depletion region gets smaller
with increasing forward-bias voltage, and therefore, the energy barrier for majority charge
carriers is reduced. [15] The reduced energy barrier causes greatly increased diffusion
current from n-side to p-side, and the magnitude of the current follows an exponential
curve with increasing forward-bias voltage. As with the reverse biasing, the drift current
is again essentially unchanged. [15] The current-voltage (IV) curve for a diode, which
consists of a p-n junction, is illustrated in Figure 2.4.

I

V
bias

Breakdown
voltage

Reverse bias voltage Forward bias voltage

Figure 2.4. Illustration of a typical IV-curve for a diode (p-n junction). The forward bias
current follows an exponential curve. The reverse bias current is nearly constant until the
breakdown voltage. Axes are not to scale.

Different diodes are operated at different points in the IV-curve depending on the appli-
cation. In particular, most solar cells are based on a forward-biased p-n junction, and
therefore the basic diode IV-curve can be used as a basis to understand the electrical
characteristics of a solar cell.
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2.2.3 Basic operation of a solar cell

Most solar cells are based on the p-n junction (diode). A simple solar cell structure is
illustrated in Figure 2.5.

AR coating
Front metal contacts

Back metal contact

n-type emitter

p-type base

External
load

Depletion
region

Figure 2.5. Basic structure of a solar cell, with an external load connected to its metal
contacts.

The first step to consider in solar cell operation is the current generation, which consists of
two processes: electron-hole pair generation through absorption, and the charge carrier
collection at the p-n junction.

As was discussed in Subsection 2.2.1, the semiconductor material can effectively ab-
sorb photons with energy Ephot ≥ Eg, and each semiconductor material has their own
absorption coefficient which depends on wavelength. The absorption coefficient and the
thickness of the semiconductor layers contribute to the absorption probability, which de-
termines the amount of photons absorbed per unit area per unit time in given illumi-
nation conditions. The generated electron-hole pairs are meta-stable, and they tend to
recombine after a short time. [16] To avoid recombination, the electron-hole pair is spa-
tially separated by drifting either the electron (from p-side) or hole (from n-side) over the
electric field in the depletion region. The electron-hole separation in the p-n junction is
called charge collection, and the current caused by the charge collection is called light-
generated current IL, which flows from n-region to p-region.

When the generated electron-hole pairs are separated by the p-n junction, the n-region
gains more electrons and the p-region gains more holes. This charge accumulation cre-
ates an additional electric field in the solar cell, which is opposite to the electric field in the
depletion region, thereby decreasing the depletion region energy barrier and increasing
diffusion current from p-region to n-region. The electric field also establishes a voltage
between the solar cell contacts, which is essential for power generation. The total cur-
rent in the solar cell is the difference between light-generated current and the forward
bias current of the p-n junction. For an ideal solar cell, the light-generated current IL is
mostly independent of forward bias voltage, and therefore for an illuminated solar cell the
IV curve has the same form as the forward-bias curve in Figure 2.4, but shifted down with
constant IL. [16]
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Open circuit conditions mean that the solar cell is not connected to an external load.
Under illumination in open circuit conditions, the charge accumulation on p- and n-regions
continues until the diffusion current cancels out the light-generated current, resulting in
net zero current. The voltage of the solar cell at this equilibrium is called the open-circuit
voltage Voc, and it represents the maximum voltage available from the solar cell. The
open-circuit voltage scales proportionally with the solar cell material’s band gap, with
band gap being the theoretical upper limit. However, finite doping level, finite irradiance,
non-zero recombination rate and other non-ideal factors cause the open-circuit voltage to
always be appreciably lower than the band gap [13].

In short circuit conditions, the solar cell contacts are directly connected to each other, i.e.
the external load is 0Ω and the voltage between the solar cell contacts is zero. Generated
electrons and holes can thereby move freely to the opposite side of the p-n junction
via the external circuit, eventually recombining at their destination. This recombination
completes the circuit and is the reason why only one charge carrier per electron-hole pair
actually contributes to the current in the external circuit. [16] Because the p-n junction
bias current is zero at Vbias = 0 V (Figure 2.4), the short-circuit current Isc for an ideal solar
cell consists of only the light-generated current IL, thereby making it a useful parameter
for analyzing carrier generation and collection. The short-circuit current is the maximum
current that can be drawn from the solar cell, and it scales inversely proportional to the
material’s band gap because less photons are absorbed with greater band gaps. The
basic IV-curve of a solar cell is illustrated in Figure 2.6.

I

V

Dark current

Light current
Isc

0

Voc

Figure 2.6. IV curve of a solar cell under illumination (light current) and without illumina-
tion (dark current). The dark current is the same as the forward-bias current from Figure
2.4, and the light current has the same form but is shifted down by IL = Isc.

