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Abstract
Differential spectral responsivity describes the spectral responsivity of a solar cell
to a low-intensity signal measured under high bias light intensity. As solar cells
are used under the high irradiance of the Sun, spectral responsivity of a solar cell
has to be measured under similar conditions. Measuring the spectral responsivity
of a solar cell under high bias light requires a differential spectral responsivity
measurement method. During this work a differential spectral responsivity
measurement setup for solar cells was developed.

In addition to the instruments measuring the photocurrent of the device under
test, the setup comprises two different light sources, a bias light source and a
pulsed multichannel LED light source. During this work, the measurement setup
was characterized against the spectral irradiance scale of Aalto University. After
the characterization, the measurement setup was validated using a calibrated
reference solar cell and a custom manufactured reference minimodule.

The obtained discrete measurement points were analysed with Matlab-software.
The average difference between the measured and the calibration certificate data
was 8.58%. According to the uncertainty analysis, the expanded uncertainty (k=2)
of the measurement setup was 11%. To reduce the measurement uncertainty,
several methods to improve the setup are suggested at the end of this thesis.

Keywords Solar cell, differential spectral responsivity, LED
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Tiivistelmä
Differentiaalinen spektrinen vaste on aurinkokennoille tyypillinen parametri,
joka mitataan laboratorio-olosuhteissa aurinkoa simuloivalla valaistustasolla.
Tässä työssä kehitettiin ledeihin perustuvaa differentiaalisen spektrisen vasteen
mittauslaitteistoa aurinkokennoille.

Aurinkokennon tuottaman sähkövirran mittalaitteiden lisäksi laitteisto sisältää kak-
si eri valonlähdettä, bias-valot ja pulssitetun monikanavaisen led-lähteen, sekä näitä
kontrolloivia laitteita. Diplomityössä laitteisto karakterisoitiin Aalto-yliopiston
spektristä irradianssiskaalaa vasten. Karakterisoinnin jälkeen mittauslaitteisto
validoitiin kalibroidun referenssiaurinkokennon ja erikoisvalmisteisen minimoduulin
avulla.

Mittaustulokset käsiteltiin Matlab-ohjelmistolla. Keskimääräiseksi eroksi mittaus-
pisteiden ja kalibrointitodistuksen välillä saatiin 8,58 %. Mittaustulosten epävar-
muus analysoitiin ja epävarmuusanalyysin mukaan laajennettu mittausepävarmuus
(k=2) on 11 %. Merkittävimmät epävarmuuslähteet analysoitiin ja työn lopussa on
ehdotettu merkittävimmät kehityskohteet mittausepävarmuuden pienentämiseksi.

Avainsanat Aurinkokenno, differentiaalinen spektrinen vaste, LED
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Symbols, units, and abbreviations

Symbols
A Area
a Ratio of calculated and measured currents
c Speed of light in free space
DR Differential responsivity
DR(Ibias) Differential responsivity as a function of

bias current
DSR(λ, Ibias(Ebias)) Differential spectral responsivity as a function of

wavelength, bias current, and bias irradiance
Eabs(λ) Calculated absolute spectral irradiance
Ec Energy of the conduction band
Eg Band gap energy
ELED(λ) Spectral irradiance of an LED
Emeas(λ) Measured spectral irradiance
Erel(λ) Relative spectral irradiance
Ep Energy of a photon
Ev Energy of the valence band
E(λ) Spectral irradiance
Eλ,AM1.5)(λ) Spectral irradiance of the air mass 1.5 spectrum
h Planck constant
I Current
Iabs(λ) Calculated absolute photocurrent as a function of

wavelength
Ibias Bias current
Ic Calculated current
Im Photocurrent measured by a lock-in amplifier
Imeas Photocurrent measured by a trap detector
IMPP Current at maximum power point
Irel(λ) Calculated photocurrent as a function of wavelength
Isc Short-circuit current
Isc(λ) Short-circuit current at wavelength λ
ISTC Short-circuit current in standard test conditions
Pin Input power
P (λ) Incident radiant power at wavelength λ
s(ISTC) Responsivity in standard test conditions
Strap(λ) Spectral responsivity of a trap detector
V Voltage
VMPP Voltage at maximum power point
Voc Open-circuit voltage
α Angle
∆I Current difference
∆P Radiant power difference
η Energy conversion efficiency
λ Wavelength
λeff Effective wavelength
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Units
A/W Ampere per watt
A/(W·nm) Ampere per watt nanometer
◦C Degrees Celsius
Hz Hertz
K Kelvin
V Volt
W Watt
W/m2 Watt per square meter
Ω Ohm

Abbreviations
Al Aluminium
b-Si Black silicon
BSF Back surface field
CIGS Copper indium gallium selenide
CdS Cadmium sulfide
CdTe Cadmium telluride
DSR Differential spectral responsivity
DSSC Dye-sensitized solar cell
EQE External quantum efficiency
Fraunhofer ISE Fraunhofer Institute for Solar Energy Systems
HIT Heterojunction with intrinsic thin-layer
IQE Internal quantum efficiency
LED Light-emitting diode
mc-Si Multicrystalline silicon
MJSC Multi-junction solar cell
mono-Si Monocrystalline silicon
MPP Maximum power point
MRI Metrology Research Institute
Pb Lead
PERC Passivated emitter rear cell
PERL Passivated emitter with rear locally diffused
PERT Passivated emitter with rear totally diffused
Si Silicon
STC Standard test conditions
TCO Transparent conductive oxide



1 Introduction
The growth of photovoltaic industry has been very fast during recent years. Between
the years 2000 and 2015 the total annual growth rate of photovoltaic installations
has been as high as 42%. Formerly most installations have been set to Europe but
the highest growth rate for new installations is currently in Asia. The production
of solar cells is nowadays centred to the eastern part of the world as in 2015 Asian
countries contributed over 70% of the total production. The vast majority of solar
cell production is based on different silicon (Si) structures. In addition to the widely
used silicon based solar cells, other technological alternatives exist as well. Some of
the alternative technologies are already in industrial scale whereas some emerging
technologies are currently under intensive research. [1]

In addition to increase in production volume, the cost per watt ratio has decreased
as well. In many countries, photovoltaic systems have already achieved grid parity,
where an alternative energy source, such as roof installed solar panels, provide energy
with equal or smaller cost than electricity purchased from the grid [2], [3].

Solar cells have several parameters describing their performance, such as open-
circuit voltage, short-circuit current and so on. Some of them are more important
to a consumer than the others. The most important parameter is probably the
energy conversion efficiency (later often referred to only as efficiency) which tells
how well the energy of sunlight is converted to electricity. Similar types of solar cells
and panels are typically priced by their efficiency so reliable characterization of the
efficiency is essential. Stability of a solar cell device attracts great interest among
consumers as well because an operational life time of about twenty years is typically
anticipated for a commercial solar cell [4].

Another widely measured characteristic for a solar cell is the spectral responsivity.
The sole spectral responsivity may not have a high importance for a consumer but
it plays an important role for manufacturers and researchers, describing how the
device performs. The spectral responsivity of a solar cell provides information about
the light absorption and carrier recombination properties of the device in various
spectral conditions [5], [6]. Standard test conditions (STC) define the irradiance,
temperature, and spectrum which should be used as reference when comparing solar
cells. However, producing exactly the required spectrum is extremely challenging in
laboratory conditions. Therefore, the spectral responsivity of a solar cell is utilized
to correct results so that they correspond to STC which then allows comparison of
the results obtained in different laboratories.

The Metrology Research Institute of Aalto University has developed a new type
of LED (Light-Emitting Diode) based measurement facility to characterize the
differential spectral responsivity of solar cells. The measurement setup is based
on a recently published automated LED carousel comprising 30 different types of
LEDs [7]. However, the measurement setup has not been characterized or verified
for absolute spectral responsivity, thus it has not been possible to compare the
measurement results against a reference device. The aim of this work is to assemble
the measurement setup and improve it by characterizing the measurement uncertainty
and determining the most significant uncertainty components for further development.



9

The work is carried out by first finding the factors causing uncertainty to the
measurements and then validating the setup using a calibrated reference solar cell.
The reference solar cell has been purchased from Fraunhofer Institute for Solar Energy
Systems (Fraunhofer ISE) and it is traceable to the irradiance scale of the national
metrology institute of Germany. A goal of this work is that after the validation, the
setup is capable of providing reliable and traceable measurement results for absolute
differential spectral responsivity.

