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Abstract

Partial shading poses a significant challenge in the photovoltaic (PV) technology sector, potentially
leading to a considerable drop in energy production. To address this issue, sub-module Maximum
Power Point Tracking (MPPT) devices have been developed and employed. In such devices, capacitors
are used at the input to mitigate input voltage ripples. In order to reduce the amount of circuit com-
ponents and potentially increase the reliability of the these devices, there is a proposal to substitute
the input capacitor of the sub-module MPPT device with the capacitance of the PV cell or PV cell
string. While this may seem like a viable solution, PV cell capacitances may not be suitable for this
purpose due to their sensitivity to temperature and illumination levels. This sensitivity can result in
a mismatch between the PV cell and the sub-module MPPT. In addition to sub-module MPPT, the
PV cell capacitance could also be important for other applications such as visible light communication
and determination of the minimum required I-V measurement scan time. Therefore, this thesis project
aims to investigate the influence of temperature and illumination levels on PV cell impedance.

To assess the impedance of the PV cell, we employed an impedance spectroscopy (IS) setup. Subse-
quently, a series of experiments were conducted under varying temperature and illumination conditions,
involving two distinct PV cell types: Interdigitated Back Contact (IBC) and Passivated Emitter and
Rear Contact (PERC). Moreover, we utilized the Complex Nonlinear Least Squares (CNLS) algorithm
alongside an electrical equivalent model designed for PV cell impedances to accurately fit the impedance
data.

In the initial phase of this thesis project, we conducted a temperature experiment. For both cells, the
PV cell impedance has been measured at various temperatures. From this experiment, it was concluded
that in dark conditions and at 619.5mV (maximum power point voltage at STC), the PV cell capac-
itance of IBC cell increased from 7.6mF at 25◦C to 22mF at 60◦C. Furthermore, the capacitance of
PERC cell in dark conditions and at 539mV (maximum power point voltage at STC) increased from
0.19mF to 2.4mF at 25◦C and 55◦C, respectively. These findings highlight the temperature-dependent
behavior of PV cell capacitance for both IBC and PERC cells which is related to the cahnge in the
intrinsic carrier concentration (ni).

In the second phase of this thesis project, we conducted an illumination experiment. From this experi-
ment, it was observed that the capacitance of the IBC cell at 30◦C and 619.5mV increased from 9.2mF
in absence of light to 13.8mF at 500W/m2. Similarly, for PERC cell, the capacitance at 30◦C and
539mV increased from 0.3mF in dark conditions to 0.7mF at 700W/m2. These findings indicate that
the capacitance of both cell types is influenced by the level of illumination, with higher light intensity
leading to increased capacitance values which is related to the increase in the PN junction voltage.

In the third phase of this thesis project, we conducted an experiment which aimed to investigate the
combined impact of temperature and illumination on the PV cell capacitance at varying maximum
power point voltages. In this experiment, it was observed that at 30◦C < T < 60◦C and 100W/m2 <
intensity < 500W/m2, the capacitance of IBC cell varies between 3 and 9.5mF for IBC cell, while it
operates between 0.045 to 0.25mF for PERC cell. Additionally, it was noted that the illumination in
this experiment has more impact on the PV cell capacitance than the temperature as the maximum
power point voltage increases significantly with increasing intensity, whereas it decreases with increas-
ing temperature.

Based on the findings from the experiments discussed above, it becomes evident that the capacitance
of PV cells undergoes fluctuations in response to changes in temperature and illumination levels. Upon
comparing the data obtained from the characterized IBC and PERC cells, we can draw the conclusion
that a single IBC cell exhibits a greater potential than a single PERC cell when it comes to substituting
the input capacitor of a power converter and effectively performing this role. This is due to the fact
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that the capacitance of an individual IBC cell exceeds that of a single PERC cell. Nevertheless, in the
case of a PERC cell string, the capacitance may be sufficiently high to function as an input capacitor
even under conditions of low illumination and low temperatures.
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1
Introduction

This chapter serves as an introduction, providing context for the thesis and giving a detailed overview
of the project. It uses some technical terms commonly used in photovoltaics, which will be further
explained in chapter 2. This chapter is organized as follows: Section 1.1 addresses the need for solar
energy and PV modules. In section 1.2, the subject of partial shading is introduced. Possible solutions
for shading are presented in section 1.3. Then, a brief overview of a specific boost converter circuit and
solar cell’s equivalent circuit is provided in section 1.4. The effect of temperature and illumination on
PV cell performance is illustrated in section 1.5. The final section, 1.6, outlines the objectives of the
project and provides a description of the project.

1.1. Solar energy and PV modules
Energy is essential for our daily lives and has been used in various forms such as thermal, chemical, and
electrical for many years. In 2021, humans have consumed around 176 PWh of primary energy, out of
which 136 PWh came from fossil fuels (non-renewable energy sources), which is equivalent to 77% of
the total consumed energy [1]. Being heavily dependent on fossil fuels is a significant risk for the future
generations. Furthermore, burning fossil fuels increases the concentration of greenhouse gases (GHG)
in the Earth’s atmosphere, which leads to global warming by trapping heat from the sun and preventing
it from escaping into space [2]. Additionally, fossil fuels are limited resources and will eventually run
out [1]. Figure 1.1 illustrates the remaining time for consumption of coal, oil, and natural gas based on
the present annual production levels and known reserves.

Figure 1.1: Years of fossil fuels reserves left [1].

As a result of these concerns, it is necessary to find alternative energy sources, specifically renewable
energy sources. Solar energy is one such renewable energy source that has high potential [3]. Inside
the sun, a nuclear fusion reaction takes place continually, releasing energy in the form of heat and
light. The amount of solar energy incident on Earth is around 10,000 times larger than the total energy
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consumption of mankind [3]. Therefore, Photovoltaic (PV) technology appears to be a promising
solution to replace non-renewable energy sources. However, PV modules are far from perfect and their
performance could be affected in real-life conditions by the temperature and illumination [3]. Therefore,
it is essential to understand the behavior of PV modules under real-life conditions to improve their
efficiency and performance. One of the situations where the performance of PV modules reduces is
when the PV module is partially shaded. In the following sections, the shading issue will be introduced
and explained in more details .

1.2. Partial shading
Partial shading refers to the phenomenon where only a portion of a PV module is shaded, rather than
the entire module. This can occur due to a variety of factors, such as nearby buildings, trees, or other
structures that block some of the sunlight from reaching the module. When a PV module is partially
shaded, it can result in a significant reduction in power output, as the shaded cells are not able to gen-
erate electricity. Engineers often install PV modules on the roofs of houses and buildings in locations
that are not shaded in order to maximize the energy generation. However, this is not always feasible
as the sun’s position changes throughout the year due to the Earth’s orbit. This means that an area
may be shaded during the winter but not during the summer, or vice versa. To illustrate the effect
of shading, consider Figure 1.2 which shows a string of 6 series-connected solar cells of which one is
shaded. When a single cell is shaded, it reduces or eliminates the current it generates. This impacts
the entire string of cells as they are connected in series, where the current should be consistent across
all cells. As a result, the current generated by the entire string is limited to the current generated by
the shaded cell, and the power generated is also reduced. On the other hand, the shading of a single
cell could lead to a different impact, where the string is operating at a normal current but the shaded
cell operates in breakdown condition. In this case, a high fraction of the generated power by the string
will be dissipated over the shaded cell [3]. To address shading issues, two different techniques have been
developed and will be discussed in the following section.

Figure 1.2: A string of 6 solar cells of which one is shaded [3].
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1.3. Possible solutions for shading
As discussed before, shading can greatly impact the power generated by a solar system. To address
this, two techniques are commonly used to reduce power losses. The first technique is the use of bypass
diodes [3]. Typically, a PV module comprises a series connection of 60-72 PV cells, arranged in three
submodules of 20–24 cells, and a total of three bypass diodes [4]. Figure 1.3 illustrates the same simple
string shown before with integrated bypass diodes for each cell. The yellow dashed line shows the path
of the current when a cell is shaded, allowing the current to bypass the shaded cell and optimize power
generation.

Figure 1.3: A string of 6 solar cells of which one is shaded [3].

The second technique to reduce the power losses due to shading is by implementing maximum power
point tracking (MPPT) on a sub-module level [5, 6, 7]. This enables the adjustment of the operating
point of one or a group of solar cells without impacting the performance of the other cells in the PV
module. In order to achieve a high performance in such power conditioning circuits, the design of the
converter should be matched with the PV cell impedance at the input [8]. Therefore, it is important to
study the behavior of the impedance inside the PV cells.
The input capacitor of the power converters is an indispensable component as it reduces the ripple
voltage at the converter’s input [9]. However, it is one of the least reliable components in power
converters [10]. According to [11, 12], the self-capacitance of the PV cells is able to fulfil the function of
the input capacitor in sub-module MPPT. This will eventually reduce the amount of the used capacitors
in the power converters and enhances the reliability of the converter. In the next section, an example
of a converter circuit will be presented to illustrate the new configuration of the converter circuit once
it is connected to a PV cell.

1.4. Boost converter circuit and equivalent circuit of a solar cell
A boost converter circuit is a commonly used circuit in PV systems. A boost converter is a type of
DC-DC power converter that increases the voltage of a direct current (DC) input voltage. This could be
done by storing energy in an inductor and then releasing it to the output at a higher voltage. A boost
converter consists of several components, including an inductor, capacitors, a diode (or transistor), and
a switching element (such as a transistor) as shown in Figure 1.4. The goal of using this converter is to
increase and fix the output voltage of the PV module in order to connect it with a DC-AC converter
or a battery.

Figure 1.4: PV module connected with a boost converter [13].
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The PV module in Figure 1.4 can be represented by its equivalent circuit, as shown in Figure 1.5.
This circuit is explained in more detail in chapter 2. In Figure 1.5, a component called the PV cell
capacitance (Cd) is present. This capacitor plays a dominant role when the operating PV cell voltage
is close to or greater than the maximum power point voltage (Vmpp) and can have a significant value.
Therefore, in theory, Cd could replace Cin that is shown in Figure 1.4 according to [11, 12].

Figure 1.5: Equivalent circuit of a PV cell [12].

A PV module generally consists of multiple PV cells connected together. These cells are connected by
metal wires, which have resistance and parasitic inductive impedance which becomes higher, particularly
at high frequencies [12]. Similarly to the self-capacitance of the PV cell, there might be a potential to
replace the inductor of the converter with the parasitic inductances of the wires if the PV inductance
is high enough. If this is done, the final circuit will appear as shown in Figure 1.6.

Figure 1.6: The circuit diagram of the proposed solar cell with the integrated boost converter [12].
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1.5. Effect of temperature and illumination on PV cell performance
PV cells are devices designed to convert solar energy into electrical power. However, the amount of
electricity generated by PV cells is subject to significant variability, which is dependent on several factors.
In real-life operating conditions, the performance of a PV cell is primarily influenced by temperature and
illumination levels [3]. The effect of temperature and irradiance on the I-V curve is illustrated in Figure
1.7, where the I-V curve under standard test conditions (black) is compared to the I-V curve under
increased temperature (red) and irradiance (blue). As shown in Figure 1.7, the short circuit current of
the PV cell increases with rising temperature, while the open circuit voltage decreases. Moreover, both
the short circuit current and open circuit voltage rise with increasing irradiance [3]. Such changes can
have a significant impact on the impedance of the PV cell. Therefore, it is imperative to investigate
the effect of real-life operating conditions on the PV cell’s performance to ensure efficient application
of the MPPT sub-module technique.

Figure 1.7: Effect of a temperature and irradiance increase on the I-V PV cell characteristic [3].

1.6. Project description and outline
This thesis project aims to examine the behavior of the impedance of a commercial PV cell under real-
world operating conditions. The main research question of this project is:

How does the impedance of industrial c-Si PV cells vary at different temperature and illumination
levels?

To answer this question, the following research objectives have been developed:

1. Determine the appropriate impedance model that accurately characterizes the dynamic electrical
behavior of industrial c-Si PV cells under real-world operating conditions.

2. Assess the impact of temperature on the impedance of a single PV cell.
3. Investigate how the impedance of a single PV cell changes under varying illumination levels.
4. Examine the impact of temperature and illumination on the impedance of a PV cell at its maxi-

mum power point.

Now that the reader has been introduced to the research topic, chapter two thoroughly treats the
theoretical background. The following chapter, chapter three, details the method used to execute the
experiments in the laboratory. Then, chapter four will introduce and discuss the results obtained from
the experiments. Finally, a conclusion of the thesis project will be discussed in chapter five.





