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A B S T R A C T

To achieve a high performance in sub-module power conditioning circuits, it is important that power converters
are designed in accordance with the photovoltaic (PV) cell impedance at the input. Taking this one step
further, exploiting the impedance of cell strings could even support novel power conditioning approaches in
PV modules. In this work, we characterize the impedance of eight single-cell laminates based on different
industrial c-Si PV cell architectures. This characterization is carried out by impedance spectroscopy in dark
conditions at room temperature, and the capacitive and inductive effects are evaluated through equivalent
model fitting. By comparing the results for the different laminates, it is revealed how the cell design affects its
impedance. Our experiments show that the PN junction capacitance at maximum power point varies for the
different cells between 0.30 and 45.6 μF/cm2. The two main factors contributing to a high PV cell capacitance
at maximum power point are (i) a low wafer dopant concentration and (ii) a high maximum power point
voltage. In high-efficiency c-Si PV cells that will be fabricated in the coming years, increasing capacitances
are expected for operation near the maximum power point. Furthermore, the single-cell laminates exhibit
inductances between 63 and 130 nH, and our results indicate that the inductance is mostly affected by the
number of busbars and the geometry of the metal contacts.
. Introduction

Photovoltaic (PV) modules based on crystalline silicon (c-Si) cell
echnology dominate the market [1]. The PV industry mainly produces
-Si-based modules with standardized designs, aimed at producing
lectricity at low cost under uniform irradiation [2]. However, this
onventional design is not optimal in locations where partial shading
ccurs frequently, such as in urban environments. In these places, the
nergy yield can be increased up to 25%–30% by making use of so-
alled shade tolerant PV modules [3,4]. One of the methods to increase
he shade tolerance of a PV module is to implement maximum power
oint tracking (MPPT) at sub-module level [5–7]. This approach allows
he operating point of groups of solar cells to be adapted without affect-
ng the operation of the other cells in the PV module. To achieve a high
erformance in such power conditioning circuits, it is important that
he converter is designed in accordance with the solar cell impedance at
he input [8]. Taking this one step further, exploiting the impedance of
V cell strings could even support novel power conditioning approaches
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in PV modules. For example, it has been demonstrated that using self-
capacitance for power balancing among different cells can potentially
become cost effective [9]. Furthermore, in different types of power
converters, an input capacitor is used to reduce the ripple voltage at
the input of the converter [10]. If such a converter were used in a
PV module to implement MPPT at cell or sub-module level, the self-
capacitance of the solar cells could potentially fulfill the function of
this input capacitor [11]. Since the capacitor is typically one of the
least reliable components in power converters [12], this approach can
increase reliability. It was even proposed to extend this concept to low
power applications by also exploiting the inductive effects in a PV cell
string [13].

To assess the feasibility of the above-mentioned applications, a
detailed understanding of the impedance in modern industrial c-Si solar
cells is crucial. Impedance spectroscopy is an established method for
characterizing the impedance of nonlinear electronic devices such as
solar cells [14]. Various impedance spectroscopy studies on c-Si PV
vailable online 5 August 2023
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Fig. 1. Photos of the single-cell laminates used for this study. The details of the
lamination stacks are presented in Table 1.

cells have already been published, in which dynamic equivalent circuits
of the PV cells are typically fitted to the experimental impedance data.
For example, several studies have been performed for small-area c-Si
PV cells up to 32 cm2 [8,15–23]. Moreover, there are several reports
in the context of fault detection in which impedance spectroscopy
is performed on larger cells and modules [24–27]. Furthermore, the
authors of [28] have characterized capacitive effects in modern PV
modules by performing direct and reverse 𝐼–𝑉 measurements with
a pulsed solar simulator. However, their method does not take into
account frequency-dependent effects and is intended to evaluate the
minimum pulse time required for an accurate 𝐼–𝑉 measurement.

In the present manuscript, the impedance of single-cell laminates
made with eight different commercial c-Si PV cells are character-
ized. Among these cells, the main available architectures, such as
Aluminium Back Surface Field (Al-BSF), Passivated Emitter and Rear
Contact (PERC), Tunnel Oxide Passivated Contact (TOPCon), Inter-
digitated Back Contact (IBC), and Silicon Heterojunction (SHJ) are
included. To the best knowledge of the authors, this is the first work in
which the impedance of such a broad range of large-area industrial cells
is systematically compared. The measurements are carried out in dark
conditions with an in-house designed impedance spectroscopy setup.
Furthermore, the capacitive and inductive effects of the cell laminates
are evaluated through equivalent model fitting, and the differences are
explained by analyzing the underlying physics. This way, it is revealed
how the dynamic behavior of a c-Si solar cell is affected by its design.

2. Experimental method

2.1. Cell laminates used for this study

For this study, single-cell laminates were manufactured using eight
different industrial c-Si PV cells. The laminates are shown in Fig. 1,
and the exact corresponding laminated stacks are presented in Table 1.
It is worth noting that the different cells varied in size, as well as in
metallization patterns.

For all of the laminates in Fig. 1, I-V measurements were carried
out in Standard Test Conditions (STC) as well as dark conditions, which
are presented in Fig. 2 and Fig. 3, respectively. These I-V scans were
performed using a LOANA solar cell analysis system [29]. The corre-
sponding STC parameters are presented in Table 2, where the global
series resistance is found from comparing the J sc–V oc measurement
with light-IV and the double light method [29].

2.2. Impedance spectroscopy setup

Commercial impedance spectroscopy setups are typically not suit-
able to characterize the laminates used in this study. For the large-area
cells, DC currents higher than 0.5 A are already exceeded in dark
2

Fig. 2. I-V curves of the single-cell laminates in STC conditions, as characterized using
a LOANA solar cell analysis system.