In Figure 2.6, the power P = V I is negative for voltages 0 < V < Voc. This means that
the solar cell provides power to the external circuit. Somewhere between 0 < V < Voc

lies the maximum power point (MPP), at which the solar cell is ideally operated.
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2.2.4 Solar cell loss mechanisms

Solar cells have a multitude of different loss mechanisms, which all contribute to the
overall conversion efficiency. This subsection outlines the most significant and universal
loss mechanisms in solar cells based on the p-n junction.

One significant loss mechanism is the rate of electron-hole recombination before they get
collected. High rates of recombination can be caused by a short charge carrier diffusion
length compared to the average distance between the electron-hole generation area and
the depletion region [13]. Solar cells are designed in such a way that most of the electron-
hole generation happens in the vicinity of the depletion region, where the probability of
charge collection is the highest.

Recombination also commonly happens in the solar cell surface layer. Surface recombi-
nation is caused by the abrupt interruption of the atomic lattice in the surface layer, which
introduces additional interface energy levels inside the band gap [17]. These additional
energy states significantly increase electron-hole recombination at the semiconductor
surface layer. Surface recombination can be reduced by different methods of surface
passivation, whose aim is to either reduce the number of interface energy states or the
number of charge carriers at the surface. [17] Similar recombination effect is also present
around defects inside the semiconductor lattice. Recombination can have a detrimental
impact in light-generated current, solar cell voltage and thereby overall power conversion
efficiency.

Transmission losses contribute to the electron-hole generation rate, and accordingly to
light-generated current. Photons with energy Ephot < Eg have an absorption coefficient
of effectively zero, hence they are almost all transmitted through the cell. For example in
silicon solar cells, about 20 % of the energy contained in the standard terrestrial spectrum
is lost because of photons with Ephot < Eg [18].

For photons with Ephot ≥ Eg, the goal is to reach close to zero transmission. The
wavelength-dependent absorption coefficient and layer thickness together determine the
percentage of photons of each wavelength that get absorbed and create electron-hole
pairs. If the absorption coefficient is too small and/or the semiconductor layer is too thin,
a large portion of photons merely pass through the semiconductor layer without being
absorbed, and consequently the light-generated current is smaller. A common way of
enhancing absorption for photons with Ephot ≥ Eg is introducing a back reflector into
the solar cell structure, which increases the effective absorption length in the p-n junc-
tion. Back reflectors also enable the manufacturing of thinner solar cells while still having
a high short-circuit current. This approach also increases the electron-hole collection
probability, because the electron-hole pairs are generated closer to the depletion region
compared to a thicker cell without a back reflector. The increased current generation
further leads to an increased solar cell voltage. [19]

Thermalization also contributes substantially to the solar cell losses, especially in single-
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junction solar cells. If an electron in the valence band is given a larger energy than the
band gap, the electron transitions to the conduction band and then quickly thermalizes to
the lowest available energy state in the conduction band, with the excess energy being
dissipated as heat [13]. This means that only the band gap’s worth of energy can be
extracted from a photon, and the rest is lost as heat. For example, silicon has a band
gap of about 1.12 eV at room temperature [13], while the terrestrial solar spectrum has
photons with energy up to around 4 eV (λ ≈ 310 nm, Figure 2.1). The end result is
that over the whole terrestrial spectrum roughly a third of the available solar energy is
lost to thermalization in silicon solar cells [18]. Thermalization losses can be diminished
by absorbing different parts of the spectrum with p-n junctions of different band gaps,
which is the basic idea of the multi-junction solar cell (MJSC) approach. Another way
of diminishing thermalization losses is collecting the high-energy "hot" charge carriers
quickly before they thermalize by incorporating energy selective contacts [20]. Solar cells
based on this principle are called hot-carrier solar cells.

Some sunlight never reaches the solar cell material due to surface reflection and ab-
sorption in the front metal contacts. The surface reflection losses can be minimized by
applying an anti-reflective coating to the cell surface. The metal contact absorption can
not be completely avoided, but it can be minimized by designing the front metal contact
grid in such a way that it blocks as small fraction of the active area as possible while still
collecting charge carriers efficiently.

2.3 III-V multi-junction solar cells

Multi-junction solar cells (MJSC) are solar cells which are typically comprised of multiple
p-n junctions with different band gaps stacked vertically, though other geometrical con-
figurations have also been demonstrated [21]. MJSC’s are commonly fabricated from
elements of group III and group V, which can be used to design semiconductor materials
with a wide range of electrical, optical and structural properties [4]. An example structure
of a monolithic four-junction (4J) MJSC is illustrated in Figure 2.7.
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Figure 2.7. Example structure of a monolithic 4J solar cell. Figure used with permission
from Optoelectronics Research Centre, Tampere University. [22]