2
Theoretical Background

In this chapter, some theoretical information will be presented. The chapter is divided into five sections.
In section 2.1, the working principle of the PV cell will be discussed. Section 2.2 will introduce the
PV cell parameters. Additionally, the equivalent circuit of the PV cell in steady-state mode will be
presented and explained in section 2.3. Then, in section 2.4, the equivalent circuit of the PV cell in
alternating current (AC) mode will be developed and explained. Finally, the concept of constant phase
element will be introduced and discussed in section 2.5.

2.1. The working principle of the PV cell
As discussed earlier, the sun provides the Earth with energy in forms of light and heat. This energy
transfers from the sun and penetrates the atmosphere of the Earth. In 1905, Albert Einstein defined
the light as energy quanta, called photons [3]. The energy of a photon can be expressed as Eph = hv,
where h is Planck’s constant and v is the frequency of the light. Eph can generate a potential difference
at the junction of two different semiconductor materials. The working principle of PV cells is based on
this operation which is called the photovoltaic effect. Note that many of the information in this section
was taken from the book Solar Energy written by Smets et al. [3]. The photovoltaic effect consists of
three basic processes:

1. Generation of charge carriers due to the absorption of photons
The PV cells consist mainly of semiconductor materials. Semiconductor materials are materials
that have electrical conductivity between that of a conductor and an insulator. To increase the
conductivity of a semiconductor, additional energy is required. By absorption of a photon in a
semiconductor material, the photon energy will be used to excite an electron from an energy level
called the valence band (Ev) to a higher energy level called the conduction band (Ec). The energy
difference between Ec and Ev is called the bandgap energy (Eg) and can be expressed as Eg =
Ec-Ev. So, in order to excite and electron, the photon energy must be equal to or higher than the
bandgap energy: Eph ≥ Eg. Once this condition is fulfilled, an electron-hole pair will be generated
as shown in Figure 2.1 (at 1).

2. Subsequent separation of the photo-generated charge carriers in the junction
Typically, when a photon is absorbed by a semiconductor, it causes an electron in the valence
band to be excited to a higher energy level in the conduction band, creating an electron-hole
pair. However, this excited state is not permanent, and the electron will eventually fall back to
its initial energy level, releasing the energy in the process as illustrated in Figure 2.1 (at 2). This
release of energy can take the form of a photon of light (radiative recombination) or be transferred
to other electrons, holes, or lattice vibrations (non-radiative recombination).

If the energy stored in the electron-hole pair is to be used to perform work in an external cir-
cuit, such as powering an electrical device, special structures called semipermeable membranes
must be present on both sides of the absorber. These membranes allow for the flow of electrons
out of one side and holes out of the other side, allowing for the separation of the electron-hole
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2.1. The working principle of the PV cell 8

pairs and the conversion of their energy into usable electrical power as can be seen in Figure 2.1
(at 3). These membranes are typically made of n- (doped with electrons) and p-type (doped with
holes) materials and are commonly used in most PV cells.

To minimize the effect of recombination, the PV cell must be designed in such a way that the
electrons and holes can reach the membranes before they recombine. So, the time it requires the
charge carriers to reach the membranes must be shorter than their lifetime. This requirement
limits the thickness of the absorber.

3. Collection of the photo-generated charge carriers at the terminals of the junction The final step
in the process of converting the energy from absorbed sunlight into usable electrical power is
the extraction of charge carriers from the PV cell with electrical contacts. This allows for the
charge carriers to perform work in an external circuit (see Figure 2.1 (at 4)), converting the
chemical energy of the electron-hole pairs into electric energy. After passing through the circuit,
the electrons recombine with holes at a metal-absorber interface as illustrated in Figure 2.1 (at
5).

Figure 2.1: A simple PV cell model to illustrate the working principle of the PV cells [3].
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2.2. PV cell parameters
To determine the efficiency of a PV cell, some PV cell parameters are typically used. In this section,
these parameters will be introduced and explained. Again, many of the information in this section was
taken from the book Solar Energy written by Smets et al. [3].

2.2.1. Short circuit current density
As is known, PV cells generate current when the cells are exposed to light or sun. The amount of
generated current depends on the photon flux incident on the PV cell. When the electrodes of the PV
cell are connected together, short circuited, the current that flows through the external circuit is called
short circuit current (Isc). By using Isc, one can determine the maximum current (Impp) that can be
delivered and used by a PV cell from the AM1.5 spectrum1. Since Isc depends on the area of the cell,
and each cell has a different area, scientists and manufacturers tend to use the short circuit current
density Jsc (mA/cm2) which is independent of the cell area.

2.2.2. Open circuit voltage
The open-circuit voltage Voc is the voltage at which no current flows through the external circuit. It
is the maximum voltage that a PV cell can deliver. The Voc is a measure of the difference between the
quasi-Fermi levels of electrons (EFn) and holes (EFp). The difference between EFn and EFp is always
smaller than the corresponded voltage of the band gap, therefore qVoc cannot be higher than the band
gap of a material. The Voc can be calculated with equation 2.1:

Voc ≈ kBT

q
ln

(
Jph

J0

)
(2.1)

where, kB is Boltzmann constant, T the temperature, q the elementary charge, Jph the photo generated
current (or photocurrent) density and J0 the saturation current (or dark current) density.

Equation 2.1 shows that Voc depends on Jph and J0. Since Jph has a small variation, J0 has the key
effect on the Voc as it can vary in orders of magnitude. Furthermore, J0 depends on the recombination
in the PV cell, therefore Voc is considered as a measure of the amount of recombination in the device.

2.2.3. Fill factor
A PV cell can operate at different power levels depending on the amount of exposed light and tempera-
ture. When the PV cell operates at its maximum power, then the operation point is called the maximum
power point Pmpp. The fill factor is the ratio between the maximum power (Pmpp = JmppVmpp) gener-
ated by a PV cell and the product of Voc with Jsc as is shown in equation 2.2:

FF = JmppVmpp

JscVoc
(2.2)

2.2.4. Efficiency
The efficiency of a PV cell is the ratio between the maximum generated power Pmpp and the incident
power Pin. The PV cells are always tested under the standard test conditions (STC). So, the incident
light is described by the AM1.5 spectrum, the irradiance (Pin) is 1000 W/m2 and the cell temperature
is 25◦C. The efficiency can be calculated using equation 2.3:

η = Pmpp

Pin
= JscVocFF

Pin
(2.3)

1The AM1.5 spectrum is a standard way of measuring the intensity of light from the sun that is used in the International
Standard IEC 60904-3. It serves as a reference for the distribution of solar radiation and used to compare different PV
cells.
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2.3. Equivalent circuit of PV cell in steady-state mode
In this section, the focus will be on analyzing the electrical behavior of a PV cell by examining its
equivalent circuit. The discussion will include the examination of both the ideal and non-ideal versions
of the one-diode model, as well as the introduction and explanation of the non-ideal two-diodes model.
Additionally, the technology of back surface field (BSF) will also be introduced and discussed.

2.3.1. Ideal and non-ideal one-diode model
Figure 2.2a shows the basic model for an ideal PV cell. This model consists of a current source and
a diode which are connected in parallel. The diode represents the PN junction. Therefore, the J-V
characteristic of an illuminated PV cell that behaves as the ideal diode can be described by equation
2.4:

J(V ) = J0

[
exp

(
qV

kBT

)
−1

]
− Jph (2.4)

where V is the applied voltage on the diode and J0 is the saturation current density. The first term
in equation 2.4 represents the dark diode current density while the second term represents the photo
generated current density.

Figure 2.2: The equivalent circuit of (a) an ideal PV cell; and (b) a PV cell with series resistance Rs and shunt resistance
Rp [3].

In practice, the FF of a PV cell is affected by two types of resistance: a series resistance (Rs) and a
shunt resistance (Rp or Rsh). These resistances need to be included in the model as illustrated in Figure
2.2b. Rs encompasses the bulk resistance of the junction, the contact resistance between the junction
and electrodes, and the resistance of the electrodes themselves. Rp, on the other hand, refers to the
resistance caused by impurities and defects near the PN junction. Typically, it is desirable to keep Rs
as low as possible to increase the amount of current that can be utilized in the external circuit. In
contrast, Rp should be as high as possible to minimize leakage currents within the PV cell. The J-V
characteristic of the non-ideal one-diode model is represented by equation 2.5.

J(V ) = J0

[
exp

(
q(V − AJRs)

kBT

)
− 1

]
+ V − AJRs

Rp
− Jph (2.5)

where A is the area of the PV cell.

2.3.2. Non-ideal two diodes model
Due to additional recombination that occurs in the space charge region (SCR) of the PN junction, an
additional saturation current density (J02) has to be considered. This will reduce Voc which will affect
FF eventually. To account for this, the non-ideal diode has to be replaced by two diodes, an ideal one
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that has an ideality factor equal to one and a non-ideal diode with an ideality factor higher than one.
The new, more accurate two-diode model is illustrated in Figure 2.3.

Figure 2.3: The equivalent circuit of a PV cell with two-diode model [3].

Furthermore, the J-V characteristic of the two-diode model can be described by equation 2.6:

J(V ) = J01

[
exp

(
q(V − AJRs)

n1kBT

)
− 1

]
+ J02

[
exp

(
q(V − AJRs)

n2kBT

)
− 1

]
+ V − AJRs

Rp
− Jph (2.6)

where J01 and J02 represent the saturation current densities of the diodes, and n1 and n2 represent the
ideality factors of the diodes.

2.3.3. Low-high junction
In addition to the discussed cell components earlier, another component sill has to be added, namely
the low-high (LH) junction. This LH junction is usually ignored in the equivalent circuit of a PV cell
since it has a negligible influence on the model, especially when only DC measurements are considered.
However, In this work, it is essential to include it as both DC and AC measurements has to be executed.
To understand how the LH junction is formed, Figure 2.4 will be used as an example. Figure 2.4 shows
a schematic of a c-Si n+-p-p+ PV cell with a p+ BSF and an Al back-contact. This cell consists of
(from left to right) anti reflecting coating (ARC) to reduce the amount of reflected light and increase
absorption, a phosphorus-doped n+ emitter, a boron-doped p-type base, and an aluminuim-doped p+

BSF, with Ag and Al metalized contacts at the front (connected to emitter) and back (conntected
to base) surfaces, respectively [14]. The BSF helps to reduce the recombination of the electrons and
holes by providing a strong electric field that pulls electrons away from the recombination centers and
towards the electrodes. This helps to reduce the rate of recombination and increase the overall efficiency
of the cell. The BSF is typically created by diffusing a p-type material into the back surface of the cell,
creating a region of high hole concentration that acts as a sink for holes [3].

Figure 2.4: Schematic of a BSF c-Si PV cell [14].

Combining the emitter and base together will create a n+-p junction which is located at xj. The
depletion region widths are wn and wp on the emitter and base sides, respectively. So, the total space
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charge region (SCR) is wj = wn + wp. In the depletion region a built-in voltage is formed and denoted
with Vbi. Furthermore, the holes from the p+ side of the LH interface (p-p+ BSF) diffuse into the p
side to form a hole-accumulation layer at x0-wL ≤ x ≤ x0 and a hole-depletion layer at x0 ≤ x ≤ x0+wH.
This again forms a built-in voltage Vp0 at x0. Due to the electric field formed by the connection of
LH-SCR, electrons from n+-p junction will be repelled into the p-region. This will increase the cell
efficiency and constitutes the main function of the BSF. Note that Vbi and Vp0 have the same polarity
which means that LH junction will be forward-biased when the PN junction is forward-biased [14]. By
including the BSF (LH junction), the equivalent circuit for the PV cell will be as shown in Figure 2.5.
Furthermore, It is important to note that this model is valid for all types of PV cells.

Figure 2.5: Equivalent circuit of a PV cell with LH junction.
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2.4. Equivalent circuit of PV cell in AC mode
Up until now, the discussion has only focused on the direct current (DC) properties of the PN junction in
a PV cell. However, when the PN junction is connected to an amplifier circuit that applies a sinusoidal
signal superimposed on the DC current and voltage, the small-signal characteristics of the PN junction
become important and must be considered in the equivalent circuit. This section will introduce and
explain three small-signal components, which are the diffusion resistance Rd, the junction capacitance
(or depletion capacitance) Cdep, and the diffusion capacitance Cdiff. Finally, an equivalent circuit will
be developed that illustrates the electrical behavior of the PN junction when small signals are applied.
Note that many of the information in this section was taken from the book Semiconductor Physics and
Devices written by Donald A. Neamen [15].