Fig. 3. I-V curves of the single-cell laminates in dark conditions, as characterized with
a LOANA solar cell analysis system.

conditions at DC bias voltages around 0.6 V. The characterization of
devices at such high DC current and relatively low DC voltage levels
using commercial setups is incompatible with the frequency range of
interest, which extends into the kHz range (>5 kHz). To characterize
the cells in a wide voltage range, an in-house impedance spectroscopy
setup was designed, which is schematically represented in Fig. 4. The
DC bias and the small-signal sinusoidal waveforms are set through
an Agilent 33250 A function generator. The DC voltage on the PV
cell is measured using a Keithley 2000 Multimeter. To increase the
output current capability of the function generator, an OPA549 op-amp
supplied by two EA-OS 2042-20 B power supplies is used in power
buffer configuration. For accurate and high-speed analysis of these
signals, the impedance data reported in this manuscript are obtained
by analyzing the waveforms through lock-in amplifiers. The sinusoidal
current signal 𝑖 is measured using a Yokogawa 702916 current probe
that is connected to a Signal Recovery 7225 DSP lock-in amplifier. The
sinusoidal voltage signal �̂� is recorded through an EG&G Instruments
7260 DSP lock-in amplifier, where the voltage probe of channel A is
connected to the positive contact of the solar cell, and the voltage probe
of channel B to the negative side. By using the A-B setting of the lock-in
amplifier, the difference between the two input voltages is measured.
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Table 1
This table elaborates on the materials and metallization structure that were used for the different laminates. Each row corresponds to one of the laminates in Fig. 1. The term
busbar is abbreviated by BB, SmartWire by SW, back-contacted by BC, and a white backsheet from Icosolar PPF by WBS. The SW connection uses round wires with a 200 μm core
and a eutectic SnBu solder coating. The glass plates that are used are low Fe borosilicate glass without anti-reflection coating and the encapsulants are commercially available
EVA and TPO. The ribbons that are used to connect the cells to external setups are commercial 0.2 mm × 0.5 cm Cu PV ribbons with a eutectic SnBi solder coating.

Laminate ID Mono (M)/
Bifacial (B)

Cell area
(cm2)

Front Front
encapsulant

Metal front
side

Active layer Metal back
side

Rear
encapsulant

Back

Al-BSF-1 M 153 glass EVA 2BB Al-BSF 2BB EVA WBS
Al-BSF-2 M 244.3 glass EVA 3BB Al-BSF 3BB EVA WBS
Al-BSF-3 M 244.3 glass EVA SW, 19 W Al-BSF 4BB EVA WBS
PERC B 126 glass TPO 9BB PERC 9BB TPO glass
TOPCon-1 B 126 glass TPO 9BB TOPCon 9BB TPO glass
TOPCon-2 B 126 glass TPO 5BB TOPCon 5BB TPO glass
IBC M 153 glass EVA – IBC BC EVA WBS
SHJ B 244.3 glass TPO SW, 22 W SHJ SW, 22 W TPO glass
Table 2
STC parameters of the single-cell laminates used for this study, as characterized with a LOANA solar cell analysis system.

Laminate ID J sc (mA/cm2) V oc (mV) FF (%) 𝜂 (%) V mpp (mV) Impp (A) Rs (Ω cm2)

Al-BSF-1 38.92 637.6 73.44 18.22 506.2 5.51 1.35
Al-BSF-2 38.66 641.3 76.71 19.02 521.4 8.91 1.10
Al-BSF-3 38.65 643.2 73.75 18.33 505.8 8.86 1.65
PERC 39.18 688.1 81.35 21.93 586.6 4.71 0.55
TOPCon-1 38.96 694.7 80.30 21.73 588.6 4.65 0.72
TOPCon-2 33.54 695.1 79.34 18.50 587.4 3.97 0.65
IBC 42.25 680.7 76.97 22.14 566.1 5.98 0.85
SHJ 36.52 743.0 81.52 22.12 635.8 8.50 0.94
Fig. 4. Overview of the in-house designed impedance spectroscopy setup used for this
study. Power supplies 1 (PS1) and 2 (PS2) are both of the type EA-OS 2042-20 B.
The function generator (FG) is an Agilent 33250 A, whereas the op-amp (OP) is of
the type OPA-549 and is connected in power buffer configuration. Lock-in amplifier 1
(LA1) and 2 (LA2), are a Signal Recovery 7225 DSP and a EG&G Instruments 7260
DSP, respectively. The current probe (CP) is a Yokogawa 702916, and is connected
to channel A of LA1. Voltage probe VPA, which is connected to the positive contact
of the PV cell, is analyzed through channel A of LA2. Voltage probe VPB, which is
connected to the negative side of the PV cell, is analyzed through channel B of LA2.

Since the voltage and current signals are measured separately, parasitic
cable influences are limited in a way that is similar to four-terminal
sensing. For both lock-in amplifiers the reference channel is connected
to the function generator, making it possible for both �̂� and 𝑖 to extract
the rms amplitude and the phase shift relative to the function generator
waveform.