The structure of this work is the following. After the introduction, the second
chapter discusses solar cells in general. This chapter contains four different areas
which are the properties of light, general properties of a solar cell, a selection of
different solar cell types by structure and advantages, and measuring solar cells. The
third chapter presents the measurement setup used in this work in detail. This is
followed by a chapter covering the performed measurements including uncertainty
analysis and discussion. The last chapter concludes this work.



10

2 Solar cells
Light emitted from the Sun or from other sources is electromagnetic radiation. The
radiation consists of energy carrying photons. The energy of a photon Ep relates the
frequency f to the vacuum wavelength λ of the photon with Planck constant h and
the speed of light in vacuum c [8]

Ep = h · f = h · c

λ
. (1)

A light source typically emits photons with various energies. The intensity
distribution as a function of energies, frequencies or wavelengths is called a spectrum.
For example the Sun emits white light containing all wavelengths visible to the human
eye as well as infrared and ultraviolet wavelengths. The emission spectrum of the Sun
resembles a spectrum of a black body radiator which has the same temperature as the
surface of the Sun (5762 K) [9]. The AM1.5 spectrum is widely used as a reference
which contains the emission spectrum of the Sun that reaches the surface of the
Earth. In AM1.5 spectrum, the emission spectrum of the Sun is corrected with 1.5
times the perpendicular absorption spectrum of the atmosphere of the Earth. This
spectrum contains both direct and diffuse radiation from the Sun and it simulates
a situation where the measurement plane facing the Sun is tilted 37◦ relative to
the horizontal plane [10]. Figure 1 shows the Plankian solar spectrum at 5762 K
temperature and the AM1.5 spectrum.

As seen in figure 1, the AM1.5 and Plankian spectrum are not equal. The peaks
of the AM1.5 spectrum are due to the absorption of different atmospheric gases such
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Figure 1: Normalized AM1.5 spectrum and 5762 K black body radiation.
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as ozone, water, oxygen, and carbon dioxide [11].
A solar cell is an optoelectronic device which converts sunlight to electrical energy.

The energy conversion of the solar cells is based on photovoltaic effect where photons
are absorbed in a material creating electron-hole pairs. These charge carriers are
collected from the solar cell in order to get the electrical energy to an external load.

The voltage over a single silicon solar cell is around 0.7 V. A single solar cell
also produces only a relatively small amount of energy, thus multiple solar cells are
typically connected in parallel or in series to provide higher current or voltage output.
Devices comprising multiple solar cells are called solar modules or solar panels. [12]

The current flow of a solar cell device is based on the free electrons of the electron-
hole pair created by the absorbed light. However, the electron-hole pairs are eager to
recombine ceasing the existence of the pair. Thus, the light generated electron-hole
pairs have to be separated to prevent the recombination process. The separation is
carried out by a p-n junction in majority of the current solar cells. Due to the p-n
junction, there is an internal electric field in the solar cell which causes the generated
electrons and holes to be drawn to the opposite sides of the cell. Both sides of the
solar cell have electrical contacts which collect the carriers to the load. After passing
through the load the charge carriers return to the solar cell and recombine. [13]

In semiconductors, electrons generally occupy the lowest available energy state.
Hence the majority of the electrons occupy the valence band and the majority of
the holes occupy the conduction band. The energy difference between the top of the
valence band and the bottom of the conduction band is called band gap, where no
energy states can exist. The band gap energy Eg is the difference between the lowest
energy of the conduction band Ec and the highest energy of the valence bands Ev [8]

Eg = Ec − Ev. (2)

It has been shown that the band gap energy Eg of a semiconductor is not a
constant, but a function of variables such as temperature [14], strain [15], and doping
[16]. Doping is generally one of the most common ways to tailor the properties of
a semiconductor. By introducing impurity atoms during the manufacturing of a
semiconductor material, the ratio of charge carriers can be greatly affected. Atoms,
which increase the portion of holes, are called acceptors since they accept a free
electron creating a hole in the bulk material. On the other hand, donors are atoms
which donate a free electron to bulk material increasing the portion of negative
charge carriers. In addition to the band gap engineering, doping affects several other
properties of a semiconductor as well. The most notable is resistivity which for
example is utilized in electronics. [8]

The absorption of a photon excites an electron, giving it enough energy to make
the transition from the valence band to the conduction band producing electric
current through the semiconductor. The band gap of a semiconductor can be either
direct or indirect. In direct band gap semiconductors, the electron transition does not
require the change of momentum of the electron. In indirect band gap semiconductors,
a change in electron momentum is required making them less efficient compared to
the direct band gap semiconductors. The difference between the direct and indirect
band gaps is illustrated in figure 2.
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Figure 2: A. The energy of a photon is absorbed in direct band gap semiconductor
and electron moves to conduction band leaving a hole behind. Thus, an electron-hole
pair is created. B. Similar process in indirect band gap semiconductor. The transition
of an electron from valence band to conduction band requires a phonon. Transition
in horizontal and vertical directions describe the change of momentum and energy
values, respectively.

During the photon absorption process, the transition of an electron leaves a hole
to the valence band. This process is illustrated in figures 2A and 2B for direct and
indirect band gap semiconductors, respectively. As illustrated in figure 2B, indirect
band gap semiconductors require an additional phonon to create an electron-hole
pair from a photon. A phonon is a quantum of a lattice vibration. The requirement
of a phonon makes indirect band gap semiconductors less efficient absorbers than
direct band gap semiconductors. On average photons penetrate deeper into indirect
band gap semiconductor before absorption because all photons do not encounter
phonons at the close proximity of the surface of a material. [9]

Because the minimum energy required for transition is the band gap energy Eg,
photons with energy smaller than Eg are not able to create electron-hole pairs. On
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the other hand, if a photon has more energy than Eg, only Eg amount of energy can
be collected when an electron is transmitted to the conduction band and the rest of
the photon energy is lost to lattice vibrations producing heat. [9] This phenomenon
is the most restricting factor of solar cell efficiency. In some conditions one photon
may excite multiple charge carriers by impact ionization [17] [18] but due to the
relatively fast recombination rate the effect is minor in bulk semiconductors [19].

The maximum ideal terrestrial solar cell efficiencies as a function of the number of
band gaps have been calculated in [20]. A single junction solar cell can ideally convert
31% of the light energy into electricity. However, the efficiency can be increased
to 37% with 1000 times concentrated light at 300 K temperature Ṫhe maximum
efficiency values with concentrated light for multi-junction solar cells comprising 2, 3,
or 36 band gaps are 50%, 56%, and 72%, respectively. Even if the spectral matching
of the band gaps was not limiting an ideal solar cell, the thermodynamics of the
energy conversion would limit the efficiency to 93%. [20]

Some of the generated electron-hole pairs recombine before the charge carriers can
be collected. Minority carrier lifetime is a quantity describing how long a minority
carrier can exist before recombining with a majority carrier. The type of doping
determines whether majority and minority carriers are holes or electrons. In p-type
materials, holes are the majority carriers whereas in n-type materials, electrons are
the majority carriers. [12] In the recombination process, energy is lost from the
photovoltaic device. In silicon solar cells, the energy is typically converted to phonons
heating the devive through lattice vibrations. However, it is also possible that the
recombination process is the opposite of photon absorption and a photon is emitted.
LEDs are based on this phenomenon. In LEDs electric current is used to excite
electrons which then cause emissions of photons when they return to the initial state.
Photon emission is more likely in direct band gap semiconductors whereas the energy
is more often lost to phonons if the material has an indirect band gap. [8]

A current-voltage (I − V ) curve of a solar cell is a characteristic describing
the relation of output voltage and current of a solar cell when the load resistance
changes. Short-circuit current (Isc) is the current produced by the solar cell when
short-circuited and it is located on the I − V curve at the point where the curve
intersects the y-axis. Open-circuit voltage (Voc) is the voltage over a solar cell when
no load exists on the circuit. In I − V curve the open-circuit voltage is located on
the intersection point of the curve and x-axis. An I − V curve of a typical silicon
solar cell is shown in figure 3.