2.4.1. Diffusion resistance
Figure 2.6 shows the I-V characteristic of an ideal diode. This plot is obtained from equation 2.7:

ID = Is

[
exp

( qVa

kBT

)
− 1

]
(2.7)

where ID is the current diode and Is is the reversed-saturation current of the diode and Va is the applied
bias voltage.

By applying a DC voltage V0 on a diode in forward bias, the diode will produce a DC diode cur-
rent equal to IQ. Then, a small sinusoidal voltage is applied by superimposing it with V0. Therefore, a
small sinusoidal current will be produced. By taking the ratio between the sinusoidal current dID and
sinusoidal voltage dVa, the incremental conductance gd can be calculated as is shown in equation 2.8:

gd = dID

dVa

∣∣∣
Va=V0

(2.8)

Therefore, gd is equal to the slope (= 1
Rd

) as is shown in Figure 2.6. This means that Rd can be
calculated using equation 2.9:

Rd = dVa

dID

∣∣∣
ID=IDQ

(2.9)

where Rd is the small-signal diffusion resistance and IDQ is the DC quiescent diode current. From
equations 2.7 and 2.9 it can be concluded that by increasing the bias voltage, Rd will decrease since the
slope of the curve increases. On the other hand, in reverse-bias ID will decrease and Rd will increase.

Figure 2.6: I-V curve of an ideal diode
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2.4.2. Junction capacitance
When the p-type and n-type semiconductor materials are connected together, there will be a difference
in electron concentration between n- and p-type regions. This encourages the electrons to move from
the n-type to p-type region which will cause a diffusion current. Similarly, the holes in the p-type will
move to the n-type region. After some time, the internal electrical forces will compensate the diffusion
and this process will stop and a so called space charge region (or depletion region) will be formed as
can be seen in Figure 2.7.

Figure 2.7: Connecting n- and p-type together and formation of the depletion region [3].

Due to the depletion region and the separation of electrons and holes, a capacitance will be formed in
the PN junction. The charge densities in the depletion region can be seen in Figure 2.8. Note that
Figure 2.8 is flipped horizontally (p-type on left and n-type on right) compared to Figure 2.7. Figure
2.8 shows how the depletion region will change by applying a reverse bias voltage VR and by increasing
it to VR+dVR. This is shown at the additional areas denoted with +dQ’ in n region (width = dxn)
and -dQ’ in p region (width = dxp). The junction capacitance can be defined as:

Cdep = dQ′

dVR
(2.10)

where
dQ′ = qNddxn = qNadxp (2.11)

Nd and Na are the concentration of donor and acceptor atoms per cm3, respectively. The unit of dQ’
is C/cm2, and that of the capacitance is F/cm2.

Equation 2.12 descripes the width of the n-type region:

xn =

√
2ϵs(Vbi + VR)

q

[Na

Nd

][ 1
Na + Nd

]
(2.12)

Filling equation 2.11 in 2.10 gives:

Cdep = dQ′

dVR
= qNd

dxn

dVR
(2.13)

Thus

Cdep =

√
qϵsNaNd

2(Vbi + VR)(Na + Nd)
(2.14)

Note that by considering that the space charge region is extended into the p region (xp), the same
equation for Cdep will be obtained.
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Figure 2.8: Differential change in the space charge width with a differential change in reverse-biased voltage for a
uniformly doped PN junction.
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2.4.3. Diffusion capacitance
When the PN junction diode is forward-biased, then the so called diffusion capacitance Cdiff will play
an important role. Cdiff is formed due to the electrons and holes that diffuse from the n and p-type into
the depletion region. To study this phenomenon, the PN junction diode is set at forward-biased using a
DC voltage superimposed with a small AC voltage as is shown in Figure 2.9a. The total superimposed
forward-biased voltage will be equal to Va = Vdc + v̂ sin ωt.

Figure 2.9: (a) A forward-biased PN junction using a DC voltage superimposed with an AC voltage; (b) the hole
concentration as function of time at the space charge edge; (c) the hole concentration as function of distance in the n

region at three different times.

Figure 2.9b shows the hole concentration at the edge of the depletion region as a function of time. At t0
= 0, the AC voltage is zero and the hole concentration at x = 0 is expressed by pn(0) = pn0 exp(V dc/V t)
where Vt = kBT/q. When the AC voltage increases and reaches its maximum at t = t1, The hole con-
centration will also reach its maximum value. Similarly, the hole concentration will reach its minimum
when the AC voltage decreases and reaches its minimum value. Furthermore, Figure 2.9c shows the
hole concentration as a function of distance at t = t0, t1 and t2. Assuming that the period of the
AC voltage is large enough compared to the time needed for the holes to diffuse into the n region, the
hole concentration as a function of distance can be treated as a steady-state distribution. So, the three
black lines (two dashed and one solid) correspond to the hole distribution when the AC voltage is zero,
maximum and minimum at t = t0, t1 and t2, respectively. Moreover, the shaded yellow area represents
the change in charge ∆Q occurring due to the charging and discharging process during one AC voltage
period.

Similarly, this whole process occurs also in the p region as can be seen in Figure 2.10. It is impor-
tant to note that Cdiff is larger than Cdep at high forward-biased PN junction and can be expressed as
follows:

Cdiff = q2n2
i

2kBT

(√
Dpτp0

Nd
+

√
Dnτn0

Na

)
exp

(
qVF

kBT

)
(2.15)

where ni is the intrinsic carrier concentration, VF is the forward-bias voltage, Dp and Dn are the diffu-
sion constants of holes and electrons, τp0 and τn0 are the lifetimes of holes and electrons, respectively.
Note that equation 2.15 is only valid when ωτp0 << 1 and ωτn0 << 1, where ω is the radian frequency
of the AC small signal.

Finally, the total capacitance of the PN junction is the summation of equations 2.14 and 2.15: Ctot =
Cdep + Cdiff. Keep in mind that Ctot is dominated by Cdep at reverse- and low forward-bias voltages.
At high forward-bias voltages, Ctot is dominated by Cdiff.
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Figure 2.10: Minority carrier concentration changes with changing forward-bias voltage in n- and p-type regions.

2.4.4. Equivalent circuit of the small-signal model
As discussed earlier, the PN junction can be modelled using three components, namely, Rd, Cdep and
Cdiff. At high forward-biased PN junction, Cdep can be neglected and therefore the equivalent circuit
will be drawn as in Figure 2.11a. However, the model should also represent the PN junction at reverse-
bias and low forward-bias. Therefore, Cdep has been added to the model. This means that the two
capacitances should be connected in parallel as depicted in Figure 2.11b.

Figure 2.11: (a) Small-signal equivalent circuit of ideal forward-biased pn junction diode; (b) complete small-signal
equivalent circuit of PN junction.

2.4.5. Equivalent circuit in AC mode
When a DC voltage is applied along with a small AC signal to the PV cell, it affects Rd, Cdep, and Cdiff,
as explained earlier. Consequently, it becomes necessary to employ the model depicted in Figure 2.11b
to simulate the cell’s behavior during AC measurements. By substituting the PN and LH diodes, as
shown in Figure 2.5, with the small-signal model, the equivalent circuit can be represented as illustrated
in Figure 2.12.

Cdep and Cdiff can be combined together into Cj = Cdep || Cdiff. Similarly, Rd and Rsh can be combined
into a single resistance, represented as Rj = Rd || Rsh. Additionally, to account for the influence of
series inductance Ls, particularly at high frequencies as noted in [14], an inductor is introduced into the
circuit. Lastly, the series resistance of the PV cell, Rs, is included.
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Figure 2.12: (a) Electrical equivalent model of a PV cell laminate that consists of Rj-Cj loop, RLH-CLH loop, Rs and Ls.
(b) A detailed equivalent circuit that forms the Rj-Cj loop [16].

2.4.6. Circuit analysis of the PV cell
According to the final model shown in Figure 2.12, the total impedance of the PV cell can be expressed
as follows:

ZP V = Rs + jωLs+
[
Rj || 1

jωCj

]
+

[
RLH || 1

jωCLH

]
(2.16)

Furthermore, equation 2.16 can be rewritten into the form ZPV = Z’PV + jZ”PV where Z’PV is the
resistance and Z”PV is the reactance:

Z ′
P V = Rs + Rj

1 + ω2R2
j C2

j

+ RLH

1 + ω2R2
LHC2

LH

(2.17)

Z ′′
P V = ωLs −

ωR2
j Cj

1 + ω2R2
j C2

j

− ωR2
LHCLH

1 + ω2R2
LHC2

LH

(2.18)

The complete derivation of these equations can be found in Appendix A. It is worth noting that the
impedance of LH junction (ZLH) will not be detected as long as the following conditions are satisfied:
(i) Zj

′ ≫ ZLH
′′ , and (ii) |Zj

′′ ≫ ZLH
′′ | [14]. These two conditions can be expressed as follows:

Rj

1 + ω2R2
j C2

j

>>
RLH

1 + ω2R2
LHC2

LH

(2.19)

R2
j Cj

1 + ω2R2
j C2

j

>>
R2

LHCLH

1 + ω2R2
LHC2

LH

(2.20)

Finally, in this projects, many experiments will be performed to measure the values of the circuit
parameters: Rs, Rj, RLH, Cj, CLH and Ls at different DC operating points. Then, equation 2.17 and
2.18 will be used to fit the data to the measured values through complex nonlinear least-squares (CNLS)
analysis. In the next chapter, the method of this thesis project will be introduced and more details
about the use of CNLS and the setup of the experiment will be presented.
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2.5. Constant phase element (CPE)
A constant phase element is a general model that can behave as a resistor, a capacitor or a combina-
tion of both. This component is commonly used to represent non-uniform dielectric properties such
as interfaces, electrode coatings and porous materials. Furthermore, it can resolve electrochemical pro-
cesses into faradaic and non-faradaic components [17]. Typically, CPE component is used to model
the non-ideal characteristics of a capacitor. In the context of PV cells, these non-idealities stem from
the presence of disordered junctions or systems that contain traps distributed across various energy
levels and space, as described in [18]. Consequently, the capacitances within PV cells exhibit non-ideal
behavior. Therefore, CPE is proposed in this work in order to improve the equivalent circuit model by
considering the non-idealities of the PV cell. The CPE can be expressed as follows [17]:

ZCPE = 1
Y0(jω)n

=
cos( nπ

2 ) − jsin( nπ
2 )

Y 0ω−n
(2.21)

where ω is angular frequency, Y 0 is a constant representing the magnitude of the capacitance and n is
the non-ideality parameter which determines the phase behavior. To understand the CPE component,
an impedance plot is shown in Figure 2.13. The horizontal axis represents the real part of the impedance,
while the vertical axis represents the imaginary part. When n = 0, the CPE behaves as an ideal resistor.
On the other hand, if n = 1, then CPE behaves as an ideal capacitor with a phase shift of π/2. Finally,
if 0 < n < 1, then CPE behaves as a non-ideal capacitor which combines the properties of a resistor
and capacitor together.

Figure 2.13: Impedance plot of CPE.

By replacing one of the capacitors with CPE, the equivalent circuit will be represented as shown in
Figure 2.14. Following the same circuit analysis that has been done before, gives:

Z ′
P V = Rs + R2

1 + ω2R2
2C2

2
+

R2
1Y0ω−ncos( nπ

2 ) + R1

(R1Y0ω−n + cos( nπ
2 ))2 + sin2(( nπ

2 )
(2.22)

Z ′′
P V = ωLs − ωR2

2C2

1 + ω2R2
2C2

2
−

R2
1Y0ω−nsin( nπ

2 )
(R1Y0ω−n + cos( nπ

2 ))2 + sin2(( nπ
2 )

(2.23)
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Figure 2.14: Simplified equivalent circuit with a CPE component under AC conditions.





3
Experimental method

In this chapter, the method and experimental setup that were used for this thesis are described. In
section 3.1, the PV cells used for this study will be introduced and discussed. Then, the experimental
setup will be shown and explained in details in section 3.2. Finally, the fitting procedure of the equivalent
model will be presented and illustrated in section 3.3

3.1. Cell laminates used for this experiment
For this study, two single-cell laminates from distinct c-Si PV cell technologies, specifically IBC (In-
terdigitated Back Contact) and PERC (Passivation Emitter Rear Contact), were utilized as shown
in Figure 3.1. Table 3.1 shows the corresponding laminated stacks for each cell. This table provides
details on the materials and metallization structure employed in various laminates. The abbreviation
”BB” represents busbar, ”BC” indicates back-contacted, and ”WBS” stands for a white backsheet from
Icosolar PPF. The glass plates utilized are low Fe borosilicate glass without an anti-reflection coating.
Commercially available EVA and TPO are used as encapsulants. To connect the cells to external setups,
commercially available 0.2 mm × 0.5 cm Cu PV ribbons coated with eutectic SnBi solder are used.