The impedance of the PV cells is characterized in a frequency
range between 5 Hz and 120 kHz. This upper bound is limited by
the maximum frequency of the 7260 DSP lock-in amplifier. Setting the
DC bias voltage on the PV cell, performing frequency sweeps with the
function generator, and recording the values from the lock-in amplifier
were done through an in-house developed Labview program. This level
of automation ensures repeatability of the experiments and minimizes
human error.
3

Since solar cells are nonlinear devices, the amplitude of the sinu-
soidal signal �̂�pp that is applied about a DC operating point should be
sufficiently small to maintain the linearity of the response [15,16]. In
previous work, �̂�pp values between 10 mVpp and 28 mVpp are typically
chosen for impedance spectroscopy measurements on c-Si PV cells to
avoid nonlinearities [8,15–20]. It is worth noting that nonlinearities
are most likely to affect measurements in DC bias points where the I-V
curve exhibits the most curvature. For example, to evaluate the effect
of nonlinearities on the impedance measurements performed with the
setup in this work, the IBC cell is characterized at V DC = 550 mV with
a varying amplitude �̂�pp. It can be seen in Fig. 3 that this operating
point corresponds to a relatively strong curvature in the dark I-V curve.
In Fig. 5, the impedance data are presented for a frequency range
between 25 Hz and 5 kHz in the form of Nyquist impedance spectra.
In such a representation, the real part of the impedance is shown on
the horizontal axis and its imaginary part on the vertical axis, both in
Ohm (Ω). It can be seen how a too high amplitude �̂�pp indeed affects
the recorded impedance data. Specifically, nonlinearities at higher
amplitudes lead to an underestimation of the impedance, and such
underestimation becomes smaller with increasing frequency. However,
for both �̂� and 𝑖, a minimum amplitude is required to maintain a good
signal-to-noise ratio during a measurement. Especially around zero bias
on a PV cell with a high shunt resistance, the current signal is limiting
in this respect. In this work, the amplitude is varied depending on the
DC bias voltage, where �̂�pp is always kept below 3 mVpp around the
knee voltage of the dark I-V curve.

3. Theory

3.1. PN junction impedance

The diode current that flows across a PN junction is based on the
diffusion of charge carriers across the depletion region. By applying the
abrupt junction approximation, which assumes that there is an abrupt
discontinuity in space charge density between the space charge region
and the neutral semiconductor region, an analytic expression can be
derived for the current–voltage characteristic of a PN junction [30]:

𝐼d = 𝐴

[

𝑞𝑛2i
√

𝐷n +
𝑞𝑛2i

√

𝐷p
]

[

exp
(

𝑞𝑉F
)

− 1
]

(1)

𝑁a 𝜏n0 𝑁d 𝜏p0 𝑛𝑘𝑇
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𝑣

Fig. 5. Experimentally recorded Nyquist spectra for the IBC cell at a DC bias voltage
of 𝑉 DC = 550 mV. The spectra were characterized at a varying peak-to-peak amplitude
̂pp of the small sinusoidal signal, as indicated in the legend.

where 𝐴 is the cross-sectional area of the PN junction, 𝑞 is the elemen-
tary charge constant, 𝑛i is the intrinsic carrier concentration, and 𝑁a
and 𝑁d are the acceptor and donor concentrations. 𝐷p and 𝐷n are the
diffusion constants of holes and electrons, 𝜏p0 and 𝜏n0 are the minority
charge carrier lifetimes, and 𝑉F is the applied forward-bias voltage. The
parameter 𝑛 is called the ideality factor, and varies from 𝑛 ≈ 1 for low
forward bias voltage to 𝑛 ≈ 2 for large forward bias voltage. Finally, 𝑘
and 𝑇 are the Boltzmann constant and temperature, respectively.

Furthermore, as the capacitive behavior of c-Si solar cells origi-
nates in their junctions, it is worth reviewing the two main capacitive
components of which any PN junction is constituted. The depletion
capacitance is the capacitance that is associated with the ionized donor
and acceptor atoms in a depletion region of a PN junction. It is
influenced by the dopant concentrations and the applied voltage, since
these factors affect the depletion region width and charge density. The
depletion capacitance can be expressed by the following equation if the
abrupt junction approximation is applied [30]:

𝐶dep = 𝐴

√

𝑞𝜖s𝑁a𝑁d

2
(

𝑉bi + 𝑉R
) (

𝑁a +𝑁d
) (2)

where 𝜖s is the permittivity of the semiconductor, 𝑉bi the built-in
potential, and 𝑉R is the applied reverse-bias voltage.

The diffusion capacitance is the capacitance that is associated with
the build-up of minority carrier charge in the quasi-neutral regions.
The diffusion current has an exponential dependence on the applied
forward bias voltage. The diffusion capacitance can be expressed by the
following equation if the abrupt junction approximation is applied [30]:

𝐶dif =
𝑞2𝑛2i 𝐴
2𝑘𝑇

(
√

𝐷p𝜏p0

𝑁d
+

√

𝐷n𝜏n0
𝑁a

)

exp
(

𝑞𝑉F
𝑘𝑇

)

(3)

It is worth noting that this expression for the diffusion capacitance
only holds when the assumptions 𝜔𝜏p0 ≪ 1 and 𝜔𝜏n0 ≪ 1 are
valid [30], where 𝜔 is the radian frequency of the small signal. Above
this characteristic frequency, the minority carrier excess densities are
no longer able to follow the AC signal and the 𝐶dif contribution to the
total capacitance relaxes [31].

As can be deduced from Eqs. (2) and (3), the total capacitance
exhibited by PN junctions is dominated by the depletion capacitance
at low applied forward bias voltages. At higher voltages, the total ca-
pacitance becomes dominated by the exponentially increasing diffusion
capacitance, although also the depletion capacitance increases because
of the term 𝑉 + 𝑉 in the denominator.
4

bi R
3.2. Dynamic equivalent solar cell model

There are typically two junctions present in c-Si solar cells, which
are the PN junction and the low-high (LH) junction. Notably, modern
solar cells are increasingly adopting passivating contacts [32]. For
instance, in SHJ structures the band bending is induced by doped amor-
phous Si layers [33,34]. Moreover, there have even been demonstra-
tions of dopant-free selective contacts with a MoOx hole collector [35].
Considering the rise of passivating contacts, it is important to mention
that both passivating and non-passivating carrier selective contacts
typically obey the same current–voltage characteristic from Eq. (1).
This holds true for passivating contacts only when they are highly
selective, resulting in minimal voltage losses in the contact region. In
solar cells these conditions are usually achieved due to their carrier
selective contacts with appropriate work functions and high-quality
surface passivation [36]. On the contrary, Eq. (1) does not directly
apply to LH junctions. The LH junction establishes a built-in potential
that repels minority carriers from the contacts that collect majority car-
riers. However, since the minority carriers do not switch into majority
carrier after crossing the LH junction, the space charge region does not
develop into a depletion region. Thus, an important difference between
PN junctions and LH junctions is that the LH junction does not exhibit a
high diffusion resistance in reverse bias [37], whereas the PN junction
around zero bias voltage does show such a high diffusion resistance
that the practical resistance of the PN junction becomes limited by the
shunt resistance [38]. Additionally, the absence of a depletion region
in the LH junction implies that its capacitance only shows the behavior
of a diffusion capacitance, and not that of a depletion capacitance [20].