Different wavelengths of the solar spectrum are collected by different subcells in the
MJSC. As illustrated in Figure 2.7, the top subcell has the highest band gap, making
it optimal for collecting the shortest wavelengths. Photons with Ephot < Eg,top are trans-
mitted to the next subcell, which in turn is optimized for collecting the next part of the
spectrum. The same principle applies throughout the MJSC until the bottom subcell with
the smallest band gap. [4]

The different junctions are connected with tunnel junctions (monolithic) or by mechanical
stacking. Tunnel junctions are highly doped p-n junctions which have a very narrow deple-
tion region. Due to the narrow depletion region, total current through the tunnel junction
is dominated by the quantum tunneling of charge carriers over the depletion region [4].
The tunnel junctions provide a low-resistance electrical contact between each junction,
making the whole MJSC connected in series. Another important requirement is that the
tunnel junctions should have a transmittance close to unity in the solar cell absorption
wavelength range to avoid negatively affecting the light-generated current of the subcells
below.

Because the different junctions are connected in series, the total voltage V is the sum of
subcell voltages Vi

V =
∑︂

Vi, (2.2)
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and the total current I is determined by the smallest subcell current

I = min(Ii). (2.3)

MJSC’s are designed to be current-matched under the application spectrum in order to
generate maximum power. If, for example, the top cell generates more current than the
bottom cells, the total current is determined by the smallest junction current and thereby
the extra current generated in the top cell is lost. To avoid this loss, the top cell can be
made thinner so that it generates less current while passing more photons through to the
lower junctions, increasing their current in turn [4]. Similar optimization is done for each
junction with the goal of reaching the highest possible current-matched efficiency.

The main advantage in MJSC technology compared to single-junction solar cells is the
significant reduction in thermalization losses. Thermalization losses are drastically re-
duced with adding a few junctions, but there are diminishing returns with increasing num-
ber of junctions [4]. Because of this trend and the increasing difficulty in designing and
manufacturing a large number of junctions, modern MJSC’s are mostly restricted to 2-6
junctions. The effect of the number of junctions on thermalization losses is illustrated in
Figure 2.8.
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Figure 2.8. Effect of multiple junctions on spectral losses for an arbitrary cell structure
with minimum bandgap at 1600 nm (0.77 eV). Black curve is the AM0 spectrum power
density, and the grey area is the maximum power extracted by the solar cell through
electron-hole generation (not accounting for other losses). White area below AM0 curve
at λ < 1600 nm represents thermalization losses, and white area below AM0 curve at
λ > 1600 nm represents transmission losses.
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MJSC’s currently have the highest power conversion efficiencies of all solar cell technolo-
gies [3]. However, because of high manufacturing costs, MJSC’s are currently mainly
used in space applications where the cell efficiency is especially important due to strict
mass and volume restrictions [23]. In terrestrial applications, MJSC’s are used in con-
centrated photovoltaics (CPV), where the sunlight is concentrated towards the cell with
lenses or mirrors. This reduces the required cell surface area, making the system more
cost-effective. Using concentrated sunlight also tends to increase MJSC efficiency sig-
nificantly [4]. In the end of 2016, the global CPV capacity was less than 500 MW due
to high installation costs, which also include the necessary concentrator optics and two-
axis sun-tracking devices [5]. However, CPV installation prices per watt are projected to
become more competitive with flat panels in the near future, leading to higher installation
rates [6]. The current world record for solar cell efficiency is 47.1%, which was achieved
by a 6J solar cell under 143x concentration [3].

2.4 Solar cell characterization

This section focuses on solar cell characterization methods and parameters. In Subsec-
tion 2.4.1, the most commonly used solar simulators and their calibration methods are
explained briefly. Subsection 2.4.2 introduces the basic performance parameters that
can be acquired from the current-voltage characteristic of a solar cell. Subsection 2.4.3
briefly covers the concept of quantum efficiency along with its utilization in solar simulator
calibration.

2.4.1 Solar simulators

Solar simulators are devices which produce a light beam which is designed to replicate
the real-sun spectrum, particularly the standard spectra discussed in Section 2.1. A
solar simulator in the laboratory makes solar cell characterization much more handy and
reliable than outside measurements because of constant variance in the outside real-sun
spectrum. The most important part of a solar simulator is the light source, which is most
commonly a xenon arc lamp, while other light sources such as metal halide, argon and
carbon arc lamps have been used in some solar simulator designs. The light produced
by the lamp is directed through a filter, which is designed to replicate the standard solar
spectra by absorbing certain wavelengths. More modern approaches for solar simulator
light sources include LED’s and super continuum lasers, which both allow the design of a
multi-band simulator with better spectral adjustment capabilities compared to traditional
arc lamps. [24]

Solar simulators have to be calibrated correctly to match the required standard spectrum
as well as possible. Poorly calibrated solar simulator can drastically distort solar cell
characterization results, especially in multi-junction solar cells [8]. Solar simulators can
be calibrated with a spectrometer or with reference solar cells, whose performance under
standard spectrum is well known usually by precise measurements in an established
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calibration facility. Different parts of the solar simulator spectrum can be calibrated with
reference cells which are active in that particular spectral band.