Table 3.1: Materials and metallization structure used to laminate the PV cells.

IBC PERC
Mono (M)/Bifacial (B) M B
Cell area (cm2) 153 122.15
Front glass glass
Front encapsulant EVA TPO
Metal front side - 9BB
Active layer IBC PERC
Metal back side BC 9BB
Rear encapsulant EVA TPO
Back WBS glass

22
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(a) (b)

(c) (d)

Figure 3.1: Photos of IBC and PERC cells used in this thesis project: (a) IBC cell laminate (front), (b) PERC cell
laminate (front), (c) IBC cell laminate (back) and (d) PERC cell laminate (back).

Furthermore, the Enlite solar cell analysis system in the ESP lab at TU Delft was utilized to measure
the J-V curves of the two single-cell laminates which are shown in Figures 3.2 and 3.3. These J-V curves
were measured in STC and dark conditions and the corresponding STC parameters are presented in
Table 3.2.

Figure 3.2: J-V curves of the single-cell laminates in
STC conditions.

Figure 3.3: J-V curves of the single-cell laminates in
dark conditions.
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Table 3.2: STC parameters of the single-cell laminates investigated in this study, determined using the Enlite solar cell
analysis system.

IBC PERC
Isc (A) 5.571 3.743
Voc (mV) 714.6 642.1
Impp (A) 5.17 3.49
Vmpp (mV) 619.5 539
Efficiency (%) 20.93 15.41
Fill Factor (%) 80.45 78.33
Jsc (mA/cm2) 36.41 30.64
Rs (mΩ) 6.69 6.87

3.2. Impedance spectroscopy setup
The laminates employed in this study cannot be effectively characterized using conventional impedance
spectroscopy setups. This is due to the fact that in dark conditions, the DC currents for the large-area
cells surpass 0.5 A at DC bias voltages near 0.6 V. The commercial setups cannot operate within the
necessary frequency range, which extends beyond 5 kHz, and are not equipped to analyze devices at
high DC current and low DC voltage levels [16]. In order to evaluate the cells across a broad range
of voltages, an impedance spectroscopy setup was developed in the Photovoltatronics Lab at the TU
Delft. A diagram of this setup is depicted in Figure 3.4. In this setup, the Agilent 33250A function
generator (FG) is used to establish the small-signal sinusoidal waveforms while a Keithley 2651A source
measurement unit (SMU) is used to set the DC bias voltage (VDC). The Keithley 2000 Multimeter
is utilized to monitor the DC voltage of the PV cell. To combine VDC with the sine wave signal, an
OPA549 op-amp, configured as a non-inverting summing amplifier (IC1), is incorporated and powered
by the EA-OS 2042-20 B power supply with 24V. Furthermore, this op-amp protects the function gen-
erator from high currents when the PV cell is operating under illumination. The 100kΩ resistors placed
between the FG, SMU, and the positive input of the op-amp are employed to limit the current flowing
through the op-amp. The additional 100kΩ resistors connected to the negative input of IC1 serve to
maintain the gain of the op-amp at a value of 1. This ensures that the input signal applied to IC1
undergoes no amplification or attenuation before reaching the PV cell. The output of IC1 is connected
to the positive contact of the PV cell. On the negative contact of the PV cell, another op-amp (IC2) is
added and supplied by EA-OS 2042-20 B power supply with 24V to regulate the voltage at the negative
contact of the cell. The 1Ω resistor positioned between the negative cell contact and the negative input
of IC2 serves a stabilizing function within the circuit. Meanwhile, the second 1Ω resistor acts as a load.
In this configuration, the op-amp replicates the voltage from the positive input to the negative input.
At the positive input of IC2, a second power supply (PS2) was employed to set the value at the negative
cell contact to 12V. This implies that when VDC is adjusted to 12V, there is no voltage drop across the
PV cell, and if VDC is set to 12.5V, the voltage of the PV cell becomes 0.5V, and so on. The inclusion
of IC2 in this configuration was driven by practical considerations. Without IC2, a bidirectional power
supply would be required if the negative cell contact were directly connected to ground. Finally, it is
important to highlight that when the PV cell is exposed to light, the current flows from the PV cell
to the ground through IC1. Conversely, when the PV cell operates in the absence of light, the current
flows to the ground through IC2.
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Figure 3.4: Overview of the in-house designed impedance spectroscopy setup. The power supplies 1 (PS1) and 2 (PS2)
are both of the type EA-OS 2042-20, while the function generator (FG) is an Agilent 33250A. The opamp (OP) is of the

type OPA-549 and is connected in non-inverting summing (IC1) and inverting (IC2) configurations. The source
measurement unit (SMU) is used to set the bias voltage. The current probe (CP) is an Yokogawa 702916 connected to
channel A of the EG&G Instruments 7260 DSP lock-in amplifier (LA1). Furthermore, the voltage probes (VPA) and

(VPB) are connected to the positive and negative contacts of the PV cell, repectively. On the other side, VPA and VPB
are connected to channel A and B of the Signal Recovery 7225 DSP lock-in amplifier (LA2). The temperature controller
(TC) is of the type Thermo Scientific Polar Series Accel 500 LC. Finally, the temperature sensor (TS) is of the type RS

pro type T used to measure the PV cell temperature which could be read by the computer (PC).

As one of the primary objectives of this study entails investigating the influence of temperature on PV
cell impedance, a temperature control system with 80×80cm plate, namely the Thermo Scientific Polar
Series Accel 500 LC, has been employed. This system facilitates controlled cooling and heating of the
PV cell. Concurrently, a temperature sensor, specifically an RS pro type T thermocouple, has been
utilized to monitor the cell’s temperature dynamics. The sensor, characterized by a probe diameter of
1/0.2mm, can be directly affixed to the rear surface of the cell without causing any impairment during
the lamination process. It is worth noting that this worked successfully only for PERC cell, whereas
the IBC cell sustained damage during lamination. Consequently, the thermocouple was attached on the
outside of a new laminate that do not include a thermocouple in the lamination stack as demonstrated
in Figure 3.1c and 3.1d. To assess the accuracy of the sensor, an experiment was conducted, revealing
a deviation of ±3°C. Importantly, the operational scope of this temperature sensor spans from -75°C
to 250°C [19], which is suitable for the scope of this research. To read the temperature accurately, the
sensor has been integrated with a computer (PC) and dedicated software has been employed to achieve
this purpose. To investigate the influence of illumination on the PV cell, a white LED was employed
for this purpose. Figure 3.5 shows the AM1.5 spectral irradiance (shown in blue) and the irradiance
of the white LED at 1.7A and 28.4V (depicted in red) as a function of wavelength. It is worth noting
that the right y-axis belongs to the LED spectrum with µW/cm2/nm as a unit, while the left y-axis
represents the spectral irradiance and its unit is W/m2/nm. Furthermore, it is observed that the white
LED emits photons within the wavelength range of 350 to 850 nm, whereas solar irradiance covers a
broader spectrum ranging from 300 to 2500 nm.
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Figure 3.5: Spectral irradiance (blue) and white LED irradiance (red) as a function of wavelength.

To achieve precise and high-speed analysis of these signals, the impedance data presented in this
manuscript are derived by analyzing the waveforms with lock-in amplifiers. The Yokogawa 702916
current probe (CP) is used to measure the sinusoidal current signal î, which is linked to a EG&G
Instruments 7260 DSP lock-in amplifier (LA1). Meanwhile, the Signal Recovery 7225 DSP lock-in
amplifier (LA2) is used to record the sinusoidal voltage signal v̂, where channel A’s voltage probe is
connected to the positive contact of the solar cell, and channel B’s voltage probe is connected to the
negative side. The A-B setting of the lock-in amplifier measures the difference between the two input
voltages. Since the voltage and current signals are measured separately, parasitic cable effects are min-
imized in a manner comparable to four-terminal sensing [16]. The reference channel for both lock-in
amplifiers is linked to the function generator, allowing for the extraction of the RMS amplitude and the
phase shift of both v̂ and î with respect to the function generator waveform.

The frequency-dependent impedance characteristics of PV cells were investigated within a frequency
range spanning from 5 Hz to 120 kHz. The upper boundary of this range was determined by the
maximum frequency capability of the 7260 DSP lock-in amplifier. Furthermore, an in-house developed
LabView software was used to set the amplitude of v̂, perform frequency sweeps with the function gener-
ator and record the measured values from the lock-in amplifiers. The level of automation implemented
guarantees the reproducibility of experiments while mitigating the occurrence of human errors.
To obtain accurate and correct results, the applied sinusoidal signal v̂ about a DC operating point
should be sufficiently small to maintain the linearity of the response since solar cells are nonlinear
devices [20, 21]. According to previous studies, v̂ should be between 10 mVpp and 28 mVpp in order to
execute impedance spectroscopy on c-Si PV cells and avoid nonlinearities [8, 14, 20, 21, 22, 23, 24]. It
is important to mention that nonlinearities are expected to have a greater impact on measurements at
DC bias points, where the I-V curve displays the most curvature [16]. According to [16], the excessive
amplitude v̂pp has a notable impact on the recorded impedance data. Nonlinearities at higher amplitudes
result in an underestimation of impedance, a phenomenon that diminishes with increasing frequency.
Nevertheless, maintaining a minimum amplitude is necessary to ensure a favorable signal-to-noise ratio
during measurements for both v̂ and î. Particularly around zero bias on a PV cell with high shunt
resistance, the current signal imposes limitations in this regard. In this study, the amplitude is adjusted
based on the DC bias voltage, while v̂pp is consistently kept below 1.5 mVpp around the knee voltage
of the I-V curve.
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3.3. Fitting of the equivalent model
As discussed earlier, the impedance spectroscopy (IS) setup was used to obtain the impedance data.
However, these data do not specify the values of the components of the equivalent circuit (shown in
Figure 2.12). In order to do this, complex nonlinear least-squares (CNLS) analysis was used to fit the
impedance data. CNLS is a method used to fit a mathematical model to a set of data points. The
goal is to find the set of model parameters that minimize the difference between the observed data
points and the values predicted by the model. The method uses an optimization algorithm to adjust
the parameters until a best fit is achieved [25]. In this section, the method and CNLS algorithm will
be introduced and explained. In Section 3.3.1, the fitting quality will be discussed. Then, Section 3.3.2
offers insights into the challenges and the fitting approach applied in this thesis work. Finally, the initial
values and boundary conditions are described in Sections 3.3.3 and 3.3.4. It is important to note that
many of the information in this section was taken from [16].

3.3.1. Evaluation of the fitting quality
In order to assess the fitting quality, two metrics were used in this study. The first metrics is the Root
Mean Square Error (RMSE), which can be calculated using the following equation:

RMSE =
√∑n

i=1(Xexp − Xmodel)2

n
(3.1)

where Xexp is the experimentally recorded data, Xmodel is the value that is predicted by the model with
the best-fit circuit element values, and n represents the number of data points. The second metrics is
Normalized Root Mean Square Error (NRMSE), which is calculated as follows:

NRMSE = RMSE

Xexp,max − Xexp,min
(3.2)

where Xexp,max and Xexp,min are the highest and lowest value of the experimentally recorded dataset,
respectively. In this study, the fitting quality of impedance data is evaluated using both RMSE and
NRMSE. These two metrics differ in how they scale or normalize the error, which makes them suitable
for different purposes. For example, NRMSEM is used for assessing the fitting quality of the magnitude,
NRMSER for the real part of the impedance, and NRMSEX for the complex part of the impedance.
The purpose of normalization is to enable a fair comparison between impedance measurements obtained
at different DC bias voltages. Notably, the magnitude of the impedance exhibits significant differences
between low and high bias voltages. While the magnitude, resistance, and reactance are represented on
linear scales, the phase is depicted on a periodic scale, which repeats after a certain value. As a result,
RMSEθ (Root Mean Square Error for the phase) was directly used without normalization to assess the
fitting quality for the phase.

3.3.2. Challenges in fitting procedure and fitting approach
As previously discussed, Figure 2.12 illustrates the equivalent model that characterizes the dynamic
behavior of the PV cell. This model is essential for fitting the impedance data gathered from the exper-
imental setup. Nevertheless, it is imperative to address specific challenges and factors to enhance the
optimization of the fitting process.

The first challenge to consider is the behavior of RLH-CLH loop at varying VDC. According to [14], the
RLH-CLH loop remains undetected at low VDC since the impedance of RLH-CLH loop is insignificantly
small compared to Rj-Cj loop at such low voltages. Consequently, the impedance of the Rj-Cj loop
dominates the PV impedance, resulting in a Nyquist spectrum characterized by a semicircular shape.
At higher VDC, the impedance of the RLH-CLH loop becomes non-negligible which leads to a spectra
that deviates from the semicircle [8].