Using the concepts described above, a dynamic equivalent solar
cell model can be defined. In this work, the equivalent circuit in
Fig. 6(a) is used to fit the experimental impedance data recorded for
the different laminates. The circuit contains two parallel RC-circuits, a
series resistance 𝑅𝑠, and an inductor 𝐿𝑠. The 𝑅j–𝐶 j loop corresponds
to the PN junction, and the 𝑅LH–𝐶LH loop to the LH junction of the
PV cell. To relate the components in Fig. 6(a) to the physics in the
PV cell, Fig. 6(b) is included. When comparing these circuits, it can be
observed that 𝑅j denotes the parallel of the diode resistance 𝑅d and
the shunt resistance 𝑅sh. Moreover, 𝐶 j represents the net capacitance
of 𝐶dep and 𝐶dif. Furthermore, the inductor 𝐿𝑠 in Fig. 6 accounts for
the inductive reactance in the laminate, which is mostly a result of
the current traveling through the interconnection and cell metallization
and is most prominent in the high frequency end of the impedance
spectrum.

3.3. Equivalent model fitting

The impedance of the circuit in Fig. 6(a) is described by the follow-
ing equation:

𝑍PV = 𝑗𝜔𝐿s + 𝑅s +

[

𝑅j ∥
1

𝑗𝜔𝐶j

]

+
[

𝑅LH ∥ 1
𝑗𝜔𝐶LH

]

(4)

where 𝑗 denotes the imaginary unit, 𝑅j is the PN junction resistance,
and 𝐶 j is the PN junction capacitance. Eq. (4) can be rewritten into the
form 𝑍PV = 𝑍′

PV + 𝑗𝑍′′
PV with the resistance 𝑍′

PV and the reactance 𝑍′′
PV

being defined as follows:

𝑍′
PV = 𝑅s +

𝑅j

1 + 𝑅2
j 𝜔

2𝐶2
j
+

𝑅LH

1 + 𝑅2
LH𝜔

2𝐶2
LH

(5)

𝑍′′
PV = 𝜔𝐿s −

𝑅2
j 𝜔𝐶j

1 + 𝑅2
j 𝜔

2𝐶2
j
−

𝑅2
LH𝜔𝐶LH

1 + 𝑅2
LH𝜔

2𝐶2
LH

(6)

In Eq. (6), the occurrence of negative or positive signs can be
attributed to the distinct behavior of current and voltage in capacitors
and inductors. Specifically, in a capacitor, the current leads the voltage,
resulting in a negative sign, whereas in an inductor, the current lags
behind the voltage, leading to a positive sign. To determine the values



Solar Energy Materials and Solar Cells 260 (2023) 112486D.A. van Nijen et al.
Fig. 6. (a) Electrical equivalent model used in this study to fit the experimentally
recorded impedance data of the single-cell laminates. The 𝑅j–𝐶 j and 𝑅LH–𝐶LH loops
represent the impedance of the junctions in the PV cell. 𝑅s and 𝐿s denote the series
resistance and inductance, respectively. (b) A more detailed equivalent circuit that
clarifies how the 𝑅j–𝐶 j loop corresponds to the cell physics. It is shown that 𝑅j
represents the parallel of the diode resistance 𝑅d and shunt resistance 𝑅sh, whereas
𝐶 j is constituted of the parallel of 𝐶dep and 𝐶dif.

of the circuit parameters in Fig. 6(a) at any DC operating voltage V DC,
Eqs. (5) and (6) are simultaneously fitted to the recorded impedance
data through complex nonlinear least-squares (CNLS) analysis [39].
For the fitting procedure, the MATLAB lsqcurvefit solver is used, with
the fitting parameters being 𝐶 j, 𝑅j, 𝐶LH, 𝑅LH, 𝐿s, and 𝑅s. It is worth
noting that at low V DC values, the Nyquist spectra of the different
laminates closely resemble semi-circles, which implies that the 𝑅j–
𝐶 j loop dominates the total PV impedance. At higher bias voltages,
the Nyquist spectra deviate from the semi-circular shape due to the
combined influence of the other components from Fig. 6(a). For the
CNLS analysis in this work, a PV model consisting of only the 𝑅j–𝐶 j
loop is used at low V DC values, whereas the full model from Fig. 6(a)
is used at higher V DC values. To determine from which V DC value
it becomes necessary to use the full impedance model, it is checked
whether the fitting quality with only the 𝑅j–𝐶 j loop exceeds certain
error thresholds. In this work the error metrics Root Mean Square Error
(RMSE) and Normalized Root Mean Square Error (NRMSE) are used,
which are further explained in Appendix A. Furthermore, a detailed
description of the fitting procedure is presented in Appendix B.