Isc is the maximum current over the device when the load and voltage over the
cell are zero. On the other hand, Voc is the maximum voltage when the load is infinite
and the current is zero. Power is the product of voltage and current so the maximum
power point (MPP) cannot be on the axes where either Isc or Voc would be zero.
Instead, it is somewhere between them. Fill factor (FF ) describes how the maximum
power relates to ideal power produced by the product of Isc and Voc. [8] In Figure
3 this relation can be seen as the area ratio of blue striped box and gray striped
box. In order to convert maximum amount of energy, a solar cell should operate
constantly at the MPP. Thus, a load-matching circuit is used to ensure operation
close to MPP [8]. The energy conversion efficiency η of a solar cell is defined to be
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Figure 3: A current-voltage curve of a silicon solar cell.

the ratio of the output electrical energy and the input light energy [9]

η = Voc · Isc · FF

Pin
= VMPP · IMPP

Pin
. (3)

Quantum efficiency is defined as the ratio of the number of photogenerated charge
carriers and incident photons. Quantum efficiency is divided to two slightly different
quantities which are external quantum efficiency (EQE) and internal quantum effi-
ciency (IQE). The difference of these two is that EQE takes into account all photons
incident to the solar cell whereas IQE takes into account only those photons which
enter the device. Thus, reflection from the surface and shading caused by electrical
contacts are taken into account in EQE. [13]

Currently, silicon is the most common material of solar cells with a market share
over 90% of the total production in 2015. The rest 10% mainly consists of thin film
solar cells. These thin film solar cells can be based on materials such as cadmium
telluride, III-V semiconductors, or perovskite crystal structure. [1] Some of the
various different subtypes of both silicon and thin film solar cells are introduced in
the next subsections.

2.1 Silicon solar cells
Silicon solar cells can be divided into three different subgroups by the crystal type.
Solar cells can be made of monocrystalline (mono-Si), multicrystalline (mc-Si), and
amorphous silicon (a-Si). Monocrystalline silicon solar cells are the most efficient
silicon solar cells, the record being 26.3%. Amorphous silicon is the least efficient
with current maximum efficiency of 10.2%. Multicrystalline silicon solar cells are
between monocrystalline and amorphous silicon with an efficiency record of 21.3%.
[21] Currently, the researchers of Aalto University and Universitat Politècnica de
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Catalunya hold the record of the most efficient black silicon (b-Si) solar cell with an
efficiency of 22.1% [22].

In addition to crystalline structure, silicon solar cells can be grouped by their
physical structures. Figure 4 shows the schematic cross-sections of a back surface field
(BSF) solar cell, passivated emitter rear cell (PERC), passivated emitter with rear
totally diffused (PERT) solar cell, and passivated emitter rear locally diffused (PERL)
solar cell. The main difference between BSF and PERC-family is the back contact.
In BSF solar cells the back is fully covered with contact metal but PERC-family has
only local contact points. Also, BSF solar cells have a layer with heavier doping
between the bulk and the back contact. This kind of diffused layer can be seen in
PERT-devices and locally in PERL-devices but not in PERC-devices. The back
contact of BSF solar cells is typically aluminium (Al) and this is often mentioned by
referring to them as Al-BSF solar cells.

Al contact

Antireflection coating

n+ silicon

p silicon

p+ silicon

Dielectric

PERC

PERL PERT

(Back surface field) (Passivated emitter rear cell)

(Passivated emitter
with rear locally diffused)

(Passivated emitter
with rear totally diffused)

BSF

Figure 4: Schematic cross-sections of four different types of silicon solar cells. BSF
solar cells have a back contact which expands over the whole cell whereas PERC
family cells have local contacts and dielectric passivation on the back surface. Solar
cells in PERC family are divided by the type of diffused p+ area creating global or
local BSF.

Both BSF and PERC-family solar cells have n+ doped emitter to form the p-n
junction with p-type bulk material. In addition, surface passivation and antireflection
coating are routinely used. The purpose of the surface passivation is to reduce
recombination of the charge carriers by minimizing the number of dangling bonds
at the surface of the solar cell. The antireflection coating reduces the reflectance of
the top surface enabling larger number of photons to enter the device. To further
increase the number of photons available for absorption, the front surface of a solar
cell is often patterned to reduce its reflectance. Random or inverted pyramids next
to each other are typical surface patterns [23]. Nanopatterning the silicon with spikes
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smaller than the wavelength of light has been shown to suppress the reflectance
efficiently. This resulting material is called black silicon since the extremely low
reflectance makes the silicon appear black. [22] The technique has emerged lately
and it has not been widely applied in industrial scale so far.

The back surface field of solar cells is created by applying a heavily doped layer
between the absorption layer and the back contact. This creates another p-n junction
in the cell and as a result an internal electric field. Consequently, minority carriers
are repelled from the back surface which reduces back surface recombination. [24]

Back contact solar cells do not have any metal contacts on the front surface which
can be seen in figure 5 showing a structure of a b-Si coated back contact solar cell.
Both positive and negative contacts are located on the back surface so that every
other contact is positive and negative. As a result, the p-n junction is at the back.
The advantage of this technique is that smaller area of the front surface is covered by
metal contacts which leads to more photons reaching the active area of the solar cell.

Figure 5: A schematic cross-section structure of a back contact silicon solar cell
with black silicon front surface and monocrystalline silicon base. The b-Si has been
passivated with atomic layer deposited aluminium oxide and the backside with silicon
dioxide. [22]

Heterojunction solar cells contain a p-n junction where the p and n materials have
other differences in addition to doping. The difference can be for example in crystalline
structure or the elements can be different. The most notable is heterojunction with
intrinsic thin-layer (HIT) solar cells which combine crystalline silicon with amorphous
silicon. [12] Figure 6 shows one example structure of a HIT solar cell. It contains
amorphous silicon near the surfaces and crystalline silicon in the middle. The
crystalline silicon in the middle is sandwiched by intrinsic amorphous layers and this
stack is covered by doped amorphous layers. There are also transparent conductive
oxide (TCO) layers on the surfaces. As seen from figure 6, a HIT solar cell may be
symmetrical and thus it can be used bifacially.

The intrinsic amorphous silicon layer passivates the dangling bonds of crystalline
silicon effectively. This combined to amorphous silicon having larger band gap energy
than crystalline silicon leads to high, over 750 mV, open-circuit voltages. [25] Even
though optical losses due to TCO and amorphous silicon are significant, the HIT
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TCO

p+ a-Si

intrinsic a-Si

crystalline Si

intrinsic a-Si

n+ a-Si

TCO

metal contact

Figure 6: A schematic structure of a silicon HIT solar cell. The crystalline core is
covered first with intrinsic amorphous layers, then doped amorphous layers, and
finally transparent conductive oxide layers.

structure can be applied to manufacture high-efficiency silicon solar cells [12] [25].
Currently, the most effective non-concentrator silicon solar cell contains crystalline-
amorphous heterojunction [26]. Optical losses have been minimized by back contact
structure and applying heterojunction only at the rear side of the crystalline silicon.
[27]

A solar cell can also be fabricated from amorphous silicon only. However, pas-
sivation is essential to minimize recombination due to the amorphous structure.
Hydrogen is used in this passivation and the amorphous silicon may contain about
10% of hydrogen atoms. [12] Low price and the simplicity of the technology have
allowed a-Si photovoltaics to be used in commercial electronics, such as calculators
and watches, since early 1980s [28]. However, light-induced degradation [28] and rel-
atively low efficiencies [21] [28] are reasons why other technologies are often preferred
in larger size applications. The structure of an amorphous silicon solar cell contains
thin p- and n-doped layers and between them an additional thicker intrinsic layer
where the photon absorption mainly occurs. The intrinsic layer is applied because
the electrical quality of doped amorphous silicon is poor and the internal electric
field created by the surrounding doped layers helps separating the generated charge
carriers. [12]

Back surface field solar cells have currently the largest market share. In 2016 the
share was over 75% but it has been forecasted to decline in the future. The second
largest share belongs to PERC cells and its derivatives. Other less favored techniques
include heterojunction, back contact, and silicon-based tandem solar cells. It has
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been forecasted that the market share of PERC and its derivatives will surpass back
surface field solar cells within ten years which can be seen in figure 7. [29]

Figure 7: Forecasted market share development of different silicon solar cell types
[29].

2.2 Non-crystalline-silicon-based solar cells
Despite the market dominance of silicon-based solar cells, several alternative tech-
niques exist to harvest the energy of the Sun. These include different thin film,
multi-junction, perovskite, organic, and dye-sensitized solar cells. The current effi-
ciency record of photovoltaic devices of 46.0% is held by a concentrator four layer
multi-junction solar cell [26].