The second challenge to consider is the impedance of Ls. At low VDC, Ls has an insignificantly low
impedance. This scenario could lead the solver to optimize the fit by essentially short-circuiting the
inductor within the circuit leading to an overestimated Rs value. Therefore, Rs should not be fixed
at a specific value; rather, it should be able to vary based on VDC. As a result, Rs lower and upper
boundaries were applied and chosen to be 0.5 × Rs,Enlite and 2 × Rs,Enlite, respectively, where Rs,Enlite is
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the value obtained from the Enlite measurments. The determination of this range was predicated upon
prior research concerning the dependency of Rs on VDC [26]. On the other hand, Ls impedance becomes
higher at higher VDC leading to more realistic fitting values since it becomes less challenging to detect Ls.

The third challenge to consider is the voltages at which RLH-CLH loop becomes considerably high com-
pared to Rj-Cj loop. The voltage ranges where this happens is between 300mV and 450mV depending
on the type of PV cell, temperature and illumination level. This challenge is the most complex one
and in order to solve it, some modifications in the model are required. This will be explained in more
details in the next chapter.

In order to solve these challenges or reduce their impact and optimize the fitting, boundary conditions
were introduced and applied. Both the initial values and the boundary conditions will be specified and
explained in Section 3.3.3 and 3.3.4. Applying the boundary conditions could improve the fitting by
avoid obtaining too low or too high values that have no physical validity. In this work, the fitting
procedure goes as follows: at the beginning, a generalized PN fitting is performed which assumes that
the equivalent circuit consists of only Rj-Cj loop, resulting in global fitting values. Indeed, this works
properly for low VDC values. For higher VDC, the second stage of the fitting procedure, full model
fitting, is activated. In this stage, the equivalent model will consist of both Rj-Cj and RLH-CLH loops.
Furthermore, the global fitting values obtained by the first stage will be used as initial values in the
second stage. Additionally, boundary conditions are applied in this stage to optimize the fitting.

Finally, to assess the most suitable model, both error metrics from Section 3.3.1 are employed. This
process goes as follows:

1. the fitting values of PN fitting is only accepted if NRMSEM, NRMSER, and NRMSEX are less
than 0.015. Furthermore, the value of RMSEθ should be lower than 2.5. In this case, only the
values of Rj-Cj loop are documented. However, if any of these criteria are not met, the procedure
advances to step 2.

2. The full model fitting will be used if one the previous conditions is not met. In this case, a
comparison will be made between the full model fit and the PN fit. If the full model fit can
achieve at least a 5% improvement in any of the previously unsatisfactory error metrics from step
1, the full model fit will be chosen. Otherwise, the PN fit is chosen.

The specific procedures employed for both PN fitting and full model fitting are outlined in Sections 3.3.3
and 3.3.4, respectively. As the optimal fit values obtained through CNLS analysis can be influenced by
the initial parameter approximations, both the initial estimates and boundary conditions are provided.

3.3.3. Initial values of PN model
During the PN fitting process, the fit is conducted using the subsequent initial values:

• The initial value for Rj is adopted from the impedance data obtained by experimentation. Specif-
ically, the magnitude recorded at the lowest frequency point within the characterization range is
utilized. This magnitude represents the ratio between the amplitude of the voltage and current
signals.

• The initial value for Cj is set at 10 µF.

3.3.4. Initial values and boundary conditions of full model
The full model fitting procedure is executed as follows:

1. Initially, a PN junction fit is conducted without considering the LH junction. The initial values
for the parameters are set as follows:

• Initial values for Rj and Cj remain consistent with those outlined in Section 3.3.3.
• The initial value for Rs is adopted from the Enlite measurement presented in Table 3.2.
• The initial value for Ls is set at 100 nH. The outcomes derived from this initial fit are

subsequently denoted as Rs,init, Ls,init, Cj,init, and Rj,init.
2. Subsequently, a fitting process is executed employing all circuit elements illustrated in Figure 2.12.

The initial values and boundary conditions are as summarized in Table 3.3:



Table 3.3: PV cell components with their initial values, lower and upper bounds.

PV cell component Initial value Lower bound Upper bound
Rj Rj,init 0 ∞
Cj Cj,init 0 ∞

RLH 0.02×Rj,init 0 ∞
CLH 0.2×Cj,init 0 ∞
Rs Rs,Enlite 0.5×Rs,Enlite 2×Rs,Enlite
Ls 100nH 0 ∞



4
Results and discussion

In this chapter, the results obtained from the experiments will be presented and discussed. In Section
4.1, the Nyquist plots will be shown and analyzed. Then, the effect of temperature and illumination on
the capacitive impedance of the PV cell will be discussed in Section 4.2. Finally, more results regarding
the CPE model will be illustrated and studied in Section 4.3

4.1. Nyquist spectra
In this section, the Nyquist spectra of IBC and PERC cell laminates are studied and analyzed. In order
to evaluate the values calculated by the CNLS algorithm, it is important to study the behavior and
shape of the Nyquist plots. At the beginning, the Nyquist spectra at 30◦C and in absence of light are
considered as a reference and will be analyzed in Subsection 4.1.1. Then, in Subsection 4.1.2 the effect
of temperature on the Nyquist spectra will be studied. Subsequently, the impact of illumination on the
Nyquist spectra will be discussed in Subsection 4.1.3. Finally, the influence of both temperature and
illumination at high frequencies and VDC will be introduced and explained in Subsection 4.1.4.

4.1.1. Nyquist spectra in dark and at 30◦C
Initially, in Figure 4.1, the Nyquist spectra of the IBC cell at 30°C and in absence of light are presented.
These spectra were generated with applied VDC ranging from 0mV to 650mV. The colored dots on the
plot represent experimental data at various frequencies, while the black lines represent CNLS fits of this
data based on the equivalent circuit illustrated in Figure 2.12. The data points start from the right side
with the lowest applied frequency and extend to the left, forming a semi-circular shape as the highest
frequency is reached. In the Nyquist plot, the Z′ -axis corresponds to the real part of the impedance,
while the Z′′ -axis corresponds to the imaginary part associated with the junction/trap capacitance and
inductance [18].

For VDC ranging from 0mV to 200mV (as shown in Figure 4.1a), the PN fitting model is employed
because it provides sufficiently accurate fits. This model consists only of the Rj-Cj loop. This choice
was verified by the error values presented in Table 4.1 as NRMSEM, NRMSER, NRMSEX are below
0.015, and RMSEθ is less than 2.5. In this particular range, the cell is weakly forward-biased, where Cj
≈ Cdep ≫ Cdiff, and Rj ≈ Rsh ≪ Rd. There is (almost) no current (J ≈ 0) flowing through the PN diode
since the PN junction width is relatively high under low forward-bias. Thus, less charge carriers can
diffuse between the n- and p-type semiconductor materials, resulting in relatively high potential barrier
and impedance [3]. Furthermore, it is worth noting that the RLH-CLH loop has a minimal impact on
the total impedance in low forward-bias [14]. In this region, one can deduce that equations 2.19 and
2.20 are satisfied.

By increasing the applied VDC, it is noted that the radii of the Nyquist plots becomes smaller. At
VDC values of 300mV and 350mV (illustrated in Figure 4.1b), the full model fitting has been utilized
to account for the RLH-CLH loop impedance. In this range, the curvature of the plots deviates from
a semi-circular shape. This deviation is attributed to the RLH-CLH loop that appears and becomes

30
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more prominent with increasing VDC. It is important to note that equations 2.19 and 2.20 do not hold
anymore since Rd decreases and Cdiff increases when VDC is increased.

(a) Applied VDC from 0 to 200mV (b) Applied VDC from 300 to 350mV

(c) Applied VDC from 400 to 550mV (d) Applied VDC from 575 to 650mV

Figure 4.1: Nyquist spectra for the IBC cell laminate with VDC gradually increasing from 0mV to 650mV at 30°C and in
dark.

Furthermore, the performance of the equivalent model appears to be suboptimal in this voltage range
and to a lesser extent at 400mV and 450mV. This observation is supported by the RMSEθ values which
are relatively high as shown in Table 4.1. This problem seems to be related to the value of Rs and its
upper bound. By increasing the upper bound, the RMSEθ values were lowered significantly since the
model was more relaxed and able to reach the Rs value that was measured by the experimental setup
as depicted in Figure 4.2. By increasing the upper bound at 450mV from 2×Rs,Enlite to 10×Rs,Enlite,
the RMSEθ decreased to 1.702 while the other error values remain almost the same. This research was
extended to investigate the voltage range in which this phenomenon occurs. The findings indicate that
in the voltage range from 300 to 350mV, solely increasing the upper bound of Rs does not significantly
improve the fitting. This is because, within this range, not only Rs but also the initial values and
boundary conditions of the RLH-CLH loop play a crucial role in achieving a satisfactory fit. Furthermore,
for VDC values of 400, 450, and 500mV, it was observed that the upper bound of Rs had to be set at
30×Rs,Enlite, 10×Rs,Enlite and 4×Rs,Enlite, respectively, in order to achieve a RMSEθ value below 2.5.
Additionally, it is important to mention that this phenomenon is exclusive to IBC cell, as PERC cell
exhibit error values below the suggested threshold values outlined in Chapter 3. This leads to the
conclusion that this phenomenon is closely associated with structural differences between the two types
of PV cells.
Although relaxing the upper bound of Rs reduces the fitting error for IBC cell, it might lead to an
overestimation compared to the actual series resistance of the PV cell. Therefore, it was decided to
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keep the upper bound for Rs at 2×Rs,Enlite. In addition, the fit in Figure 4.2 still shows a small arc
(in green) which is related to RLH,init and CLH,init. However, this relation is more complex as the two
initial values has to be chosen carefully in order to optimize the fitting even further.

Figure 4.2: Nyquist spectrum for IBC cell at 450mV illustrating the effect of the series resistance on the fitting

At 300mV, the significance of the RLH-CLH loop becomes evident. However, this loop’s size diminishes
in comparison to the Rj-Cj loop as the VDC values increase, as illustrated in Figure 4.1. When ex-
amining the Nyquist spectra presented in Figure 4.3a, the impact of the RLH-CLH loop may not be
immediately apparent. Yet, upon closer inspection in the high-frequency range, this effect becomes
more distinct. This effect is revealed better in Figure 4.3b, which displays the Nyquist spectra shape
at VDC = 450 and 500mV. The black arrows point to the regions of the RLH-CLH loop.

(a) Applied VDC at 450 and 500mV (b) Applied VDC from 450 to 500mV (zoomed-in)

Figure 4.3: Nyquist spectra at 30°C and in dark at VDC = 450 and 500mV.

By increasing VDC further from 500 to 650 mV, Cj becomes totally dominated by Cdiff (Cj ≈ Cdiff)
and Rj by Rd (Rj ≈ Rd). The Rj-Cj loop becomes more dominant even at higher frequencies. The
size of Rj-Cj loop increases compared to the RLH-CLH loop as shown in Figure 4.4. Moreover, both
loops go into the negative imaginary part region of −ZPV

′′ . This means that there is a change in phase
from negative to positive due to the increase of the inductive reactance at such high frequencies and
VDC values. At these conditions, the impedance of both R-C loops decreases while the impedance of
Ls increases. As stated by [14], the value of Rs is notably influenced by VDC, which is also observed
in Table 4.1. Figure 4.4 illustrates that ZPV

′ (including Rs) fluctuates both upward and downward
at higher frequencies and VDC. However, the used fitting model is insufficient to account for these
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fluctuations. This phenomenon might be related, in part, to the influence of the experimental setup
on the measured impedance. In other words, the measurement does not only represent the impedance
of the PV cell, but might be influenced by the other connected components such as the opamps and
cables. Furthermore, it was noticed that VDC fluctuates by ± 0.5mV during the frequency sweep, which
can lead to fluctuations in Rs and therefore overestimating its value. Another aspect to consider is the
effect of the chosen model. Consequently, an alternative model will be presented and discussed in the
following sections to evaluate its ability for improving the fitting accuracy. Finally, it is important to
note that the Nyquist spectra (at 30°C and in absence of light) and best-fit values for PERC cell can be
found in Appendix B.1. Furthermore, it is worth mentioning that there are some significant differences
between the IBC and PERC cells. For example, the applied VDC on PERC cell was only up to 550mV
as it has a lower Voc than that of IBC. Also, the RLH-CLH loop starts to appear at different VDC ranges.
However, the same explanation used for IBC cell holds for PERC taking into account the different VDC
ranges.