2.4.2 Current-voltage characterization

Current-voltage (IV) characterization gives insight of the overall performance of a solar
cell connected to an external load. The IV curve can be obtained by connecting the
solar cell to an external variable voltage supply, and then sweeping the solar cell voltage
through the desired range. As was explained in Subsection 2.2.3, the IV curve can be
measured under illumination (light IV), or without illumination (dark IV). Both light and
dark IV curves are powerful tools in analyzing the electrical and optical properties of
solar cells. Example of a light IV curve is illustrated in Figure 2.9.

I

V

Isc

Voc
Vmp

Imp

Pmax

0

Figure 2.9. Example IV curve. Current axis is inverted for convenience (see Figure 2.6).

The light IV curve can be used to determine many different performance parameters.
Short-circuit current Isc and open-circuit voltage Voc are obtained from axis intersection
points as illustrated in Figure 2.9. The maximum power supplied by the solar cell can be
expressed as

Pmax = max(V I) = VmpImp, (2.4)

where Vmp is the voltage at maximum power point (MPP), and Imp is the current at MPP.
Solar cell circuits are designed so that the solar cell operation point is at or near the MPP.

A common parameter for representing solar cell quality is the fill factor (FF). FF can be
thought of as the ’squareness’ of the IV-curve, and it is defined as the ratio of the two
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rectangles depicted in Figure 2.9:

FF =
Pmax

VocIsc
=

VmpImp

VocIsc
. (2.5)

FF value strongly depends on the solar cell’s electrical properties, most importantly series
and shunt resistances [4]. Good quality solar cells typically have FF values in the range
of 70 - 85 % [14].

Arguably the most intuitive and well-known solar cell parameter is the power conversion
efficiency η, which represents the ratio between incident radiative power Pin and maxi-
mum generated power Pmax [14]

η =
Pmax

Pin
=

FF · IscVoc

Pin
. (2.6)

Therefore, in order to maximize η, one must find the optimal compromise at which the
product of FF , Isc, and Voc is maximized.

Another widely used parameter is the short-circuit current density Jsc, which is the short-
circuit current Isc divided by the solar cell active area A

Jsc =
Isc
A

. (2.7)

The short-circuit current density Jsc is commonly used in scientific reporting and discus-
sion because it allows direct comparison of current generation characteristics between
differently sized solar cells.

2.4.3 Quantum efficiency characterization

Quantum efficiency of a solar cell describes it’s ability to convert photons into collected
charge carriers. Quantum efficiency is wavelength-dependent, and therefore it is mea-
sured for each wavelength separately by using monochromatic light. External quantum
efficiency (EQE) is the direct ratio between the number of collected charge carriers and
incident photons on solar cell surface [13]

EQE(λ) =
# collected charge carriers

# incident photons
=

1
q Isc(λ)

AΦin(λ)
=

1
qJsc(λ)

Φin(λ)
, (2.8)

where q is the electric charge of the charge carriers, Isc(λ) is the short-circuit current, A
is the solar cell active area, Jsc(λ) is the short-circuit current density, and Φin(λ) is the
incident photon flux on cell surface (photons per unit area per second). Internal quantum
efficiency (IQE) is defined as the ratio between collected charge carriers and absorbed
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photons [13]

IQE(λ) =
# collected charge carriers

# absorbed photons
=

EQE(λ)

1−R− T
, (2.9)

where R and T are the reflectance and transmittance of the solar cell, respectively. Due
to reflection and transmission losses, IQE is always greater than EQE. EQE is used to
describe the current generation characteristics of the whole solar cell, while IQE is more
descriptive of the charge collection properties inside the solar cell material. High EQE val-
ues over a wide wavelength range translate to higher current generation. Recombination,
reflection and transmission losses can greatly reduce the EQE [13].

EQE is usually measured with a probe beam that is much smaller than the solar cell active
area. By assuming uniform EQE characteristics over the whole active area and that the
EQE is independent of the photon flux, one can use equation 2.8 to derive a highly useful
expression for short-circuit current density

Jsc = q

∫︂ λmax

λmin

EQE(λ) · Φin(λ) · dλ, (2.10)

which can be used to predict the solar cell’s Jsc under any solar spectrum described by
the wavelength-dependent photon flux Φin(λ). In particular, one can predict the solar
cell’s Jsc under a standard spectrum, and use that result to calibrate a solar simulator
to match the standard spectrum. If a solar cell’s EQE is uniform over the cell area and
independent of the photon flux, the Jsc value obtained with equation 2.10 should match
the Jsc under illumination from a solar simulator that is correctly calibrated to spectrum
Φin(λ). However, the above-mentioned EQE assumptions are not always valid, potentially
leading to some error in the integrated current density. In addition, different solar cell
characteristics such as luminescence coupling and non-ideal shunt effects can introduce
a difference between the measured and calculated current densities.
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3 EXPERIMENTAL

This chapter covers the experimental methods and results in this thesis work. Section
3.1 covers the calibration solar cells’ characteristics. Then, the real-sun measurement
setup and measurement process is explained in Section 3.2. Section 3.3 introduces the
local simulated solar spectra used in the calculations. Calculation results are compared
against real-world measurements in Section 3.4, and the results are further discussed in
Section 3.5.