2.2.1 Thin film solar cells

The most common thin film solar cells are made of cadmium telluride (CdTe). CdTe
solar cells have about 5% market share of the total photovoltaic market and this
means that it is the second most common material after crystalline silicon [30]. The
advantage of CdTe solar cells is an inexpensive manufacturing process [30] and
consequently the energy payback time which is less than one year in Southern Europe
rooftop conditions [31]. Additionally, the band gap of CdTe is close to the optimum
considering the absorption of the maximum energy from the sunlight [32]. However,
some drawbacks exist in CdTe solar cells as there are concerns about the toxicity
of the materials used [30] and the cost of somewhat rare tellurium [33]. The record
efficiency of CdTe solar cells is 22.1% [26].
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A schematic cross-section of a CdTe solar cell is shown in figure 8. The p-n
junction in CdTe solar cells is realized by a heterojunction which contains a thin
layer of cadmium sulfide (CdS) on top of the CdTe. Additional doping is not required
because CdTe obtains lightly p-type native state during the thin film deposition. This
effect is due to naturally occurring cadmium deficiencies which are probably caused
by vacancies. Similar nonstoichiometry causes a light n-type doping to CdS during
deposition. [12] CdTe absorbs radiation effectively and only one micrometer thick
absorption layer is sufficient to achieve almost complete absorption [32] although
a few micrometers thick layer is often used for practical reasons [12]. CdTe solar
cells are typically deposited on glass substrates and between the glass and n-type
CdS there is a transparent conductive oxide layer. The purpose of the TCO is to
form a front contact and it may consist of layers of different materials [32]. A buffer
layer, which commonly consists of copper-doped zinc telluride [34], may be used
between CdTe and the back contact. Because of the high work function of CdTe, it
is difficult to realize an ohmic connection. Thus, the buffer layer is applied to allow
the tunneling of electrons. [35]

Glass substrate

TCO
CdS

CdTe

Back contact

Sun

Figure 8: A schematic cross-section of a CdTe solar cell.

Another common thin film solar cell material incorporates copper, indium, gallium,
and selenium (Cu(In,Ga)Se2, CIGS). A typical CIGS solar cell is fabricated on a
glass substrate. On top of the substrate there is a layer of molybdenum in order
to form the back contact. The CIGS is deposited and covered with CdS to form
the p-n junction similarly to CdTe solar cells. Zinc oxide is used as a window layer
below antireflection coating and top contact. [36] [37] The structure is in a way
inverted compared to a CdTe solar cell shown in figure 8 where the photons first
meet the glass substrate whereas in CIGS solar cells the substrate is the bottom
layer as shown in figure 9. The standout property of CIGS solar cells is the radiation
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hardness which is several times higher than other established solar cell materials [38].
The efficiency record of 22.6% for non-concentrator CIGS solar cells is slightly higher
than of CdTe [26].

Sun

Glass substrate

Molybdenum back contact

CIGS

CdS
Zinc oxide window layer
Top contact and antireflection coating

Figure 9: A schematic cross-section of a CIGS solar cell.

2.2.2 Multi-junction solar cells

As mentioned earlier, the band gap energy of a solar cell limits the theoretical
maximum efficiency to a rather low value. This restriction can be mitigated with
multi-junction solar cells (MJSC). In a MJSC there are at least two subcells which
have absorption layers with different band gap energies in order to target different
parts of the solar spectrum. If a MJSC structure contains exactly two subcells, it
is called a tandem solar cell. [12] The subcells are stacked on top of each other so
that the band gap energies are in descending order starting from the top. Typical
materials for MJSCs are III-V semiconductors [39] due to the possibility of tuning
the band gap energy by adjusting the ratio of elements in compound materials [40].
In addition, it is possible to combine them with silicon [41]. However, due to the high
cost of the III-V semiconductor materials, the use of MJSCs has been very limited
to date. High efficiency combined with reliability and low mass makes them suitable
for space applications [42], where the cost of the device plays less role. Recently,
there has also been interest to apply them in terrestrial conditions in indoor light
harvesting [43] and especially in solar concentrators [21] [44]. Indoor lighting is
often LED based and materials are the same as in III-V solar cells, thus very good
band gap matching and consequently efficiency can be achieved. On the other hand,
concentrating light could make pricy III-V solar cells more economical.
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Figure 10: A schematic structure of a multi-junction solar cell. Each absorption
layer is colored differently and the colored area in AM1.5G spectrum shows which
wavelengths the layer targets to absorb. The band gap energy of Ge allows absorbtion
of photons with wavelength up to 1850 nm. The material choices and band gap
energies in this schematic drawing are according to 40.7% effective solar cell in [46].

Figure 10 shows a schematic cross-section structure of a multi-junction solar
cell and which wavelengths of AM1.5 spectrum are targeted with each absorption
layer. Subcells in MJSCs have both p and n doped layers to form the p-n junction.
Additionally, upper subcells have a layer of slightly differently doped compound
material to form a BSF which is utilized to reduce recombination. [40] Tunnel
junctions between subcells are used to interconnect absorption layers ohmically [45].
The junction is in practice a heavily doped p-n junction aligned so that the positive
side of the first subcell is contacted to the positive side of the tunnel junction [45]
[40]. The photon absorption in tunnel junctions can be minimized by minimizing its
thickness and increasing the band gap energy [40].

2.2.3 Perovskite solar cells

Perovskite is a mineral composed of calcium titanate oxide (CaTiO3) and named
after Russian mineralogist Lev Perovski. A perovskite can also refer to any material
with the same crystal structure as calcium titanate oxide. [47] Perovskite solar cells
have progressed rapidly during recent years. The efficiency record has increased
from less than 4% [48] to above 22% [26] in eight years. Perovskite in photovoltaics
refers to a certain crystalline structure consisting of three components which are
an organic cation, lead (Pb), and a halide anion [49] [50] [51]. Figure 11 shows the
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crystal structure of a perovskite material. Methylammonium and formamidium are
typical cations whereas iodide is a typical anion [52]. There has been also interest
to replace lead due to its toxicity [53] although stabilization of solar cells has been
difficult without it [51]. Properties of a perovskite material, including the band gap
energy, can be tuned by altering materials used [54] as well as their ratios, if for
example both methylammonium and formamidium are used as organic cations [52].

Figure 11: Perovskite crystal structure. Red balls at the corners represent organic
cations, blue balls at the faces of the cube are halide anions, and the grey ball in the
middle is lead.

Many alternative methods to fabricate perovskite exist. Solution-based techniques
[48] [55], vapor-assisted deposition [56], and vacuum evaporation [57] have been used.
The quality of the deposited perovskite has been noted to be the most important
factor determining the efficiency of a perovskite solar cell [58]. Generally, the elements
used to fabricate perovskite are common and the deposition can be done in relatively
low temperature [48] which are clear advantages if perovskite solar cells will be
produced in industrial scale.

The main issue preventing profitable industrial manufacturing has been the
instability of the perovskite solar cells [59]. Some of the high performance perovskite
devices have been very unstable retaining less than 30% of the original efficiency
after a couple of days [60]. However, recently a perovskite solar module operating
over a year without performance losses has been reported with an efficiency of 11.2%
[49]. Another issue is so called I − V hysteresis which means that different results
are obtained when scanning current-voltage curves forward and reverse. Due to the
hysteresis, precise estimation of the cell parameters is difficult. [58]

2.2.4 Other solar cell types

One rather mature but commercially emerging technology is bifacial solar cell. They
can be made of already established materials [61] and they are expected to gain a



23

market share of about 30% in ten years. [29] The benefit of the bifaciality is that
photons can enter the device through both top and rear surface of the solar cell.
This allows the collection of albedo irradiation [61] which is the part of the solar
irradiation that would be reflected from the ground surface back to the space [62].
The structure of a bifacial silicon solar cell combines back surface field and PERC
concepts. A typical bifacial structure contains a heavily doped back surface field
layer but also local contacts so that light can enter from the rear side as well. Thus,
antireflection coating is applied also on the rear surface. [61] An example of a bifacial
solar cell is presented earlier in figure 6.

Dye-sensitized solar cells (DSSCs) typically consist of contact forming transparent
conductive oxide layers, oxide, dye, and electrolyte as shown in figure 12. The photon
absorption occurs in the dye. Then the excited electron is injected to the oxide which
can be for example mesoporous titanium dioxide. Since the dye is left one electron
short after the injection, the electrolyte transfers one electron to restore the ground
state. One material used as an electrolyte is an iodide-tri-iodide redox system. The
role of the transparent conductive oxide is to act as a substrate as well as to form
ohmic contacts on both sides of the DSSC. [12] The current efficiencies achieved
with DSSCs are not breathtaking [26] but the tunability [12] and low price [4] are
the reasons of research interest.

Transparent conductive oxide

Electrolyte

Titanium oxide

Dye

Figure 12: A schematic cross-section of a dye-sensitized solar cell.

Similarly to DSSCs, organic solar cells have attracted research interest due to
tunability and low price. In addition to those, mechanical flexibility, variety of
substrate possibilities, and low-temperature manufacturing process enable numerous
applications. [12] However, the record efficiency is only slightly over 11% [21].