4. Results and discussion

The impedance of each cell laminate was characterized from short-
circuit to well above V mpp in steps of maximum 0.1 V. In Fig. 7, the
experimentally recorded impedance data for the IBC laminate, as well
as the CNLS fits to the data are presented. This same procedure was
followed for the other seven laminates, and the resulting values for
all the circuit elements in the PV dynamic model are presented for
varying V DC in Appendix C. In the remainder of this section, the most
important findings are summarized. The focus is on the best-fit values
for the 𝑅j–𝐶 j loop and 𝐿s of the dynamic equivalent circuit in Fig. 6(a).
Since these circuit elements constitute the main fraction of the total PV
impedance, they are the most physically relevant and can be fitted with
the highest accuracy.
5

Fig. 7. Nyquist spectra for the IBC cell recorded at various DC voltages. The symbols
represent experimental data and the lines are CNLS fits to the data using the circuit
model of Fig. 6(a). In 7(a), the plots of successively decreasing radii were collected at
gradually increasing applied DC bias voltages in the following order: V DC = 100, 200,
300, 350, and 400 mV. In 7(b), the plots of large to small radii correspond to 450,
475, and 500 mV. The plots of successively decreasing radii in 7(c) were recorded at
525, 550, and 566 mV (Vmpp). In 7(d), the plots of large to small radii correspond to
575, 600, and 625 mV.

4.1. PN junction capacitance

Since the 𝑅j–𝐶 j loop dominates the total impedance of the different
cells that were tested, C j has a strong impact on the total impedance.
The areal PN junction capacitance C j

A, which is C j normalized to the
PV cell area, is presented in Fig. 8 as a function of the applied V DC.
As expected from Eq. (3), an exponentially increasing capacitance as
a function of applied V DC is observed in the high forward-bias region.
The slight deviations from this exponential trend can most likely be
explained by the fact that the effective voltage over the 𝑅j–𝐶 j loop is
slightly lower than the applied voltage [20]. Indeed, a small fraction
of the applied voltage drops over 𝑅s, and this fraction increases for
increasing V DC.

It is shown in Eq. (3) that the minority carrier lifetime 𝜏min is one
of the parameters affecting the diffusion capacitance. Indeed, a high
𝜏min is typically mentioned in literature as an important reason for high
diffusion capacitances in high-efficiency cells [28]. To cross-check this
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Fig. 8. The areal C j
A of the cell laminates as a function of applied DC bias voltage,

which is obtained by fitting the circuit in Fig. 6(a) to the experimentally recorded
impedance data through CNLS analysis.

with our results in Fig. 8, it is important to realize that a change in
𝜏min does not affect the slope of the capacitance–voltage (C j

A–V ) curve,
but only shifts the curve horizontally in the high forward-bias region.
Taking into account that the V oc is a good indicator of the minority
carrier lifetime [40], it could be expected that the curves shifted the
most to the left correspond to the cells with the highest V oc. However,
when comparing the results in Fig. 8 to the V oc values in Table 2, no
such trend is observed. On the contrary, for the cell with the lowest V oc
(Al-BSF 1), the C j

A–V curve in the high forward bias region is among
the two cells for which the curve is shifted the furthest to the left. These
results suggest that 𝜏min is not the most important factor affecting the
shape of the C j

A–V curve of c-Si solar cells.
For interpreting Fig. 8, a more useful starting point is the low-

voltage region, where C j
A is dominated by the depletion capacitance

CA
j,dep. As described in Eq. (2), the depletion capacitance is governed

by the dopant concentrations around the PN junction. To further ana-
lyze C j

A in the low-voltage region, it is worth noting that c-Si PV cells
typically exhibit two characteristics that facilitate a simplified analysis.
Firstly, the depletion region of the PN junction usually extends into the
bulk of the wafer. Indeed, in simulated band diagrams of PV cells based
on TOPCon [41] and SHJ technology [42,43], it is shown that the band
bending extends into the bulk of the wafer. Secondly, the substrate
doping density N sub – also known as wafer dopant concentration –
is typically much lower than that of the charge-carrier selective layer
on the other side of the PN junction. When these two conditions are
satisfied, the PN junction can be treated like a one-sided junction,
which is defined as a PN junction where one side is much more heavily
doped than the adjacent side [30]. In that case, the expression for the
depletion capacitance from Eq. (2) simplifies to:

𝐶dep = 𝐴

√

𝑞𝜖s𝑁sub

2
(

𝑉bi + 𝑉R
) (7)

which implies that the depletion capacitance in a c-Si PV cell is pri-
marily determined by N sub and V bi. In fact, both these parameters can
be extracted from the 1∕𝐶2 versus V DC relationship in the bias voltage
region where C j,dep is dominant. Specifically, N sub can be obtained from
the slope of this curve, while V bi can be determined from the voltage
at which a linear fit to the 1∕𝐶2 data crosses zero [30,44]. To extract
these values from the different laminates, capacitance–voltage (C-V )
measurements are conducted at 10 kHz between V R = 2.0 V and V F =
0.3 V. The resulting N sub and V bi values are presented in Table 3.

It appears that among the different laminates, N sub exhibits a much
wider spread than V . Whereas N can vary by as much as a factor
6

bi sub
Table 3
Substrate dopant density N sub and built-in potential V bi of all laminates
as extracted from C-V measurements at 10 kHz between V R = 2.0 V
and V F = 0.3 V. The measurements were carried out using an HP 4284A
precision LCR meter.

Laminate ID N sub (atoms × cm-3) V bi (V)

Al-BSF-1 4.2 × 1014 0.57
Al-BSF-2 1.1 × 1016 0.63
Al-BSF-3 1.0 × 1016 0.64
PERC 2.6 × 1016 0.74
TOPCon-1 4.5 × 1015 0.65
TOPCon-2 1.0 × 1016 0.77
IBCa 4.5 × 1014 0.64
SHJ 5.6 × 1015 0.56

aOnly C-V data between V R = 0.5 V and V F = 0.3 V was used. In the
case of an IBC structure, a too high reverse bias voltage may lead to
interaction between neighboring fingers.