3.1 Calibration solar cells

For this experiment, a 3J calibration cell array was chosen. The calibration cell array con-
tains four solar cells: the whole 3J solar cell and the three subcells separately. This setup
allowed for easy characterization of the different subcells without the need for external
light biasing. The EQE characteristic of the calibration cell at 25 ◦C is presented in Figure
3.1.
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Figure 3.1. EQE of the different subcells in the 3J calibration cell used in the measure-
ments.
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The calibration cell array allows for calibration of three spectral bands, as seen in Figure
3.1. The top cell can be used to calibrate UV and visible wavelengths from about 300 nm
to 700 nm, the middle cell can be used for visible and IR wavelengths from about 600 nm
to 900 nm, and the bottom cell can be used to calibrate IR wavelengths from around
900 nm to 1700 nm.

By calculating the current density of the calibration cells for a standard spectrum with
Equation 2.10, one can calibrate a solar simulator to match the corresponding standard
spectrum. However, due to the potential error sources mentioned in Subsection 2.4.3, the
current density should also be determined from an IV measurement under the standard
spectrum in order to have a reliable calibration. The real-sun spectrum rarely matches
the standard spectrum, but by measuring the IV curve under a real-sun spectrum that
is close to the standard spectrum, one can approximate the current density under the
standard spectrum.

3.2 Real-sun measurements

The real-sun measurements of this thesis were performed at Optoelectronics Research
Centre in Tampere. Measurements were done on five different days at times when the
sky was visually observed to be effectively cloud free. The measurement times for the
calibration cell array are listed in Table 3.1.

The measurement setup consisted of the reference solar cell array which was mounted
on an adjustable aluminium base plate, along with a measurement unit connected to a
computer. The measurements were done in one-sun conditions, i.e. no concentrating
optics were used. Also, no optical apertures were used, so the solar cells were subjected
to both the direct and diffuse components of solar radiation. The solar cell array was
adjusted in each measurement perpendicularly towards the sun. The position was fine-
tuned by measuring the solar cell short-circuit current continuously and adjusting position
so that the current reached its maximum. The real-sun measurement setup is illustrated
in Figure 3.2.
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Figure 3.2. Illustration of the measurement setup. Solar cells were orientated directly
towards the sun.

The IV characteristic of each calibration cell was measured after ensuring perpendicu-
larity. From the IV characteristic, only the short-circuit current density was used in the
calculations of this work.

3.3 Simulated solar spectra

The real-sun spectrum rarely matches the standard spectra due to variation in many
different factors, including atmospheric gas and aerosol composition, the solar zenith an-
gle, cloud cover and weather phenomena. In order to use the real-sun measurement
data in calibration of the solar simulator, the solar spectrum at the time of measurement
must be known. Simulated solar spectra were chosen for this method due to their cost-
effectiveness and low maintenance compared to buying and setting up a high-end spec-
trometer. The simulated solar spectra can also be acquired afterwards for a timespan of
many years, as long as there is enough atmospheric input data available.

The simulated solar spectra for measurement times in Table 3.1 were provided by the
Finnish Meteorological Institute (FMI). The simulations were performed with the libRad-
tran radiative transfer package, which is widely used in simulating solar radiation in the
Earth’s atmosphere [25]. The results of libRadtran simulations have been validated
against real spectrum measurements in the UV range with between ±8% mean differ-
ence [26].

Satellite and terrestrial measurement data of atmospheric conditions such as the water
vapour column, ozone column and aerosol information were used as input in the simu-
lation. The cloud cover was set to zero in the simulations due to difficulties in acquiring
precise data of momentary local cloud cover. The sky was visually observed to be ef-
fectively cloud free during each measurement, so the cloud free approximation was esti-
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mated to be reasonable. The simulation included wavelengths from 290 nm to 1900 nm
for both direct and diffuse radiation, and the time resolution was 5 minutes. Perpendic-
ular direct irradiance, SZA values and corresponding air mass values (Equation 2.1) for
measurement times are listed in Table 3.1.

Table 3.1. Real-sun measurement times and corresponding simulated spectrum param-
eters. AM1.5D standard (ASTM G173-03) included for comparison.