2.3 Characterization measurements of solar cells
Manufacturers sell solar cells according to the peak power a device can produce
in ideal conditions placing a significant importance to accurate characterization
of the devices [63]. As in every recurring measurement procedure the conditions
should be as repeatable and reproducible as possible. However, current standard
for current-voltage-characterization of solar cells [64] does not strictly define the
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measurement conditions. In order to gain comparable measurement results between
samples, photovoltaic laboratories opt to carry out the measurements in standard
test conditions. [65] The defined parameters in STC are irradiance level of 1000
W/m2, a temperature of 25 ◦C, and AM1.5 irradiance spectrum for terrestrial solar
cells. Stabilizing the temperature and irradiance level is viable, but achieving AM1.5
spectrum in laboratory conditions is typically not possible. To have reliable and
comparable measurement results between different laboratories, the measurement
results need to be corrected to correspond measurements carried out at standard test
conditions. The correction is be done by calculating a spectral mismatch correction
factor and determining an effective irradiance which is used to calculate the corrected
result [66].

2.3.1 Current-voltage characterization

I − V characteristics of a solar cell describing the efficiency and quality is one of the
main characteristics of a photovoltaic device. It can be measured using an irradiance
source, a four-wire connection, and a variable resistor. The advantage of the four-wire,
or Kelvin connection, is that other components than the device under test do not
contribute with losses to the voltage measurement. [12] The schematic block diagram
of an I − V characterization measurement is shown in figure 13.

A

V

Solar cell

Variable resistor

Irradiance
source

Figure 13: A schematic of a four-wire measurement of a solar cell to characterize
the I − V curve of the device. Circled A and V are current and voltage meters,
respectively.

A sweep from short-circuit to open-circuit can be made by varying the resistance
of the resistor. However, typically the current-voltage measurement is performed
automatically using a computer controlled source meter, simulating a variable load
resistor. The maximum power point can be solved from the obtained current and
voltage values. Consequently, this enables the calculation of fill factor from the
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maximum power point, short-circuit current, and open-circuit voltage. Since the
illumination intensity is known, the efficiency η of the solar cell can also be calculated
according to equation (3).

2.3.2 Spectral responsivity

The spectral responsivity of a solar cell is defined as the ratio of photocurrent
generated by the solar cell and the spectral irradiance incident on the cell. Thus, the
unit of spectral responsivity is A/(W·nm). [12] The spectral responsivity of a solar cell
is required to make the spectral mismatch correction to the characterization results,
due to the spectral difference between the characterization spectrum and the AM1.5
spectrum defined for the standard test conditions. [6] The correction is required to
gain reliable measurement results applicable to the real operating conditions under
the Sun and to have comparable results between different laboratories. In addition,
due to the effect of weather conditions and geographical location on the spectral
distribution of solar radiation a fixed reference spectrum is required [66]. The shape
of the I − V curve typically depends only on the short-circuit current Isc and the
temperature of the solar cell instead of the spectral shape of the incident light [66],
thus operating the device at the maximum power point, under whichever irradiance
spectrum, can be approximated.

An ideal and a measured spectral responsivity curve of a silicon solar cell are shown
in figure 14 and spectral responsivities of also other types of solar cells are shown in
figure 15. Surface recombination is the main reason why the measured curve does not
achieve the shape of the triangle like the ideal one. Shorter wavelengths are mostly
absorbed by the covering glass of the solar module. Rear surface recombination of the
carriers affects longer wavelengths near the band gap energy Eg. [67] As the AM1.5
spectrum is not defined for wavelengths below 280 nm, the spectral responsivity of a
solar cell is measured only for wavelengths above 280 nm. The smooth decrease of
the spectral responsivity near the band gap energy is due to the spectral broadening
of the band gap.

The spectral responsivity s at wavelength λ is calculated as

s(λ) = Isc(λ)
E(λ) · A

= Isc(λ)
P (λ) , (4)

where Isc(λ) is the short-circuit current at wavelength λ, E(λ) is the spectral ir-
radiance of the light source, A is the area of the device, and P (λ) is the incident
spectral radiant power at wavelength λ [6]. Measuring spectral responsivity at stan-
dard test conditions would require a monochromatic light source producing similar
monochromatic irradiance as the Sun. Steady state solar simulators providing such
high intensities would require extreme research facilities, which are not possible for
most institutes. To overcome the high intensity requirement for the monochromatic
beam, a pulsed monochromatic irradiation with white bias light is used to measure
differential spectral responsivity (DSR) instead [6] [69] [70]. The formula to calculate
DSR as a function of bias current (Ibias), which is a function of bias irradiance (Ebias),
is
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Figure 14: Ideal and measured spectral response curves for a silicon solar cell [67].

Figure 15: Spectral responsivities of different solar cell types [68].

DSR(λ, Ibias(Ebias)) = ∆I

∆P
, (5)

where ∆I and ∆P are small changes in current and incident radiant power, respec-
tively [69]. The narrow-band quasi-monochromatic light pulses can be generated
in several ways such as using LEDs [70], a monochromator [71], or a tunable laser
[63] [69]. A lock-in amplifier enables separating the pulsed current signal from the
continuous bias current [6]. The bias lights are used to ensure that the cell is oper-
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ating at an excitation level equal to daylight exposure [70]. Bias light is required
to compensate the non-linearity of the response of the solar cells and to obtain
comparable measurement results [71].

DSR is an irradiance and wavelength dependent quantity. Thus, DSR can be
approximated to be equal to spectral responsivity in STC only if the DSR of a solar
device is measured in STC and the device is strictly linear or the non-linearity is
negligible. [6] The differential responsivity (DR) in AM1.5 spectrum can be obtained
by integrating the measured DSR over wavelength

DR(Ibias) =
∫ ∞

0 DSR(λ, Ibias(Ebias)) · Eλ,AM1.5(λ)dλ∫ ∞
0 Eλ,AM1.5(λ)dλ

, (6)

where Eλ,AM1.5 is the irradiance of the AM1.5 spectrum. The short-circuit current in
STC (ISTC) can be solved from DR(Ibias) by using equation (7) iteratively because
the irradiance at STC E is set to 1000 W/m2

E =
∫ ISTC

0

1
DR(Ibias)

dIbias. (7)

Finally, the absolute responsivity of a solar cell in standard test conditions s(ISTC)
can be solved as

s(ISTC) = ISTC∫ ISTC
0

1
DR(Ibias)dIbias

. [6] (8)

There are several factors contributing to the uncertainty of spectral responsivity.
The temperature of a solar cell has been noted to affect Voc but in some cases it may
significantly affect the measured spectral responsivity as well. The effect is notable
in solar cells which have a large temperature coefficient of the Isc. Depending on the
cooling method, the difference of up to 15% in calculated Isc is possible with 8 ◦C
temperature difference in the case of dye-sensitized solar cells. However, silicon solar
cells typically are not very sensitive in this regard. [5] Spatial and spectral variation
in both bias and monochromatic light should be considered as well [72]. Optical and
electrical errors cannot be neglected from the total uncertainty. Optical errors contain
for example multiple reflections and misalignment of the device under measurement
and detectors whereas electrical errors relate to measurement devices. In addition,
the distance from the illumination source to the device should be known as accurately
as possible since the irradiance of the light sources attenuates exponentially. [69]
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3 Differential spectral responsivity measurement
setup

This chapter presents the differential spectral responsivity measurement setup de-
veloped in this work, comprising several different components. Figure 16 shows a
schematic drawing of the setup where all required components are visible. Bias lights
and cooling of both the LEDs and the device under test are controlled separately.
The measurement is fully automated and controlled by a LabView program.

3.1 Measurement setup
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Figure 16: Schematic drawing of the differential spectral responsivity setup.

Differential spectral responsivity measurement requires two different types of
light sources to illuminate the device under test simultaneously, white bias and
monochromatic light sources. White bias light is provided using four bias light towers.
A photograph of the bias light towers is shown in figure 17.

Each bias light tower comprise seven 50 W dichroic halogen lamps and a total
of four towers are used to ensure uniform bias irradiance over the solar cell surface.
Dichroic halogen lamps utilize a special coating on the reflector preventing infra-red
light from reflecting forward from the lamp. Only visible wavelengths are reflected
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Figure 17: Four light towers were used to provide the bias light.

towards the solar cell. The bias light sources are powered using two Heinzinger PTN
125-10 power supplies, each supply providing power for two separate bias light towers.
By adjusting the power supply, the absolute irradiance of the bias lights can be set
to 1000 W/m2 in order to resemble STC conditions.