Figure 4.4: Nyquist spectrum at 619.5mV and 30°C in dark illustrating the effect of high VDC (close to Voc) on the
fitting

Table 4.1: Best-fit values for the IBC cell laminate in dark and at 30°C.

VDC (mV) Cj (µF) Rj (Ω) CLH (µF) RLH (mΩ) Rs (mΩ) L (nH) NRMSEM (-) RMSEθ (-) NRMSER (-) NRMSEX (-)
0 0.57 66.88 - - - - 0.0138 0.8418 0.0132 0.018
100 0.63 56.45 - - - - 0.0061 0.8133 0.0059 0.0126
200 0.71 35.62 - - - - 0.0048 0.6061 0.0045 0.0062
300 1.195 20.74 1.119 1275.2 3.345 75.3 0.0140 5.1221 0.0158 0.0315
350 4.391 14.65 2.392 3782.7 8.233 64.6 0.0100 4.5390 0.0137 0.0235
400 18.60 13.95 7.756 1338.8 13.38 108.2 0.0050 9.9276 0.0065 0.0095
450 101.2 11.35 57.26 259.5 13.38 129.5 0.0056 11.589 0.0053 0.0127
500 550.9 6.134 400.2 40.3 13.38 145.7 0.0076 4.6069 0.0064 0.0206
550 2119 1.843 119.1 6.411 10.32 150.7 0.0128 1.7915 0.0042 0.0234
575 3694 0.867 50.01 3.036 8.819 147.7 0.0057 1.7942 0.0049 0.0123
600 6119 0.395 90.00 0.005 9.894 147.2 0.0077 2.7127 0.0071 0.0135
619.5 9199 0.196 8.792 0.033 10.11 101.5 0.0162 7.0072 0.0222 0.0161
625 10174 0.167 29.23 0.558 8.118 147.4 0.0144 3.3980 0.0143 0.0156
650 16771 0.070 1.606 0.405 7.792 147.1 0.0127 3.9205 0.0243 0.0087
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4.1.2. Effect of temperature on Nyquist spectra
To examine how temperature impacts the PV cell impedance, it is crucial to understand the underlying
theory. When the temperature increases, the Fermi-Dirac distribution function will increase meaning
that electrons will be able to occupy more energy states and be more distributed [3]. Furthermore, the
intrinsic carrier concentration (ni) will increase as described in the following equation [27]:

ni = αT 3/2 exp
(

−Eg

2kbT

)
(4.1)

where α is a constant that depends on the effective masses of electrons and holes in the conduction
and valence bands of Si, respectively and Eg, the bandgap of the semiconductor material which has
a negligible temperature dependence [27]. In addition, the increase in ni results in an increase in the
saturation current (J0) according to the following equation [3]:

J0 = qn2
i

(
Dn

LnNa
+ Dp

LpNd

)
(4.2)

where q is elementary charge, Dn and Dp are diffusion coefficients for n and p-type semiconductor ma-
terials, respectively. Furthermore, Ln and Lp are the electron and hole diffusion lengths, respectively.
Finally, Na and Nd are the concentration of acceptor and donor atoms per cm3, respectively. In conclu-
sion, at higher temperatures, ni increases which results in a higher J0. This will decrease Voc according
to the relationship described in equation 2.1.

Figure 4.5 shows three Nyquist spectra for the IBC cell in absence of light, at VDC = 619.5mV (maxi-
mum power point voltage at STC for IBC) and T = 30, 45, 60°C. From this figure, it is observed that
the diameter of the semicircle decreases once the temperature is increased. In other words, the sum of Rj
+ RLH + Rs decreases. Furthermore, increasing the temperature leads to a smaller arc. To understand
this behavior, it is important to start with the I-V curves corresponded to these three temperatures.
From Figure 4.6a, it can be concluded that the I-V curve shifts to the left with increasing temperatures.
This shift is due to the increase in ni which results in a higher current as discussed earlier. As an
effect of this increase, the impedance of the cell decreases. It is important to note that the diameter of
the Nyquist spectrum corresponds to the slope of the I-V curve. To verify this, one can calculate the
decrease in impedance using R = dV/dI and the values shown in Figure 4.6b. This gives the following
results: R30°C ≈ 0.20Ω, R45°C ≈ 0.088Ω and R60°C ≈ 0.041Ω. Additionally, The Nyquist spectra start
at Z′

PV,30°C = 0.204Ω, Z′
PV,45°C = 0.095Ω and Z′

PV,60°C = 0.047Ω which represent Rs + Rj + RLH
at low frequency. Dividing R30°C/R45°C and R45°C/R60°C yields reduction fractions of 2.3 and 2.15,
respectively. Similarly, applying this approach to Z′

PV,30°C/Z′
PV,45°C and Z′

PV,45°C/Z′
PV,60°C results

in reduction fractions of 2.15 and 2.02. Upon comparing these ratios, slight discrepancies of around 0.15
and 0.13 become evident. These disparities could be related to the following factors: firstly, althought
Z′

PV ≈ Rs + Rj + RLH, the other components, namely Cj and CLH still have a relatively small effect
even at low frequency according to equation 2.17. Secondly, since the experimental setup was respon-
sible for the Nyquist spectra, while the I-V curves were measured using a different device, this could
lead to variations attributed to measurement errors.

Finally, this explanation also holds for PERC cell despite the deviations in cell area, impedance values
and VDC ranges. The Nyquist spectra and I-V curves for PERC cell can be found in Appendix B.2. It
is important to note that fitting the data for both cells becomes more difficult at higher temperatures
as shown in Figure 4.5 and B.2 due to the reasons that have been discussed earlier.
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Figure 4.5: Nyquist spectra of IBC cell in dark, at 619.5mV and different temperatures.

(a) (b)

Figure 4.6: (a) I-V curves of IBC cell in dark, at VDC = 619.5mV and T = 30, 45, 60°C and (b) I-V curves (zoomed-in).
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4.1.3. Effect of illumination on Nyquist spectra
Such as temperature, light intensity can also affect the PV cell impedance. To illustrate this, three
Nyquist spectra are plotted for the IBC cell at T = 30°C, VDC = 200mV and different light intensities
as shown in Figure 4.7. From this figure, it is observed that the radii of the semi-circular shape be-
comes smaller and the curvature of the Nyquist spectrum deviates from the semi-circular shape when
the light intensity is increased. Thus, the impedance decreases as the intensity is increased. This is
mainly related to the effective voltage drop over the PN junction which becomes higher than VDC as
the cell is illuminated. The decrease in impedance can also be verified using the I-V curves shown in
Figure 4.8. By applying the same approach used before at 200mV, the following ratios were obtained:
Rdark/R250 and R250/R500 yields reduction fractions of 1.26 and 1.24, respectively. Similarly, applying
this approach to Z′

PV,dark/Z′
PV,250 and Z′

PV,250/Z′
PV,500 results in reduction fractions of 1.26 and 1.23.

It is worth noting that at higher light intensity, the RLH-CLH loop becomes more prominent even at low
VDC (200mV in this case). When the PV cell is illuminated, Rsh ≈ Rj becomes smaller at low forward
bias voltages. This was verified by calculating Rsh around 0V using the I-V curves. Consequently, the
RLH-CLH will be detectable at lower voltages compared to dark measurements.

Another aspect to consider is the fitting of the data. In the voltage ranges where the LH junction
impedance is relatively high compared to the PN junction impedance, the fitting encounters challenges
to find the optimal values. These challenges are related to the chosen boundary conditions and initial
values which have to be adjusted manually to obtain better fitting values. Finally, to examine the
illumination effect on PERC cell, three Nyquist spectra were plotted as shown in appendix B.3. In
contrast to IBC cell, the fitting model does not encounter any problem to fit the data of the PERC cell.
However, it is obvious that the data of PERC cell under illumination contains more noise, especially at
low frequencies. This noise could be related to the relatively high impedance of PERC cell compared
to IBC. In other words, the same applied sinusoidal signal v̂pp on both cells results in a smaller îpp for
PERC cell.

Figure 4.7: Nyquist spectra of IBC cell at VDC =
200mV, T = 30°C and intensity = 0, 250 and

500W/m2.

Figure 4.8: I-V curves of IBC cell at 30°C and
intensity = 0, 250 and 500W/m2.
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4.1.4. Effect of temperature and illumination at high frequency and DC voltages
As illustrated in Figures 4.4 and 4.5, the gathered data exhibit an unusual trend at higher frequencies
and VDC. To investigate this phenomenon, Nyquist spectra for both cell laminates were plotted at VDC
= 619.5 and 539mV (maximum power point voltages at STC for IBC and PERC, respectively), various
temperatures and illumination levels, as demonstrated in Figures 4.9 and 4.10.

Firstly, the effect of temperature was explored. This entailed collecting data in the absence of light and
at temperatures of 30, 45, and 60°C. As illustrated in Figure 4.9a, the temperature’s impact in this
range was found to be limited. Conversely, Figure 4.9b demonstrates a clear shift in impedance for the
PERC cell. Furthermore, it is important to note that the high frequency impedance data for the IBC
cell are closer to each other around Z′′

PV = 0Ω, unlike the PERC cell. However, this discrepancy is
linked to VDC, as other IBC data (at VDC = 500mV) also displayed variations in Z′

PV values at Z′′
PV

= 0Ω. Altering the VDC leads to a different Rs value, consequently causing a distinct position along
the Z′

PV-axis.

(a) IBC (b) PERC

Figure 4.9: Nyquist spectra of IBC and PERC cells in dark, at VDC = 619.5 and 539mV, respectively and T = 30, 45,
60°C (zoomed-in).

To investigate the impact of illumination at high voltages and frequencies, Figure 4.10 has been gen-
erated. From this figure, it is observed that the level of illumination shows a notable effect on the
impedance behavior. For both types of cell laminates, the fluctuations in impedance decrease and
the data exhibit greater stability as the illumination level increases. The reason behind this increased
stability is still unclear yet. However, it is suspected that increasing the illumination decreases the
fluctuations in VDC which results in a more stable Rs at high frequencies and VDC.

Finally, as mentioned earlier, this phenomenon at high frequencies and VDC could be related to the ex-
perimental setup. It is suggested that at low impedance and high frequencies, the connected components
such as the opamps and cables affect the measurement and lead to instability.
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(a) IBC (b) PERC

Figure 4.10: Nyquist spectra of IBC and PERC cells at VDC = 619.5 and 539mV, respectively, T = 30°C and in dark,
250 and 500W/m2 (zoomed-in).
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4.2. Capacitance results
This section will introduce and explain the capacitive impedance of IBC and PERC cells. Various plots
will be presented to depict the effects of temperature, illumination, and applied voltage on the junction
capacitance. Finally, the effect of temperature and illumination on the maximum power point (MPP)
and junction impedance at this point will be studied and discussed.

4.2.1. Temperature-dependent variation of Cj
In Figure 4.11, the junction capacitance (Cj) is plotted as a function of temperature for IBC and PERC
cell laminates. The plots were made at 0, 539 and 619.5mV since 539 and 619.5mV are the MPP’s for
PERC and IBC cells under STC, respectively. Furthermore, the temperature range was chosen to be
between 25 and 60°C with 5°C intervals. Additionally, the experiment was performed in absence of light
and under 500W/m2. From Figure 4.11a and 4.11c, it is noted that Cj increases as the temperature
is increased. However, the rate of increment depends on the condition in which the cell is operating.
For example, at 0W/m2 and 0mV the impact of temperature on Cj is negligible compared to data at
619.5mV as shown in Figure 4.11a. Moreover, by comparing the data at 0W/m2 and 0mV (blue line)
with 500W/m2 and 0mV (red line), it is also noted that the impact is insignificant. On the other hand,
at 0W/m2 and 619.5mV (green line) and at 500W/m2 and 619.5mV (black line) the impact is higher.
Thus, the effect of temperature on Cj increases at higher applied voltages. To understand this behavior,
it is important to remember that at low VDC, Cj is dominated by Cdep while at high VDC by Cdiff. As
explained earlier, ni increases with increasing temperatures according to equation 4.1. This increase
will influence Vbi according to the following equation [3]:

Vbi = kBT

q
ln

(
NaNd

ni2

)
(4.3)

So, ni increases with temperature increase which decreases Vbi. Consequently, Cdep (see eq. 2.14) will
increase due to the decrease of Vbi while the other parameters are kept constant.
At high VDC, Cj ≈ Cdiff. According to eq. 2.15, Cdiff is directly dependent on ni and therefore it will
increase as the temperature increases. It is worth noting that Cdiff has a stronger dependency on ni
compared to Cdep, therefore Cj increases at a higher rate with temperature increase as shown in Figure
4.11a. Furthermore, it is important to mention that the data points at 55 and 60◦C of the black line
shown in Figure 4.11a were fitted for f ≤ 10kHz because the equivalent model was not able to find
suitable fitting-values for higher frequencies data. Similarly, this also holds for the data points at 50,
55 and 60◦C of the green line.