Date Time (UTC) SZA (◦) Air mass Direct perpendicular irradiance W
m2

1.3.2019 13:20 75.9 4.11 616

22.3.2019 8:25 65.4 2.41 765

26.3.2019 10:55 59.5 1.97 822

16.4.2019 10:25 51.4 1.60 847

28.6.2019 10:30 38.2 1.27 855

AM1.5D reference - 48.2 1.5 900

The simulated solar spectra for the measurement times are presented in terms of photon
flux in Figure 3.3.



23

300 500 700 900 1100 1300 1500 1700 1900
Wavelength (nm)

0

1

2

3

4

5
P

h
o
to

n
fl
u
x
 [
1
/(

m
^2

s
)]

10
18 1.3.2019 13:20 UTC

300 500 700 900 1100 1300 1500 1700 1900
0

1

2

3

4

5

P
h

o
to

n
fl
u

x
 [

1
/(

m
^
2

s
)]

10
18 16.4.2019 10:25 UTC

Wavelength (nm)

300 500 700 900 1100 1300 1500 1700 1900
0

1

2

3

4

5

P
h
o
to

n
fl
u
x
 [
1
/(

m
^
2
s
)]

10
18 26.3.2019 10:55 UTC

Wavelength (nm)

300 500 700 900 1100 1300 1500 1700 1900
0

1

2

3

4

5

P
h

o
to

n
fl
u

x
 [
1

/(
m

^
2

s
)]

10
18 22.3.2019 8:25 UTC

Wavelength (nm)

300 500 700 900 1100 1300 1500 1700 1900
0

1

2

3

4

5

P
h
o
to

n
fl
u
x
 [
1
/(

m
^2

s
)]

10
18 28.6.2019 10:30 UTC

AM1.5D reference

Diffuse (horizontal)

Direct (perpendicular)

Wavelength (nm)

AM1.5D reference

Diffuse (horizontal)

Direct (perpendicular)

AM1.5D reference

Diffuse (horizontal)

Direct (perpendicular)

AM1.5D reference

Diffuse (horizontal)

Direct (perpendicular)

AM1.5D reference

Diffuse (horizontal)

Direct (perpendicular)

SZA = 75.9
o

SZA = 65.4
o

SZA = 51.4
o

SZA = 59.5
o

SZA = 38.2
o

Figure 3.3. Simulated solar spectra for measurement times in Table 3.1. Note that the
direct photon flux here is already corrected for a perpendicular plane, while the diffuse
photon flux is for a horizontal plane. Data provided by FMI.

The original data consisted of the horizontal photon flux for both direct and diffuse com-
ponents. In the measurements, the solar cells were aimed perpendicular to the Sun, and
therefore the photon flux needed to be calculated for a perpendicular plane. Because the
direct photon flux can be approximated as a collimated beam coming from a single point
source, the perpendicular direct flux Φdir,p can be straightforwardly calculated from the
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geometry:

Φdir,p =
Φdir,h

cos(θz)
, (3.1)

where Φdir,h is the direct photon flux for a horizontal plane, and θz is the solar zenith
angle.

Calculating the perpendicular diffuse photon flux Φdiff,p from the horizontal diffuse pho-
ton flux Φdiff,h requires more refined methods. Diffuse radiation is generally more compli-
cated to analyze due to its non-uniform spatial and spectral distribution over the sky area
and its strong dependency on aerosol levels and albedo values [27]. Therefore, instead
of geometrical correction, a SPCTRAL2 atmospheric spectrum calculator from PV Light-
house was used for approximating the perpendicular diffuse photon flux [28]. The diffuse
perpendicular flux Φdiff,p to diffuse horizontal flux Φdiff,h ratio (DPHR) was acquired from
the PV Lighthouse calculator as a function of solar zenith angle. The resulting graph is
presented in Figure 3.4.
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Figure 3.4. Diffuse perpendicular to horizontal ratio (DPHR) for the photon flux as a
function of solar zenith angle. Data acquired from PV Lighthouse SPCTRAL2 spectrum
calculator [28]. The SZA values for measurement times are marked with dots.

Using the data presented in Figure 3.4, the perpendicular diffuse photon flux Φdiff,p can
now be approximated from the horizontal diffuse photon flux Φdiff,h by using the DPHR:

Φdiff,p = DPHR · Φdiff,h. (3.2)

For a more in-depth incident spectrum analysis, the diffuse photon flux calculation for
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a perpendicular plane should be done for each wavelength separately due to the non-
uniform spectral distribution over the sky area. However, the DPHR correction is sufficient
for the purposes of this thesis, because the calibration solar cells have a relatively wide
absorption range (Figure 3.1). In addition, the diffuse irradiance for the absorption range
of the middle and bottom cell is quite small, so the resulting error should not skew the
results too much.