30 channels of high-power, narrow-band LEDs are used to provide the monochro-
matic irradiance. Each LED channel is attached in a separate aluminium mounting
block. The mounting blocks are attached on a computer controlled carousel compris-
ing a plate and a rotary stage. A photograph of the LED carousel is shown in figure 18.
The LED carousel has been formerly developed to be used as a quasi-monochromatic
light source for measuring spectral responsivity of a luminance meter. The working
principle of the LED carousel is explained in more detail in [7]. The material of both
the plate and the LED blocks is aluminium and the blocks are attached to the plate
with nylon screws. The mounting plate is attached on a Newmark RT5-M17 rotary
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stage and controlled using Newmark NSC-1 Series motion controller. Each LED block
in the carousel utilizes a separate thermal sensor and Peltier element which enables
controlling and stabilizing the temperature of each LED block individually. This
is crucial as the spectral properties of LEDs are highly dependent on the junction
temperature [73].

Figure 18: LED carousel.

The electric current to the LEDs is supplied using Agilent 33521A signal generator
and custom voltage-to-current converter. In this setup 177 Hz square wave is used
with 1 V peak-to-peak voltage and 480 mV offset. Using a pulsing frequency of 177 Hz,
harmonic components influenced from the grid frequency of 50 Hz are prevented. The
offset is used to ensure that no leakage current applies and the LEDs are completely
shut down during each cycle. When the offset voltage is applied, the maximum
voltage during each cycle is 980 mV and minimum -20 mV.

Mechanical relays are used to connect the LEDs individually to the signal generator
supplying the driving current for the LEDs and to the temperature sensor and Peltier
element of each LED block. The complete carousel measurement setup is automated
with a custom LabVIEW software.

The adjustable aperture set in front of the LED carousel contains a tube which
prevents the scattered light reflecting from the ambient. It can be used to control
the amount of irradiance passing to the sample. However, adjusting the size affects
the uniformity of the light. Since as uniform light as possible is desired to illuminate
the device under test, the aperture is set to the maximum of 50 mm and this setting
was used during the measurements of emitted power and uniformity. A beam splitter
is placed after the aperture so that the changes of optical power can be monitored
during measurements. The beam splitter used in this setup is a simple piece of glass
which reflects about 6% of the light to a monitor detector and passes most of the
light to the sample. The monitor detector is a silicon based trap detector which
converts the optical signal to electric current. These components are shown in figure
19. Current signal obtained from the trap detector is amplified and converted to
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voltage which is read by a HP 350012A multimeter.

Figure 19: Splitted beam is directed towards the monitor detector whereas most of
the light passes to the device under test.

The small pulsed current can be detected from the total photocurrent of the solar
cell using a lock-in amplifier. A Stanford Research Systems SR830 lock-in amplifier
is used in this setup. The measured current flows through a 0.22 Ω shunt resistor.
This resistor has a metal housing and it is attached on an aluminium breadboard
so that excess heat is transferred away. In order to ensure that the current is equal
to short-circuit current, a Keithley SourceMeter of type 2420 is used. This device
provides a reverse bias current to ensure that the voltage over the device under test
is zero and short-circuit conditions are met. The short-circuit photocurrent flows
through a shunt resistor creating a voltage which is measured by the lock-in amplifier.

The device under test is placed at 812 mm distance from the monochromatic
light source attached on a two axis Newmark NLS4-6-16-1 linear translator. The
electrically controlled linear translators are used to move the device under test in
horizontal x-axis and in vertical y-axis. An additional manual linear translator is
used between the table and the x-y translator so that the distance from the light
sources can be adjusted in z-direction. This adjustment is used to compensate the
distance offset caused by thickness variation of different detectors and samples.

The sample solar cell shown in figure 20 and used in the measurements is manu-
factured by Naps Solar Systems Oy. The device is a solar cell minimodule comprising
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a single 6"×6" solar cell surrounded with cut solar cells. The total size of the min-
imodule is 12"×12". In this work only the middle cell is measured. The electrical
connections of individual solar cells in the minimodule are aluminum strips. The
connections of the surrounding solar cells can be seen in figure 20 but the connections
of the measured cell are located on the rear surface of the minimodule.

Figure 20: Monocrystalline silicon minimodule used as a sample solar cell. The
measured solar cell is located in the center of the module.

The calibrated reference solar cell used in this work is a 20 mm × 20 mm
monocrystalline silicon solar cell purchased from Fraunhofer ISE. The spectral
responsivity of the reference cell is traceable to the absolute irradiance scale of the
national metrology institute of Germany. The reference cell is covered with a high
quality optical glass. The temperature of the cell can be monitored with an internal
Pt100 sensor. Both electrical and temperature data are obtained from Lemo type
connectors located at the side of the housing. The total thickness of the reference
cell is 12.8 mm and it is shown in figure 21.

The temperature of the device under test rises tens of degrees due to bias light
illumination. As the electrical and optical properties of a solar cell are highly
temperature dependent [66], the device under test is actively cooled using liquid
cooling. The cooling is implemented by placing an aluminium plate between the rear
surface of the solar cell sample and the linear translator. The aluminium mounting
plate has internal channels for liquid cooling. An ethylene glycol flow at a temperature
of 5 ◦C is circulated inside the mounting plate. A Thermo Haake WKL 26 water
recirculator is used to sustain the glycol flow and to keep the temperature of the
liquid at 5 ◦C. The temperature of the mounting plate is stabilized using a PID
controlled electrical valve to control the flow of the cooling liquid. The standard
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Figure 21: Front view of the reference solar cell is shown on the left and side view of
the electrical contacts on the left.

test conditions define a temperature of 25 ◦C for the solar cell sample, thus the
temperature of the mounting plate is stabilized to 25 ◦C.

Figure 22: Liquid cooling system comprises water recirculator, aluminum plate, and
the pink tubes where the liquid flows.
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The setup is attached on a breadboard which is placed on a stone table. Figure
23 shows a photograph of the complete setup. The laboratory room, where the setup
is located, has an air filtering device running constantly to reduce the number of
dust particles and other impurities from the ambient air.

Figure 23: Measuring and supplying devices are located on the left side of the figure
excluding the power supplies of the bias lights which are under the table on trolleys.
LED carousel and LED cooling device are on the right. Bias lights, sample solar cell,
and liquid cooling system are in the middle.

3.2 Characterization of the setup
A manual linear translator is used to adjust the distance between the sample or
detector and the light source. In order to have always the same distance, a reference
point is required. This was decided to be a 12.5 mm diameter post screwed to a hole
on the breadboard at a specific distance from the light source as shown in figure 24.

The sample or detector under test is adjusted with the linear translator so that
the surface of the device touches the side of the post. A physical contact can be used
in the case of the sample cell because the sample has some excess space next to the
measured solar cell. However, the front surface of the detectors and the reference
solar cell should be left intact so the distance was estimated from a side view. This
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Figure 24: The place of the reference post was decided to be a hole at a specific
distance from the light source.

method causes an uncertainty of about 1 mm which is a relatively small compared
to the total distance of 812 mm.

The spectral irradiance of the bias light was measured using an Instrument Systems
Spectro 320D spectroradiometer. The spectroradiometer is capable of measuring
the irradiance in a wavelength range between 250 nm and 2150 nm. The AM1.5
spectrum is defined up to 4 µm, thus the integeral of the measured spectrum was
adjusted to equal the integral of the reference spectrum at the wavelength range from
250 nm to 1850 nm. The measurement range was not limited to the upper limit of
the spectroradiometer as the noise of the InGaAs detector of the device disturbs the
measurement results near the upper limit of the measurement range. The upper limit
of the measurement was decided to be 1850 nm which already contains 95.756% [10]
of the AM1.5 irradiance. In addition, infra-red light would not generate photocurrent
in silicon solar cells anyway as shown in figure 14. The measured spectrum of the
bias light is illustrated in figure 25.

The alignment of the bias light towers was carried out iteratively by moving and
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Figure 25: Bias light spectrum measured with Instrument Systems Spectro 320D
spectroradiometer. The integral of the spectrum from 250 nm to 1850 nm is 960.3
W/m2 whereas the AM1.5 contains 957.56 W/m2 [10] at the same wavelength interval.

turning them on the table. After aligning the towers a low-resolution spatial scan
was performed using a photometer detector. The measurement was performed using
a LabView program moving the linear translator and collecting the data. Analysing
the result of the scan implies to which direction the lights should be rotated or moved.
This process was repeated until reasonable uniformity was achieved. The final result
of the bias light spatial distribution is illustrated in figure 26.

The spectral irradiance of the LEDs was measured with the same Spectro 320D
spectroradiometer which was used to measure the spectrum of the bias lights. The
detector was placed to 30 cm distance from the light source because the irradiance of
the LEDs is much lower compared to the irradiance of the bias lights. The relative
spectra of all the 30 LED channels are shown in figure 27.