Finally, the same explanation holds for PERC cell plots demonstrated in Figure 4.11b. It is important
to note that at 539mV, 0W/m2 and 60°C, the model was not able to find suitable fitting-values. In
addition, an attempt was made to fit the data with lower frequencies but the obtained value was
relatively low. Therefore, it was decided to ignore this value.
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(a) IBC (b) PERC

(c) IBC (zoomed-in) (d) PERC (zoomed-in)

Figure 4.11: Cj as a function of temperature for IBC and PERC cells at different VDC and illumination levels.

4.2.2. Illumination-dependent variation of Cj
In order to study the impact of illumination on Cj, the intensity versus Cj is plotted as illustrated in
Figure 4.12. The plots are taken at intensities from 0 to 500W/m2 with 100W/m2 intervals for IBC cell
while it goes from 0 to 700W/m2 with 100W/m2 intervals for PERC cell. Since PERC cell generates
less current compared to IBC cell, it was possible to reach 700W/m2 without the need to shorten the
distance between the LED and the cell which results in a non-uniform illumintaion. Furthermore, the
plots are taken at the same voltages as for the temperature sweep experiment and at 30 and 60°C.
Similarly, Cj ≈ Cdep at 0mV while for 619.5 and 539mV, Cj ≈ Cdiff. In general, the illumination does
not affect Cj directly according to eqs. 2.14 and 2.15. However, at higher light intensity, additional
electron-hole pairs are generated at each side of the PN junction. This results in a higher charge in the
depletion region. Consequently, the width of the depletion region will decrease leading to a higher Cj
value [28]. This relation could also be explained by Mott-Schottky expression [14]:

Cj ≈

√
ϵ|q|N

2(Vbi − Vj)
(4.4)

where N is the doping concentration and equals Nd or Na depending on the cell type, Vj is the voltage
drop over the PN junction. By increasing the illumination level, Vj will increase resulting in a higher Cj.
It is important to note that this equation only holds at low bias voltages where Cj ≈ Cdep. Furthermore,
by comparing Figure 4.12a and 4.12b it is observed that illumination affects IBC cell more than PERC
cell at 0mV. This is due to the differences in doping concentrations of the selective emitter and bulk of
both cells and differences in the generated Vj by the illumination.
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At high forward bias, Cj ≈ Cdiff and the relation between the Cj and the intensity can be described as
follows [14]:

Cj = β exp
(

|q|Vj

nkBT

)
(4.5)

where β is a constant independent of illumination. Similarly, Vj will increase by increasing intensity
leading to an increase in Cj at high forward bias.

Finally, this explanation holds for both cells taking into account the difference in the applied voltage.
Furthermore, the data points at 593 and 619.5mV were executed only for f ≤ 10kHz in order to obtain
reasonable fitting-values.

(a) IBC (b) PERC

Figure 4.12: Cj as a function of intensity for IBC and PERC cells at different VDC and temperatures.
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4.2.3. Voltage-dependent variation of Cj
The relation between Cj and VDC is another aspect to investigate in this thesis project. Figure 4.13
shows the Cj-VDC plots in absence of light and at T = 30, 45 and 60°C for IBC and PERC cells. For
both cells, it is observed that Cj in high forward bias increases exponentially with increasing VDC due
to the exponential dependency of Cdiff on VDC (see eq. 2.15). In Figure 4.13, it is again observed
that Cj increases with a higher rate at high forward bias compared to low forward bias. The impact
of temperature is higher at high VDC ranges since the temperature affects Cdiff stronger than Cdep as
explained before. In Figure 4.13a, it is worth noting that the data points at 619.5, 625 and 650mV
(at 60◦C) and at 625 and 650mV (at 45◦C) are fitted until f ≤ 10kHz in order to obtain reasonable
fitting-values. Similarly, the data point for PERC cell at 539mV (at 60◦C) was also fitted until f ≤
10kHz. This indicates that at 539mV the equivalent model was unable to fit the data while 550mV was
fitted properly. This suggests that the data could be influenced by the experimental setup.

(a) IBC (b) PERC

Figure 4.13: Cj as a function of VDC for IBC and PERC cells in absence of light and at different temperatures.

Another important part to investigate is the impact of illumination on the Cj-VDC relation. In Figure
4.14, Cj-VDC plots are shown for different illumination levels. Starting with the high VDC region, it is
noted that the illumination slightly affects Cdiff for both cells. For PERC cell, illumination shows even
a smaller impact at the low VDC region as shown in Figure 4.14b. On the other hand, for IBC cell,
the illumination affects Cdep (at low VDC) more than Cdiff (at high VDC) as depicted in Figure 4.14a.
This could be related to the differences in the structure and doping concentrations of IBC compared to
PERC cell. Furthermore, it could be due to the fitting model which becomes less accurate for IBC cell
at higher illumination levels and low forward bias voltages as shown in Figure 4.7.

(a) IBC (b) PERC

Figure 4.14: Cj as a function of VDC for IBC and PERC cells at 30◦C and different illumination levels.
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4.2.4. MPP experiment
When the illumination level, temperature or both are changed, the MPP of the PV cell will change
accordingly. This is observed on Figures B.5 and B.6 in Appendix B.4, where the power is shown as a
function of voltage. More specifically, VMPP decreases with increasing temperature, while it increases
with increasing illumination level as depicted in Figure 4.15. When the temperature rises, ni and J0
increase accordingly, leading to a lower Voc as discussed earlier. Similarly, Voc decreases with decreas-
ing illumination levels as Voc = Vj + VLH, where VLH is the voltage drop across the LH junction [14].
This decrease in Voc leads to a decrease in VMPP. As a result, Cj will also change due to its dependency
on the applied voltage. Therefore, it is essential to study the behavior of Cj at the MPP of different
conditions. Figure 4.16 shows two plots presenting the temperature on horizontal axis, illumination on
vertical axis and Cj represented as a color. From both plots, it can be concluded that increasing the
intensity (while maintaining a consistent temperature), leads to a significant increase in Cj. This can
be explained using Figure 4.15 which shows how VDC,MPP increases with increasing illumination. Since
Cdiff is exponentially dependent on VDC, Cj increases significantly (according to eq. 2.15). Additionally,
increasing the temperature (while keeping the intensity constant) also increases Cj due to the increment
in ni as mentioned earlier. However, this increment in Cj is low compared to the increment caused by
the illumination since increasing the temperature leads to a lower VDC,MPP as shown in Figure 4.15.
Moreover, it is observed that increasing the temperature and ni has more impact on Cj than the reduced
VDC,MPP due to the same temperature increment.

Finally, this experiment revealed that, on average, Cj increases by approximately 1.03 times for every
10◦C rise in temperature and by roughly 1.29 times for every 100W/m2 increase in irradiance for IBC
cell. Furthermore, for PERC cell, Cj increases by approximately 1.1 and 1.57 times for every 10◦C and
100W/m2 increment, respectively. In this experiment, the minimum Cj values are 45µF and 3.1mF for
PERC and IBC, respectively. According to [11], the minimum required input capacitance of a DC-DC
boost converter can be calculated as follows:

Cin = ImppγIL

8VmppγVmpp
f

(4.6)

where Impp is the current at MPP, γIL the inductor current ripple factor, Vmpp the voltage at MPP,
γVmpp voltage ripple at MPP and f the switching frequency. To calculate Cin for IBC and PERC cells,
the values of Impp and Vmpp in Table 3.2 has been used. Furthermore, by setting f at 100kHz, γIL at
10% and γVmpp at 1% (typical values) [11], the following results were obtained: Cin,IBC ≈ 104µF and
Cin,PERC ≈ 81µF. Since Cin,IBC < 3.1mF and Cin,PERC > 45µF (see Figure 4.16a and 4.16b), it can be
concluded that a single IBC cell has a higher potential than a single PERC cell to be used as an input
capacitor. However, the capacitance of a PERC cell string could be high enough to serve as an input
capacitor even at low illumination levels and temperatures.

(a) (b)

Figure 4.15: VDC,MPP as a function of intensity at different temperatures for (a) IBC and (b) PERC.
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(a) (b)

Figure 4.16: A heatmap of Cj at different temperatures and illumination levels for (a) IBC and (b) PERC cells.



4.3. CPE Nyquist spectra 45

4.3. CPE Nyquist spectra
In section 2.5, the CPE component was introduced and explained. The first intention was to include
and apply this component in the equivalent circuit in order to improve the fitted data. In the following
section, some results of the new proposed model will be presented and discussed.

In order to study the effect of CPE component on the fitting, specific impedance data were selected
namely, for IBC cell at 600mV, 30°C and under an illumination of 500W/m2. The IBC cell was selected
as its fitting showed more deviations than the fitting of PERC under higher illumination. At the begin-
ning, all the equivalent model components shown in Figure 2.14 were considered as fitting parameters.
The initial value of n was set at 0.5. Furthermore, the lower and upper bounds of n were equal to 0 and
1, respectively. However, the model was not able to fit the data properly. Therefore, another approach
was used to perform the fitting. So, all the fitting parameters were fixed except n. Then, the data was
fitted with different n values ranging from 0 to 1 with 0.2 intervals as shown in Figure 4.17a. It was
noted that for 0.5 < n < 0.6, the fitting could be optimized as shown in Figure 4.17b. Therefore, the
lower and upper bounds were adjusted to 0.5 and 0.6, respectively. Furthermore, the initial value of n
was set at 0.55. This trial and error process was repeated many times where the upper bound was fixed
to 0.6, while the initial value of n and the lower bound were changed every time. At the end, the n
parameter was fitted by the CNLS algorithm at n = 0.592 as illustrated in Figure 4.18. To evaluate the
fitting of the new model, the error values of the old and new model were compared to each other. As
a result, it was noted that RMSEθ and NRMSER reduced from 3.234 and 0.0103 to 1.931 and 0.0060,
respectively. This significant reduction can be seen in Figure 4.19 which compares the fitting of the
original model and the CPE model. It is also noted that the CPE component provides more freedom
to the model to fit the variations in the high frequency range of the impedance spectrum.

(a) (b)

Figure 4.17: Impedance data for IBC cell at 600mV, 500W/m2 and 30◦C with, (a) n = 0 to 1 and (b) n = 0.5 to 0.6.
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(a) (b)

Figure 4.18: Impedance data for IBC cell at 600mV 500W/m2 and 30◦C with, (a) n = 0.592 and (b) n = 0.592
(zoomed-in).

Although the CPE model shows promising results, more research has to be done in order to improve
it. One of the challenges in the current CPE model is the fitting-values, especially the value of the
CPE component. The model is unable to find accurate fitting-values automatically since there are
many fitting parameters which increases the complexity of the model. It was mentioned earlier that
all the fitting parameters were fixed except n. These values were taken from an initial fitting trial and
error process. The obtained CPE value was 524.8kF which has no physical meaning. From a further
investigation, it was noted that the CPE value could decrease by changing the boundary conditions
and initial values of the other parameters or by decreasing the upper bounds of the CPE component.
Additionally, an attempt was made to find a global value for n and consequently use it as an initial
value. However, this effort did not achieve success. It is also important to note that there could have
been instances of undiscovered implementation errors in the model which could lead to such high CPE
values.

(a) (b)

Figure 4.19: Impedance data for IBC cell at 600mV, 500W/m2 and 30◦C illustrating the difference between the fitting of
the original model and the CPE model with, (a) complete figure and (b) zoomed-in.

Finally, an attempt was made to improve the model by replacing the second R-C loop with another
R-ZCPE loop. In other words, the model will consist of two R-ZCPE loops, Rs and Ls connected in
series. Furthermore, two approaches were used to fit the data. The first approach was by assuming
that the n parameter is the same for both CPE components, while the second approach assumed that
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each CPE component has its own n value. Also, there were more attempts to change the value of n
manually in order to optimize the fitting. However, these attempts did not achieve success and resulted
in high error values. Again, there could have been instances of undiscovered implementation errors in
the model which could lead to such high error values. In conclusion, a fitting model with one CPE
component shows more promising results compared to two CPE components model. Furthermore, this
model requires more research in order to optimize the new fitting model.