The total photon flux for a perpendicular plane Φtot,p can now be approximated from the
horizontal fluxes by using Equations 3.1 and 3.2

Φtot,p = Φdir,p +Φdiff,p =
Φdir,h

cos(θz)
+ DPHR · Φdiff,h. (3.3)

3.4 Real-sun characterization results

The short-circuit current density values were calculated for each measurement time with
Equation 2.10, using the photon flux calculated with Equation 3.3 and EQE values from
Figure 3.1. In addition, the current density was calculated separately for direct and dif-
fuse photon fluxes. The simulation-based calculations and real-sun measurement current
density values are listed in Table 3.2.

Table 3.2. Short-circuit current density results from calculations and measurements

Cell Time (UTC) Jsc,sim,dir (mA/cm2) Jsc,sim,diff (mA/cm2) Jsc,sim (mA/cm2) Jsc,meas (mA/cm2) Ratio Jsc,meas

Jsc,sim

Top 1.3.2019 13.20 5.11 2.68 7.79 7.60 0.976

Top 22.3.2019 8.25 7.68 2.65 10.33 10.59 1.025

Top 26.3.2019 10.55 8.44 2.55 10.99 11.25 1.024

Top 16.4.2019 10.25 9.37 2.48 11.85 12.28 1.036

Top 28.6.2019 10.30 9.89 2.30 12.19 12.50 1.026

Middle 1.3.2019 13.20 9.70 1.88 11.58 12.90 1.114

Middle 22.3.2019 8.25 11.57 1.65 13.22 14.90 1.127

Middle 26.3.2019 10.55 12.12 1.55 13.67 15.01 1.098

Middle 16.4.2019 10.25 12.47 1.45 13.92 15.60 1.121

Middle 28.6.2019 10.30 12.50 1.31 13.81 15.39 1.115

Bottom 1.3.2019 13.20 10.52 0.95 11.47 12.80 1.116

Bottom 22.3.2019 8.25 11.51 0.80 12.32 13.12 1.065

Bottom 26.3.2019 10.55 12.22 0.77 12.99 13.65 1.051

Bottom 16.4.2019 10.25 11.63 0.68 12.31 13.35 1.084

Bottom 28.6.2019 10.30 11.10 0.59 11.69 12.30 1.052

The current density data in Table 3.2 is presented in Figures 3.5, 3.6 and 3.7 for top,
middle and bottom calibration cells, respectively.
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Figure 3.5. Calculated and measured current density values for top calibration cell.
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Figure 3.6. Calculated and measured current density values for middle calibration cell.
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Figure 3.7. Calculated and measured current density values for bottom calibration cell.

From the results in Table 3.2 and Figure 3.5, one can conclude that the calculated and
measured current density values match quite well for the top cell, for which the difference
is between 2.4% and 3.6%. This is a very good accuracy considering that this is the
first test of the method. Interestingly, out of all cells, the difference is smallest for the top
cell, which has the highest fraction of diffuse current density as can be seen in Figure
3.5. Even though the perpendicular diffuse photon flux was calculated with a simplified
coefficient correction (Equation 3.2), the top cell results match nicely, which suggests that
the calculated perpendicular diffuse photon flux must have been quite close to the true
value in measurement conditions, at least in the top cell EQE range of 300 nm to 700 nm.

For the middle and bottom cells, the diffuse current density fraction is significantly smaller
than in the top cell, as can be seen in Figures 3.6 and 3.7. For the middle cell, the differ-
ence between calculations and measurements ranges quite systematically from 9.8% to
12.7%, which suggests a systematic error in either the spectrum calculations or real-sun
measurements. For the bottom cell, the difference is between 5.2% and 11.6%, which
also points to a systematic error. Especially in the bottom cell, the low EQE in short
wavelengths (Figure 3.1) causes the diffuse fraction to be so small that the error is most
likely also partly explained by an error in the direct current density. A systematic error
in the direct current density could be caused by the spectrum simulation input data, the
simulation calculations, or the real-sun measurements. The difference is not explained
by the cloud-free approximation, because cloud cover would cause the measured current
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density to be smaller than in the cloud-free calculations.

For all cells, the measured and calculated current densities follow the same order be-
tween measurement days. In addition, the current density trend between measurement
days follows the spectral distribution of photon flux in Figure 3.3. As an example, the
spectra in Figure 3.3 show that the IR photon flux from about 900 nm to 1900 nm is quite
similar between the last four measurement dates. However, there is a difference in the
three water absorption bands at about 900 nm to 1500 nm. The photon flux in the water
absorption bands was highest on 26.3.2019, leading to the highest overall IR photon flux.
The bottom cell’s EQE is significant in this range (Figure 3.1), and therefore, the bottom
cell’s current density should be highest on 26.3.2019. This is confirmed by the calculated
and measured data in Table 3.2. This indicates that the simulation input data and spectral
calculations match reality quite well in the range of 900 nm to 1900 nm, and they correctly
account for atmospheric water contents.