The absolute irradiance and spatial variation of the LEDs were measured with a
calibrated trap detector. Spatial scan was carried out by the same LabView program
which was used to measure the spatial variation of the bias light. The absolute
spectral irradiance of each LED block was obtained from the relative irradiance
measurements carried out with the Spectro 320D spectroradiometer and from trap
based absolute irradiance values. The relative spectrum is approximately independent
on the measurement distance so the absolute spectrum at the surface of a device
under test can be calculated according to equations (9-13).

The required information to perform the calculation includes the measured
spectrum (Emeas(λ)) and the photocurrent of the trap detector (Imeas) as well as the
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Figure 26: Spatial scan of the normalized bias light intensity.

spectral responsivity of the trap detector (Strap(λ)) which has been modelled earlier
[74]. First, a relative spectrum (Erel(λ)) is calculated from the measured spectrum.

Erel(λ) = Emeas(λ)∫ ∞
0 Emeas(λ)dλ

(9)

Next, the relative trap current signal (Irel(λ)), which the relative spectrum would
create in a trap, is calculated by using the responsivity of the trap for each wavelength
separately,

Irel(λ) = Erel(λ)
Strap(λ) . (10)

This calculated current, integrated over all wavelengths, is compared to the photocur-
rent measured by the trap detector,

a =
∫ ∞

0 Irel(λ)dλ

Imeas
. (11)

Assuming that each wavelength contributes the same amount of current in both
calculated and measured current, the calculated current is adjusted with the ratio
(a) of the two currents,

Iabs(λ) = Irel(λ)
a

. (12)

The adjusted current is converted to absolute absolute spectral irradiance (Eabs(λ))
by using the responsivity of the trap again,

Eabs(λ) = Iabs(λ)
Strap(λ) =

Emeas(λ)
Strap(λ)∫ ∞

0
Emeas(λ)
Strap(λ) dλ

· Imeas

Strap(λ) . (13)
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Figure 27: Top figure shows the absolute and bottom figure the relative spectra of
the 30 channel LED carousel at the distance of 812 mm from the LEDs.

Table 1 shows the peak emission wavelength of each LED block, the emitted
power, and how many LED chips each block houses. Since the calibration range of
the trap detector used to measure the absolute irradiance of the LEDs was limited to
1000 nm, the absolute irradiances of the infra-red LED channels were estimated with
the average attenuation of the other LED channels the standard deviation being 3%.
In table 1, these estimated values are marked in parentheses.
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Table 1: Peak emission wavelength, emitted irradiance at the device under test
position, and the number of LED chips in each LED block. Irradiance values in
parentheses are calculated based on average attenuation of other LEDs because the
wavelength range of the trap detector used to measure the absolute irradiances was
limited to 1000 nm. LED number 12 was not functional during the measurements.

LED channel 1 2 3 4 5 6 7 8 9 10
Peak wavelength
[nm]

538 495 445 623 937 519 630 523 636 729

Irradiance
[mW/m2]

16 31 1790 27 (7.2) 49 17 23 35 74

Number of chips 2 2 4 4 4 2 2 2 4 4
LED channel 11 12 13 14 15 16 17 18 19 20
Peak wavelength
[nm]

1042 N/A 432 412 1018 423 398 473 369 676

Irradiance
[mW/m2]

(13) N/A 33 52 (13) 21 16 17 12 3.8

Number of chips 2 1 4 4 2 1 1 1 1 1
LED channel 21 22 23 24 25 26 27 28 29 30
Peak wavelength
[nm]

806 872 851 589 524 738 663 1200 1299 723

Irradiance
[mW/m2]

9.5 12 90 5.2 3.4 78 4.7 (1.9) (2.0) 11

Number of chips 1 1 1 1 1 1 1 1 1 2
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4 Measurements

4.1 Results
The differential spectral responsivity setup developed in this work, comprised 30
LED channels. Due to the scheduling and limited amount of time, only part of the
available 30 channels of the LED carousel was used to carry out the differential
spectral responsivity measurements.

The iterative calculation was performed similarly as done in [7]. The generated
photocurrent Ic,n during iteration round n is calculated with an initial DSR value of
1 A/W for every wavelength and the spectral irradiance of the LED (ELED(λ)),

Ic,n =
∫ ∞

0
ELED(λ) · DSRn(λ)dλ. (14)

The effective wavelength of the emitted light (λeff) is calculated as

λeff,n =
∫ ∞

0 λ · ELED(λ) · DSRn(λ)dλ∫ ∞
0 ELED(λ) · DSRn(λ)dλ

. (15)

A better estimate for the differential spectral responsivity is obtained by adjusting
the present value with the ratio of the calculated current and the current measured
by the lock-in amplifier (Im),

DSRn+1 = Im

Ic,n

· DSRn. (16)

When this procedure has been performed for all LEDs, a piecewise defined curve
is fitted to the data points. The first part of it is an ascending function and the
second is an exponentially descending function. This piecewise defined curve is used
in the next iteration round to provide a better estimate of the differential spectral
responsivity because the responsivity of the device under test is not constant over
the wavelength range of an LED.

Figure 28 shows the calculated data points for the calibrated reference solar cell
and the spectral responsivity data from the calibration certificate. The average
difference between the curve interpolated from the calibration certificate data points
and the measured data points is 8.58% after 100 iteration rounds.

After the spectral responsivity measurement setup was verified using the calibrated
reference cell, a single crystal reference minimodule was characterized in identical
conditions. The absolute differential spectral responsivity of the reference minimodule
is shown in figure 29. The spectral responsivity of the minimodules had not been
characterized before, thus no reference is available for the sample minimodule.
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Figure 28: Absolute differential spectral responsivity of the reference cell.
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Figure 29: Absolute differential spectral responsivity of the sample cell.
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4.2 Uncertainty analysis
The differential spectral responsivity measurements have several uncertainty compo-
nents from different types of uncertainty sources. Characterization of the measurement
setup requires several optical, electrical, distance, and temperature measurements,
each contributing to the uncertainty of the absolute differential spectral responsivity
of the solar cell sample under measurement.

According to the manufacturer [75] and [76], the long term stability and error
of the lock-in amplifier used to measure the current signal of the solar cell sample
is less than 2%. As the photocurrent signal measured with the lock in amplifier is
the only direct electrical measurement in the setup, the uncertainty due to electrical
measurements is estimated to be 2%.

The temperature of the mounting holder for the sample cell was stabilised using
a liquid flow inside the aluminium mounting base. The temperature was measured
using a digital temperature sensor of type AD590. Combined with the measurement
electronics, the temperature uncertainty of the sensor was 2 K. The temperature
coefficient of silicon responsivity is a highly wavelength dependent characteristic.
The temperature coefficient got its highest value near the band gap located at around
1000 nm. In the wavelength range between 400 nm and 900 nm, the temperature
coefficient of silicon is less than 0.015 · 10−3/K leading to an uncertainty of 0.003%
in the spectral responsivity. [77]

The uncertainty of the measured LED spectrum due to the non-linearity of the
spectroradiometer has been studied in [78] and a value of 0.1% was used. The
uncertainty of the trap detector used to measure the absolute spectral irradiance of
the LED light is a wavelength dependent characteristic. In the visible wavelength
range between 380 nm and 850 nm, the uncertainty of the trap detector is less than
0.25% [79], thus a value of 0.25% was used.

The uncertainty due to the short term stability of the LED irradiance can be
approximated as the fluctuation of the photocurrent signal measured using the lock-in
amplifier. The lock-in amplifier measures the differential photocurrent several times
during the measurement, depending on the defined stabilization time, for each LED
channel, and gives out the standard deviation of the measurement. A typical standard
deviation for an LED channel is 0.5%.

The intensity of the monochromatic light from the LED carousel follows the
inverse-square law. The distance between the LED source and the device under
test was measured using a calibrated ruler. The reference point was fixed using
physical posts, mounted on the breadboard. When changing the device under test,
the device to be measured was moved against the mechanically fixed post reference.
The distance between the LED chip in the carousel and the reference post was 812
mm. Using the described mechanical assembly, it was possible to adjust the distance
between the device under test and the LED light source with an uncertainty of 1
mm. The accuracy of the alignment is mostly restricted by the requirement to leave
the front surface of the device under test intact. As the the irradiance of a light
source is inversely proportional to the square of the distance, the uncertainty caused
to the spectral responsivity can be calculated from the relative irradiance difference
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to be 0.24%.
The quasimonochromatic LED light from the carousel was characterized for

absolute irradiance and spatial uniformity using a spectroradiometer and a calibrated
trap and photometer detectors. The detectors used to characterize the LED light
sources had to be manually adjusted by attaching them to the linear translator using
screws and other components. The approximated angular uncertainty caused by the
manual assembly of the detectors is maximum 5◦ which directly affects the irradiance
measured by a detector. This 5◦ uncertainty in angular orientation is mostly due
to the non-perfectly fitted mechanical assembly between the breadboard and the
linear translator. The contribution of the uncertainty of the angular orientation to
the total measurement uncertainty can be calculated from the standard deviation of
cosine of 0-5◦, leading to an uncertainty of 0.12%.