5
Conclusion and recommendations

In this thesis, the influence of temperature and illumination on the impedance of the IBC and PERC cell
laminates has been examined and analyzed. In this chapter, the main findings of this thesis project will
be summarized, aligning them with the research objectives outlined in Section 1.6. The main conclusions
derived from this study will be addressed in Section 5.1, followed by recommendations regarding future
research on optimization and improvement possibilities in Section 5.2.

5.1. Conclusions
The first objective of this research was to determine an appropriate impedance model that can describe
the dynamic electrical behavior of c-Si PV cells under real-world operating conditions. As a starting
point, a commonly used model which consists of two R-C loops, Rs and Ls has been utilized. The model
was used to fit impedance data at different temperatures and illumination levels. Firstly, the impedance
data at 30◦C, in absence of light and various VDC have been chosen as a reference to examine the used
model. Under these conditions, the model seems to perform well which can be verified by the low error
values. However, at a specific range, where RLH-CLH loop impedance is relatively high compared to
Rj-Cj loop impedance, the fitting model was less accurate. This was also verified by the calculated error
values. This problem is mainly observed for IBC cell which is presumably related to differences in the
design and doping concentrations of this cell compared to PERC cell. Secondly, the fitting model was
examined in absence of light, different VDC and at different temperatures, namely T = 30, 45 and 60◦C
to study the impact of the temperature on the Nyquist spectra. As a result, it was concluded that the
impedance decreases with increasing temperatures. This was also verified by analyzing the slope of the
I-V curves. In addition, it was observed that the fitting model becomes less accurate at high VDC and
higher temperatures. For instance, at T = 60◦C and VDC = 619.5mV (MPP of IBC), the model was
not able to fit the data. This observation is valid for both cell laminates. Thirdly, the fitting model was
also tested at different illumination levels to understand how illumination affects the Nyquist spectra.
This was done at T = 30◦C, different VDC values and intensity = 0, 250 and 500W/m2. Similarly
to temperature experiment, it was observed that the impedance decreases with increasing illumination
levels. Moreover, it was noted that the fitting model becomes less accurate at VDC = 200mV and higher
intensities, since the RLH-CLH loop impedance becomes more prominent compared to Rj-Cj impedance
even at low bias voltages. This phenomenon is associated with Rsh which decreases at higher illumina-
tion levels. Fourthly, it was noted that the impedance data exhibit an unusual trend at high VDC and
high frequencies. This trend affects the fitting process significantly, resulting in less accurate results.
The main reason of this phenomenon is still uncertain but it might be related to the influence of the
experimental setup on the measured data. Up until now, it can be concluded that the used fitting model
operates with sufficient accuracy at only specific conditions. Furthermore, in order to fit the impedance
data at higher temperatures and illuminations levels, the current model has to be modified. Therefore,
a new model was proposed which uses a CPE component instead of a capacitor. The CPE component
is capable of explaining the deviations from ideal behavior in cell capacitances resulting from disordered
junctions or systems with traps at different energy levels and spatial regions. The new model consists of
R-C loop, R-ZCPE loop, Rs and Ls. This model was tested on IBC cell at 600mV, 30◦C and 500W/m2.

49
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As a result, the error values were reduced significantly compared to the other fitting model. However,
the fitting values obtained by this model had no physical meaning, especially the value of CPE itself. In
conclusion, although the model with CPE component shows promising results, it still requires further
research to optimize it such that it can find reasonable values for the fitting parameters automatically.

The second objective of this thesis was to asses the impact of temperature on the impedance of a single
solar cell. To study this, experiments were executed at T = 25 to 60◦C with intervals of 5◦C, in absence
of light and at an illumination of 500W/m2. Furthermore, two VDC values were chosen for each cell,
namely 0 and 539mV, and 0 and 619.5mV for PERC and IBC cells, respectively. Then, the PN junction
capacitance (Cj) was plotted as a function of temperature. In conclusion, for IBC cell at high forward
bias and in dark conditions, Cj increased from 7.6mF at 25◦C to 22.6mF at 60◦C, while it increased
from 0.56µF at 25◦C to 0.61µF at 60◦C at low forward bias. Similarly, for PERC cell, at high forward
bias and in dark conditions, Cj increased from 0.19mF at 25◦C to 2.4mF at 55◦C (data at 60◦C was not
reliable), while at low forward bias, it increased from 4µF at 25◦C to 4.3µF at 60◦C. These differences
in the increment rates at low and high forward biases are caused by the strong dependency of Cdiff
(≈ Cj at high VDC) on temperature, while the effect of temperature on Cdep (≈ Cj at low VDC) is
negligible. Finally, Cj was plotted as a function of VDC at T = 30, 45 and 60◦C and in absence of light.
From these plots, it was proven that the impact of temperature on Cj is higher at high forward bias
voltages, while it is negligible at low forward bias.

The third objective of this thesis was to investigate how the impedance of a single solar cell changes
under varying illumination levels. For this experiment, Cj was plotted as a function of intensity which
was chosen to span from 0 to 500W/m2 for IBC cell, while it spans from 0 to 700W/m2 for PERC
cell. Additionally, the experiments were executed at T = 30 and 60◦C. Moreover, VDC was chosen to
be 0, 539 (for PERC) and 619.5mV (for IBC). From this experiment, it was observed that for IBC cell
at high forward bias and 30◦C, Cj increased from 9.2mF in dark conditions to 13.8mF at 500W/m2.
Furthermore, for IBC cell and low forward bias, Cj increased from 0.6µF in dark conditions to 3.1µF at
500W/m2. Similarly, for PERC cell at high forward bias and 30◦C, Cj increased from 0.3mF in dark
conditions to 0.7mF at 700W/m2, while it increased from 4.06µF to 4.11µF at low forward bias. In
addition, it was noted that at low forward bias, the increment is higher for IBC cell than PERC. Again,
this difference is mainly associated with the structure and doping concentration differences in bulk and
selective emitter layers between the two cells. Similarly to the second objective, Cj was plotted as a
function of VDC at 0, 250 and 500W/m2 and T = 30 ◦C. In conclusion, the impact of the illumination
on Cj was higher at high forward bias than low forward bias for PERC cell. In contrast, the impact of
illumination on Cj was stronger at low forward bias than high forward bias. This is mainly related to
the cell design and the doping concentrations of the bulk and selective emitter of each cell. Furthermore,
it could also be related to the fitting model which becomes less accurate for IBC at higher illumination
levels and low forward bias.

The fourth objective of this thesis was to examine the impact of temperature and illumination on the
impedance of a PV cell at its maximum power point. To do this, I-V curves were measured to determine
the VDC,MPP values for T = 30 to 60◦C with intervals of 10◦C and for an intensity range spanning from
100 to 500W/m2 with intervals of 100W/m2. Then, Cj at maximum power point voltage was plotted as
a function of temperature and intensity for both cells. From the plots, it is observed that Cj operates
between 3 and 9.5mF for IBC cell, while the range is lower for PERC cell and spans from 0.045 to
0.25 mF. In addition, it was concluded that increasing the intensity (while keeping the temperature
constant), increases Cj more significantly compared to the increase in temperature. Furthermore, Cj
increases approximately by a factor of 1.03 for every 10◦C rise in temperature and by roughly 1.29
times for every 100W/m2 increase in irradiance for IBC cell. Moreover, for PERC cell, Cj increases by
approximately 1.1 and 1.57 times for every 10◦C and 100W/m2 increment, respectively. Finally, the
main goal of this thesis project was to investigate the impact of temperature and illumination on the
Cj to determine whether it can replace the input capacitor of a DC-DC converter. As a result, it was
proven that the Cj of a single IBC cell laminate has a higher potential than a single PERC cell to serve
as an input capacitor. However, the capacitance of a PERC cell string could be high enough to fulfil
this function even at low illumination levels and temperatures. Furthermore, a single PERC cell might
still be useful for other applications such as visible light communication.
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5.2. Recommendations
This section outlines recommendations for future researches. These avenues were not explored during
this thesis project due to time constraints.

Firstly, it is important to verify whether the experimental setup has an impact on the impedance data
at high frequencies and voltages. This recommendation is a priority as it could improve the fitting data
significantly. Furthermore, it might obviate the necessity for a new fitting model.

Secondly, it is essential to further investigate the fitting model in order to obtain accurate fitting values
under different temperatures and illumination levels. Additionally, it is strongly recommended to start
with the proposed CPE model. This model showed a significant potential for improvements due to its
increased flexibility and relaxed nature compared to the currently used model. Furthermore, it would
be valuable to use two CPE components instead of one. However, this might be more complex as more
attention for the initial values and boundary conditions has to be considered.

Finally, it would be interesting to study the behavior of a fitting model that consists of one R-ZCPE loop
and two R-C loops. According to [18], such a model is able to fit the impedance data under different
illumination levels properly.





A
Appendix A

According to the final model shown in figure 2.12, the total impedance of the solar cell can be expressed
as follows:

ZP V = Rs + jωLs+
[
Rj || 1

jωCj

]
+

[
RLH || 1

jωCLH

]
(A.1)

working out equation A.1 gives:

[
Rj || 1

jωCj

]
=

Rj

jωCj

Rj + 1
jωCj

=
Rj

jωCj

1+jωRjCj

jωCj

= Rj

1 + jωRjCj

then we multiply this by 1−jωRjCj

1−jωRjCj
which gives:[

Rj || 1
jωCj

]
=

Rj − jωR2
j Cj

1 + ω2R2
j C2

j

similarly, [
RLH || 1

jωCLH

]
= RLH − jωR2

LHCLH

1 + ω2R2
LHC2

LH

Finally, equation A.1 can be rewritten into the form ZPV = Z’PV + jZ”PV where Z’PV is the resistance
and Z”PV is the reactance:

Z ′
P V = Rs + Rj

1 + ω2R2
j C2

j

+ RLH

1 + ω2R2
LHC2

LH

(A.2)

Z ′′
P V = ωLs −

ωR2
j Cj

1 + ω2R2
j C2

j

− ωR2
LHCLH

1 + ω2R2
LHC2

LH

(A.3)
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B.1. Nyquist plots and best-fit values for PERC cell

(a) Applied VDC from 0 to 350mV (b) Applied VDC from 400 to 475mV

(c) Applied VDC from 500 to 550mV

Figure B.1: Nyquist spectra for the PERC cell laminate with VDC gradually increasing from 0 to 550mV at 30°C and in
dark.

54



B.2. Effect of temperature on the impedance of PERC cell 55

Table B.1: Best-fit values for the PERC cell laminate in dark and at 30°C.

VDC (mV) Cj (µF) Rj (Ω) CLH (µF) RLH (mΩ) Rs (mΩ) L (nH) NRMSEM (-) RMSEθ (-) NRMSER (-) NRMSEX (-)
0 4.061 244.5 - - - - 0.0044 0.6686 0.0052 0.0130
100 4.406 254.3 - - - - 0.0097 0.8827 0.0094 0.0212
200 4.836 207.7 - - - - 0.0066 0.8662 0.0073 0.0198
300 5.515 101.1 - - - - 0.0135 1.1001 0.0137 0.0257
350 6.030 47.73 - - - - 0.0099 1.2851 0.0095 0.0183
400 7.599 15.88 0.0081 5.022 3.490 72.75 0.0054 2.3576 0.0051 0.0103
425 9.778 8.299 0.0003 37.03 6.755 41.51 0.0161 1.4434 0.0136 0.0244
450 15.49 3.831 12.997 81.23 3.435 95.23 0.0074 0.9721 0.0070 0.0093
475 29.93 1.692 12.605 74.38 3.467 117.1 0.0053 0.9741 0.0052 0.0079
500 65.45 0.741 13.783 46.81 4.090 120.3 0.0092 1.0379 0.0092 0.0085
525 157.6 0.310 16.184 22.24 8.542 118.6 0.0072 1.4170 0.0068 0.0068
539 288.2 0.161 0.3626 20.47 13.45 79.74 0.0294 5.5924 0.0280 0.0367
550 382.4 0.132 24.140 12.82 9.144 100.8 0.0123 1.9977 0.0124 0.0104

B.2. Effect of temperature on the impedance of PERC cell

Figure B.2: Nyquist spectra of PERC cell in dark, at 539mV and different temperatures.

Figure B.3: I-V curves of PERC cell in dark at VDC = 539mV and T = 30, 45, 60°C.
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B.3. Effect of illumination on the impedance of PERC cell

Figure B.4: Nyquist spectra of PERC cell at VDC = 300mV, T = 30°C and intensity = 0, 250 and 500W/m2.

B.4. Effect of illumination and temperature on the MPP of PV cell

Figure B.5: Effect of the illumination level on the power of IBC cell at 30°C.
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Figure B.6: Effect of the temperature on the power of IBC cell at 500W/m2.
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