Another good example from the results is in the UV and visible spectral bands. For
greater SZA values, the corresponding air mass is also greater, and therefore the UV
and visible direct flux is significantly more attenuated as a result of increased Rayleigh
scattering [9]. The top cell is affected the most by this, due to its EQE in the range from
300 nm to 700 nm (Figure 3.1). According to the spectral data for this wavelength range
in Figure 3.3, the top cell current density should be substantially smaller on 1.3.2019 than
on other days. In addition, the top cell current density should be highest on 28.6.2019,
where the spectrum between 300 nm and 700 nm is most intense. Both of these claims
are confirmed in good agreement by both the calculations and measurements in Figure
3.5, which validates that the simulated spectrum matches reality quite well in the UV and
visible range, both in terms of direct and diffuse radiation.

3.5 Discussion and further development ideas

The demonstrated method was shown to produce results that are in good agreement with
real-life measurements. The results match especially well for the top cell, with differences
of only 2% to 4%. The difference is somewhat higher for the middle and bottom cells, with
errors ranging from 5% to 13%. Therefore, it can be concluded that the method works
best for the UV and visible range right now, but there are many factors to consider in
further development that can greatly increase accuracy in all parts of the spectrum.

The results of this thesis can not yet be used in calibrating the standard spectra, be-
cause the diffuse light component was too strong compared to the AM1.5D or AM1.5G
standards [7]. However, the results can be used effectively in analysis of the real-world
performance of solar cells. One could, for example, choose a spectrum from Figure 3.3
where a certain part of the spectrum is significantly attenuated, and use the correspond-
ing current density data in Table 3.2 to calibrate a solar simulator to match that spectrum.
Then, a multi-junction solar cell could be analyzed with the solar simulator in a situa-
tion where the current is limited by the subcell that corresponds to the most attenuated
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spectral range, according to Equation 2.3. The performance analysis of MJSC’s under
non-standard real-sun spectra can provide valuable insight into their performance in real-
life applications.

Further development could include more measurements through automated measure-
ments and solar tracking, and the use of additional different calibration cells. Also, in
order to produce results that can be used in AM1.5D calibration, the diffuse radiation
should be filtered out with an aperture in the measurements. This could greatly improve
the accuracy of the method, because the local direct radiation is much easier to simulate
and verify than the diffuse radiation. An adjustable aperture would be useful, so that the
amount of diffuse radiation on the solar cell could be adjusted in order to separately an-
alyze the effects of direct and diffuse radiation on the solar cell current density. This way,
the calibration cell could be subjected to different amounts of diffuse radiation, and the
results could be used to calibrate the solar simulator to a global spectrum close to the
AM1.5G spectrum.

In order to further improve the accuracy, the cell temperature should be taken into ac-
count. The current density of solar cells is temperature-dependent, and therefore the
temperature of the solar cells could be monitored in the measurements in order to per-
form temperature correction for the current density. However, the difference caused by
the temperature can be assumed to be quite small in this thesis, because the variance
was quite small between measurements, with temperatures in the range of about 5 ◦C to
20 ◦C.
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4 SUMMARY

In this thesis, a new method of solar simulator calibration for MJSC characterization was
introduced. The method uses simulated local solar spectra and real-sun measurements
in order to calibrate the solar simulator to match the real-sun spectrum. In addition,
the method has the potential to be used in ASTM standard spectrum calibration. This
work was the first test of this new method, and therefore the main goal was to study the
accuracy and possibilities of the method.

The five real-sun measurement sets were done at Optoelectronics Research Centre
(ORC) in Tampere. Three calibration cells were used for UV, visible and IR spectral
ranges. In order to study the accuracy of the method, the measured current density was
compared against the current density calculated from the simulated spectrum and EQE
of the calibration cell. The results contained some systematic error, but comparison be-
tween results from different measurement instances showed that the method has good
potential if the systematic errors are reduced.

The best results were acquired for the UV and visible wavelength range, at about 300 nm
to 700 nm. The difference between measurements and calculations for this range was
from 2% to 4%, which is a very good result for the first implementation of this method.
For longer wavelengths, at about 700 nm to 1800 nm, the measured current density was
systematically higher than the calculated current density, with differences between 5% to
13%. In spite of the notable error, the results were shown to logically follow trends in the
local simulated solar spectrum, which is a very promising result.

The results of this work are not yet ready to be used in standard spectrum calibration,
due to the notable systematic error and the overly large diffuse radiation component in
the real-sun measurements. However, with a few improvements in both the measure-
ment and calculation processes, the method’s accuracy and reliability can be improved
significantly. Further development ideas include the use of an adjustable aperture in the
measurements, increasing the amount of measurements, and using additional calibration
cells with different spectral ranges. The results show that the method is promising, and
with some small changes it can be developed into a very efficient and cost-effective tool
for calibrating a solar simulator for different standard spectra. In addition, the method al-
lows for performance analysis of MJSC’s under non-standard spectra, which can provide
valuable insight into their performance in real-world applications.
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