One of the biggest uncertainty components is the irradiance level of the LEDs
in the carousel and its stability between the characterization measurement and the
measurement of the sample cell. As the irradiance of an LED is heavily temperature
dependent characteristic, the temperature stability of the LEDs in the carousel has
a direct influence on the uncertainty of the differential spectral responsivity. The
temperature of the LED blocks was stabilized using Peltier elements and an external
Peltier temperature controller device. When the absolute irradiances of the LEDs
were measured with the trap detector, the temperature varied between 289 K and 291
K when the setting point was fixed to 290 K. Typically LEDs require a stabilization
time of more than ten minutes to achieve stable irradiance level. Due to the unreliable
operation of the relay boards of the LED carousel and the lack of another lock-in
amplifier for a reference trap detector, the irradiance level of the LEDs during the
characterization measurements and during the sample solar cell measurement were
not guaranteed to be constant. The uncertainty due to the long term stability of the
LEDs is not known, thus a conservative approximation of 5% has been used.

Due to the several LEDs used in a single channel, the irradiance of the LEDs is
not spatially uniform. The spatial non-uniformity of the LED channels has been
measured with a photometer and the linear translators of the horizontal and vertical
axis. Within the 6"x6" solar cell sample, the non-uniformity of the LED light can be
as high as 20%. Within the 20 mm x 20 mm reference cell, the non-uniformity was
measured to be up to 0.5%. The non-uniformity of the LED light was taken into
account in the calculations, but as the spatial response of the device under test was
not known, an uncertainty of 0.5% was used.

The uncertainty budget is presented in table 2.
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Table 2: Uncertainty budget

Source of uncertainty [%]
Lock-in amplifier 2

Temperature stability of solar cell sample 0.003
Short term stability of the LED source 0.5
Long term stability of the LED source 5
Absolute response of the trap detector 0.25

Spectroradiometer 0.1
Repeatability of the measurement 0.5

Distance 0.24
Angular orientation 0.12
Spatial uniformity 0.5

Combined standard uncertainty 6
Expanded uncertainty (k=2) 11

4.3 Discussion and further improvements
As seen from the uncertainty table, the highest source of uncertainty is the unreliable
LED carousel causing a high uncertainty for the long term stability of the LED
irradiance. The operation of the old relay board controlling the current flow through
the LEDs and Peltier elements was not reliable, and the carousel device produces
lot of errors without apparent reason. If the relays were not controlled properly, a
leakage current through another LED appeared, leading to a misleading measurement
value. A new relay board has been designed and built. The new board will simplify
the computer control of the relays, replace the copper wires with circuit board traces,
and reduce the number of relays.

The time that one characterization or spectral responsivity measurement takes
is heavily dependent on the LED temperature stabilization time used. Due to the
unreliable operation of the LED carousel, the measurement time was kept rather short
to perform a full measurement during one day. The variation of the temperature has
a great influence on the irradiance level of an LED, thus extending the stabilization
time using the new relay board is expected to reduce the uncertainty to a value less
than 1%. Currently the measurement setup requires some supervision due to the
unexpected error modes of the LED cooling. Completely automated measurement
setup will allow longer stabilization times during the absolute irradiance, spatial
uniformity, and spectral responsivity measurements leading to a significant decrease
in the measurement uncertainty.

The current signal of the monitor detector measuring the intensity of the LED
light during characterization and spectral responsivity measurement is amplified and
converted to a voltage signal using a current-to-voltage converter. Even though the
beam splitter and the monitor detector are placed behind the bias light towers, the
signal from the bias light in standard test conditions is about 1.2 V whereas the
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signal from the LEDs is in most cases smaller than 100 mV. In addition, during
manual measurement, it was noted that the monitoring is sensitive to movement in
the room when the person carrying out the measurement walked around the setup.
The undesired dark signal from the bias towers would not be an issue if a lock-in
amplifier was used separating the monitored LED light from the bias light. An
additional lock-in amplifier is required to use the monitor detector since the only
device presently available is reserved to measure the differential photocurrent of the
device under test. Alternatively, one lock-in amplifier with a separate multiplexer
device can be used to measure alternately the signal of the monitor detector and the
photocurrent of the device under test. However, this would require modifications to
the LabView program performing the measurement.

In order to obtain the required amount of bias irradiance, the bias light towers are
placed to a distance less than one meter from the device under test. Two additional
bias light towers exist but the lack of power supplies prevents taking them into
permanent use. Implementing the additional bias light towers to the setup would
allow increasing the distance between the device under test and the bias light towers.
Increasing the distance enhances the irradiance uniformity of the bias and LED
light sources. However, less signal from the LED carousel would be obtained, but as
the irradiance levels from LEDs are high, the enhanced spatial uniformity should
decrease the combined total uncertainty.

A polylactic acid spacer was 3D printed in order to attach the horizontal and
vertical linear translators to each other. The implementation works, but in order to
maintain the functionality in the long term, the plastic piece should be replaced with
a more robust spacer. The filling percent of the print was less than 35% so supporting
rather heavy linear translator and aluminium heat sink under 1 sun illumination may
slowly cause deformations. Loosening of the screws holding the structure in place
was noticed during the characterization of the setup. Consequently, the upper linear
translator appeared to rotate easily when attaching a detector when it should be
stable. A suggested replacement for the current piece would be a metal component
or at least a completely filled piece from durable plastic.

In addition to the physical setup, the processing of data could be improved.
Currently, the data processing requires curve fitting. The curve used is in practice a
straight line neglecting small disturbances between 400 and 1000 nm. In addition,
the current data analysing code is applicable to silicon solar cells only.
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5 Conclusion
Photovoltaics is a rapidly growing energy harvesting technique. Solar cells are
photovoltaic devices which are used to convert the irradiance of the Sun to electric
energy. Photons entering a solar cell create electron-hole pairs and these charge
carriers are collected producing electric current. Various solar cell materials and
structures exist. Silicon is the most common material and currently back surface
field solar cells are the most common structures. Other solar cell materials include
different thin-film materials and structures.

Current-voltage characteristics and spectral responsivity are two of the most
important parameters of a solar cell device. By using them, the efficiency and
operation under real life conditions can be estimated. Current-voltage characteristics
can be measured with a high intensity light source and a variable load by using Kelvin
connection. However, spectral responsivity measurement requires more complex
measurement facilities.

In this work a differential spectral responsivity measurement setup was devel-
oped, capable of measuring the differential photocurrent generated by a quasi-
monochromatic LED light source. The setup comprises a high intensity bias light
source and a quasi-monochromatic pulsed LED light source. LEDs are mounted on a
rotating computer controlled carousel. A beam splitter used between the LED light
source and the device under test can be used to direct part of the LED light to a
monitor detector measuring the irradiance variation of the LEDs. The photocurrent
of the device under test is measured with a lock-in amplifier. In order to keep the
temperature of the solar cell at the standard 25 ◦C, liquid cooling is applied to
compensate the heating caused by the bias lights.

The setup was validated using a calibrated reference solar cell which had ear-
lier been purchased from Fraunhofer ISE. The data processing included iterative
calculation of the spectral responsivity and a fitting of a curve to the calculated
measurement data points. After validating the system, a full 6"×6" sample solar
cell was measured in the same conditions as the reference cell. Uncertainty analysis
revealed that the largest source of uncertainty is the LED carousel. The expanded
uncertainty (k=2) of the setup was determined to be 11%.

Even though the setup produces reliable results, there are still several ways to
improve the measurement setup. Most importantly the relay board controlling the
LEDs in the carousel should be replaced with a device allowing better and more
reliable control of the measurement setup. Extra set of bias light towers could be
added to improve the uniformity of the bias irradiance. As a consequence, the
distance of both light sources could be adjusted. Additional lock-in amplifier should
also be implemented in the setup in order to obtain better signal from the monitor
detector. Currently, the high intensity bias light is disturbing the signal of the
monitor detector. A plastic piece interconnecting two linear translators should be
replaced with a more robust item. The data analysing could be improved enabling
the measurement of different types of solar cells.
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