62, the V bi variation is limited to a factor 1.4. Therefore, it can be
concluded that the depletion capacitance in a c-Si PV cell is mainly
determined by N sub. In Fig. 8, the marker color transition from blue
to red (transition from △ to □) visualizes a decreasing areal depletion
capacitance CA

j,dep.
Furthermore, upon closer examination of Fig. 8, a consistent trend

can be observed: the lower C j
A is in the low-voltage region, the more

the curve is shifted to the left in the high-voltage region. This trend
suggests that N sub does not only govern the depletion capacitance in
the low-voltage region, but also the diffusion capacitance in the high-
voltage region. Indeed, Eq. (3) shows that the diffusion capacitance is
directly dependent on the dopant concentrations outside the depletion
region. The results in this work show that the substrate doping density
affects the shape of the C j

A–V curve of a c-Si PV cell much more than
the minority carrier lifetime.

Since a low N sub shifts the C j
A–V relationship in the high-voltage

region to the left in Fig. 8, a low N sub contributes to reaching a high
diffusion capacitance at V mpp. However, when comparing the capaci-
tance of the different cells, it is important to realize that in practice they
will operate at different voltages due to their different 𝑉 mpp values. The
lowest and highest C j

A values in this work for an applied voltage equal
to the 𝑉 mpp in STC conditions, are 0.30 μF/cm2 for the Al-BSF-3 cell
and 45.6 μF/cm2 for the SHJ cell. It is worth pointing out that in Fig. 8
the C j

A–V curve of the SHJ cell is shifted to the right compared to the
IBC cell in the high voltage region. Nevertheless, the reason that the
SHJ cell still has the highest C j

A value for operation around maximum
power point is its high 𝑉 mpp of 636 mV in STC conditions.

4.2. Outlook for capacitive effects in PV cells

Since the results in this work show that the capacitive effects in
solar cells are mostly governed by the substrate doping density, it is
worth to discuss how 𝑁 sub affects the performance of c-Si PV cells, and
to analyze the latest trends in industry.

Traditionally, in Al-BSF cells, recombination at the full-area metal
rear contact limits the total minority charge carrier lifetime 𝜏min [33].
Even for industrial n-type TOPCon cells with efficiencies over 23%, it
has been reported that recombination at the front and back sides is
still limiting 𝜏min [45]. As long as recombination in the bulk of the
wafer is not limiting 𝜏min, the bulk carrier lifetime 𝜏bulk does not have
a strong impact on the 𝑉 oc. On the one hand, to ensure that 𝜏bulk is
indeed sufficiently high and does not limit 𝜏min in practice, in the past
manufacturers used wafers with a relatively high 𝑁 sub [45]. Substrates
with an increased 𝑁 sub have a higher tolerance to Shockley–Read–Hall
(SRH) defects [46,47]. On the other hand, using wafers with a lower
𝑁 sub can increase the short-circuit current 𝐼 sc. It is worth noting that it
varies for the different c-Si cell technologies how strongly 𝐼 sc is affected
by 𝑁 sub, and which physical processes govern this effect [33,45,46].
Furthermore, it is worth noting that 𝑁 has an impact on FF, which
sub



Solar Energy Materials and Solar Cells 260 (2023) 112486D.A. van Nijen et al.
varies for different PV cell technologies and geometries [33]. In prac-
tice, the optimum 𝑁 sub in industrial c-Si PV cells can be considered
a trade-off between maximizing 𝐼 sc while ensuring a sufficiently high
𝜏bulk for wafers produced in mass quantities [45,46]. Nowadays, the
optimum is shifting to lower 𝑁 sub values. Recent improvements in
the Czochralski (Cz) process have ensured that the major share of
the PV wafer market is now based on monocrystalline ingots grown
via the Cz method [48]. As the quality of the wafers is improving, it
becomes technologically possible to manufacture high-quality silicon
wafers with a lower 𝑁 sub [45].

Furthermore, due to the progress in surface passivation technology
and wafer pretreatment [49,50], we are nearing the point where re-
combination in the bulk starts to limit 𝜏min in industrial c-Si PV cells.
For the Cz wafers that are nowadays used in industrial PV cells, 𝜏bulk
is usually still limited by SRH recombination [46]. Nevertheless, for
SHJ PV cell precursors based on n-type Cz wafers, implied Voc values
have already been achieved that are only 9 mV away from the intrinsic
limit [51]. Furthermore, these previously predicted intrinsic limits are
even being exceeded by recent reports on monocrystalline silicon float
zone wafers passivated with TOPCon contact stacks [49,52]. If the 𝜏bulk
in modern wafers indeed becomes limited by Auger recombination, it
becomes relevant to mention that the efficiency limit for c-Si PV cells
is the highest for a wafer bulk made of undoped silicon [53,54]. This
is related to the fact that the intrinsic Auger recombination rate 𝑅intr
in the bulk of the wafer reduces for a lower 𝑁 sub [55,56], leading to
a higher limit for the 𝑉 oc. It is worth noting that 𝑅intr particularly
increases for an 𝑁 sub above ∼1015 cm−3 for n-type Si and above ∼1016

cm−3 for p-type Si [53].
Concluding, in high-efficiency c-Si PV cells, increased use of wafers

with a low substrate doping density is likely to happen in the future.
Furthermore, these cells will likely operate at higher Vmpp values. As
such, the authors expect the MPP capacitance of industrial c-Si PV
cells to increase over the coming years. It is important to note that
the cell capacitance exhibits a linear dependency on the solar cell
area. Additionally, the equivalent capacitance of a string of cells varies
inversely with the number of series-connected cells in that particular
string. Consequently, the prevailing industry trends concerning wafer
size and the number of cells within a module will directly influence
the capacitance observed at module-level.

4.3. Inductive effects

Research has been emerging on exploiting inductive effects in PV
cell strings [11,13], and to the best of the authors’ knowledge, there
have been no previous reports on inductive effects in full-sized indus-
trial cells. The inductance values of the cell laminates that are reported
in Appendix C suggest that the inductance is independent of V DC. This
is within expectation, since most of the inductive effects presumably
originate in the wiring and metal interconnections of the PV cells. Since
the inductive reactance makes up a larger share of the impedance at
higher V DC, the CNLS fitted values at the highest bias voltages give the
best indication of the inductance of the laminate. Thus, the inductances
obtained by fitting the impedance data at the seven highest bias points
for each laminate are used for a statistical analysis, which is presented
in Fig. 9. The corresponding details concerning the cell metallization
and wirings in the laminates are presented in Table 1.

Regarding the interpretation of the inductances in Fig. 9, it is im-
portant to take into account that part of the inductance in the laminates
does not originate in the PV cells themselves, but rather in the metal
ribbons within the laminates. Thus, when it comes to inductance, in
this manuscript the terminology laminate is used instead of cell. First
of all, it is worth noting that the cells in the laminates have different
areas, implying different lengths of their metal contacts. It is expected
that longer wires result in larger inductances [57]. However, in Fig. 9
it is shown that the 5-inch cell laminates Al-BSF-1 and IBC have higher
inductances than those of the 6-inch cells Al-BSF-2 and Al-BSF-3. This
7

Fig. 9. Statistical analysis regarding the inductance of the cell laminates. The values
for the inductance are obtained by fitting the circuit in Fig. 6(a) to the experimentally
recorded impedance data through CNLS analysis. The values used to generate this figure
correspond to the seven highest DC bias voltages that were recorded for each laminate.

suggests that there are other factors in the cell design that have a larger
effect on the resulting inductance. It seems that cell laminates with a
similar metallization structure, such as the bifacial 5BB/9BB laminates
(PERC, TOPCon 1, TOPCon 2) have a similar inductance between 63–
70 nH. When considering all the cells with a busbar metallization,
namely Al-BSF-1, Al-BSF-2, PERC, TOPCon-1, and TOPCon-2, it seems
that an increase in the number of busbars decreases the inductance.
This is in accordance with theory, for which the equivalent inductance
scales inversely with the number of inductors connected in parallel.
For an increase in the number of busbars from 5 (TOPCon 2) to 9
(PERC, TOPCon 1) the decrease in Ls is marginal, suggesting that most
of the inductive effects are originating in the ribbons that are externally
connected to the cells.

However, in Fig. 9 it is shown that the IBC and SHJ cell laminates
have a relatively high inductance, in spite of their high number of
parallel metal lines in the metallization. It is known that for a straight
wire both the shape and the cross-sectional area 𝐴cross affect the
self-inductance, and a smaller 𝐴cross typically yields a larger induc-
tance [57]. Thus, the relatively high inductances in the IBC and SHJ
laminates could be due to the difference in shape and cross-section of
the metal patterns compared to the cells with a more classical busbar
metallization. Furthermore, it is worth noting that there is a relatively
small space between the metal contacts in the case of the IBC cell,
which could cause magnetic interaction between neighboring metal
fingers. Finally, it is worth commenting on the Al-BSF-3 laminate,
which has SW front metallization. In spite of this, the current collection
at the rear of this cell is still happening through 4 busbars. Therefore,
the equivalent inductance is a combination of the effect of the many
smart wires and the busbars.

4.4. Validity of the impedance model

In general, the CNLS analysis performed in this work yields high-
quality fits to the experimental data. Nevertheless, it was observed
that the fits become less accurate when the applied DC bias volt-
age approaches 𝑉 oc, and these deviations are mostly occurring in
the high-frequency region. Several factors could be contributing to
these deviations, among which the following three. Firstly, since the
impedance of the PV cells is lowest at high frequency and at high V
 DC
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values, measurement errors could become more apparent. Secondly,
high-frequency electromagnetic effects such as skin effect could play a
role. Thirdly, the conditions 𝜔𝜏p0 ≪ 1 and 𝜔𝜏n0 ≪ 1 may no longer be
alid, meaning that the diffusion capacitance is no longer frequency-
ndependent. Nevertheless, since the fits were satisfactory for all cell
aminates for DC bias voltages up to V mpp, the authors chose to not
urther pursue this limitation of the dynamic PV impedance model. For
ach impedance fit reported in this work, a quantitative assessment of
he fitting quality is included in Appendix C.

. Conclusions

In this work, the impedance of eight single-cell laminates based on
ifferent industrial c-Si PV cells was characterized. The capacitive and
nductive effects in the laminates were evaluated by fitting a dynamic
V equivalent circuit to the experimentally recorded impedance data
hrough complex nonlinear least-squares analysis.

The experiments show that the PN junction capacitance at max-
mum power point varies for the different cells between 0.30 and
5.6 μF/cm2. The two main factors contributing to a high PV cell
apacitance at maximum power point are (i) a low wafer dopant
oncentration and (ii) a high maximum power point voltage. Upon
nalyzing the trends in upcoming high-efficiency c-Si PV cells, increas-
ng capacitances are expected in the future. Furthermore, the studied
ell laminates exhibit inductances between 63 and 130 nH. When
omparing the inductive effects between the different laminates, it
ppears that the inductance decreases when the metallization structure
onsists of a higher number of busbars. Furthermore, the geometry of
he metal contacts affects the inductance.

The findings in this work have some practical consequences. For
nstance, the minimum time that is required for accurate I-V measure-

ments, which is limited by the cell capacitance, must be set accordingly.
Nevertheless, the increasing capacitance in modern solar cells will also
offer opportunities, as the first publications where the impedance of PV
cell strings is exploited have already been emerging.
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Appendix A. Fitting quality assessment

In this work, two metrics are used to quantitatively assess the fitting
quality. The first metric is the Root Mean Square Error (RMSE), which
is calculated as follows:

RMSE =

√

∑𝑛
𝑖=1

(

𝑋exp −𝑋model
)2

𝑛
(8)

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. Furthermore, to calculate the
Normalized Root Mean Square Error (NRMSE), the RMSE is normalized
to the range of observed data as follows:

NRMSE = RMSE
𝑋exp,max −𝑋exp,min

(9)

here 𝑋exp,max and 𝑋exp,min are the highest and lowest value of the
xperimentally recorded dataset, respectively.

In this work, the NRMSE is used to assess the fitting quality for
he magnitude (NRMSEM), the real part of the impedance (NRMSER),
nd the complex part of the impedance (NRMSEX). The normalization

is done to obtain a fair comparison between impedance measure-
ments at different DC bias voltages. For instance, the magnitude of
the impedance is significantly higher at low bias voltages than at high
bias voltages. Whereas the magnitude, resistance and reactance are
represented on linear scales, the phase is represented on a periodic scale
(which repeats after a certain value). Thus, in this work the choice was
made to directly use the RMSE𝜃 without normalization to assess the
phase fitting quality for the phase.

Appendix B. Fitting procedure

In this section, the used fitting procedure is explained in detail. In
Appendix B.1, some background is given on the challenges involved in
the development of a generalized fitting procedure. In Appendix B.2 the
fitting approach used in this work is explained. The exact initial values
and boundary conditions are described in Appendices B.3 and B.4.

B.1. Challenges in developing a generalized fitting procedure

In general, the 𝑅j–𝐶 j loop in the circuit of Fig. 6 dominates the
mpedance of the PV cell laminate and can be fitted with high accuracy
or all laminates at all DC bias voltages (V DC). However, the main

challenge in optimizing the fitting procedure is that it varies with
V DC how large a fraction the other circuit elements make up of the
total PV impedance. When a circuit element constitutes only a small
fraction of a certain impedance measurement, the true value of this
component cannot always be extracted. In such cases it is possible
that the CNLS solver finds good fits, but not with element values that
are physically correct. For instance, the impedance fraction of 𝐿s is
relatively small at low V DC values. This can result in an optimum fit
where the solver shorts the inductor from the circuit. However, at
higher V DC the impedance fraction of 𝐿s increases, and the best-fit
circuit values converge towards physically realistic numbers. Thus, for
the analysis of 𝐿s, the fits at high DC bias voltages are the most reliable.

Furthermore, in previous work it was reported that the 𝑅LH–𝐶LH
loop typically remains undetected at low DC bias voltages [20]. In this
region, the 𝑅j–𝐶 j loop dominates the PV impedance, which implies that
the Nyquist spectrum closely resembles a semicircle. For V DC values
where the impedance of the 𝑅LH–𝐶LH loop becomes non-negligible, the
spectra deviate from the semi-circular nature [8]. In the present work
it was indeed found for all laminates that for some V DC values it is
necessary to include the 𝑅LH–𝐶LH loop in the PV impedance model,
whereas for other V DC values the 𝑅LH–𝐶LH loop is not detectable.
There are also in-between cases where the 𝑅 –𝐶 loop has only a
LH LH
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s
n

Table 4
Best-fit values for the Al-BSF-1 cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 1.315 1110 – – – – 0.0055 1.888 0.0078 0.0107
100 1.373 445.2 – – – – 0.0041 1.260 0.0051 0.0096
200 1.560 143.8 – – – – 0.0049 1.021 0.0051 0.0108
300 1.853 25.16 – – – – 0.0041 0.928 0.0043 0.0085
350 2.967 9.026 2.052 0.231 4.41 44.3 0.0059 3.330 0.0064 0.0129
400 10.06 3.164 5.258 0.254 17.64 122.5 0.0042 0.779 0.0043 0.0088
450 47.42 1.284 7.107 0.0655 10.39 121.1 0.0040 0.724 0.0041 0.0073
475 117.0 0.792 0.191 0.0268 13.68 119.6 0.0037 1.035 0.0040 0.0049
500 295.1 0.460 0.0389 0.0100 15.12 129.5 0.0041 1.801 0.0062 0.0052
506a 366.5 0.397 0.0015 0.0136 13.99 124.7 0.0031 0.720 0.0033 0.0034
525 659.8 0.259 1.750 0.0041 15.01 133.5 0.0061 2.177 0.0097 0.0062
550 1353 0.135 0.108 0.0033 13.58 133.8 0.0115 2.551 0.0182 0.0075
575 2614 0.0630 0.0001 0.0015 14.24 133.4 0.0159 2.938 0.0381 0.0091

aDenotes the 𝑉 DC corresponding to the maximum power point.
A

d

ubtle influence on the Nyquist spectrum and the CNLS solver can-
ot distinguish between the impedance of the 𝑅LH–𝐶LH loop and 𝑅s.

For instance, sometimes it was observed that the 𝑅LH–𝐶LH loop gets
shorted, and the best-fit circuit element for 𝑅s is increased beyond its
‘real’ value to compensate this. Indeed, for some impedance spectra
the way that the 𝑅LH–𝐶LH loop and 𝑅s can compensate each other
during the fitting procedure proved to be the main challenge. The
standard method to solve this is to apply boundary values to the circuit
elements during the CNLS analysis. However, in most of the previous
work on PV cell impedance there is no mention of boundary conditions
used in the fitting procedure. Moreover, in the present work it proved
challenging to find generalized boundary conditions that ensure correct
fitting results for all circuit elements for all the eight laminates. Since
the cells in this work were based on different cell technologies with
presumably different LH junction characteristics [33], it was chosen
to avoid applying generalized boundary values to the LH junction.
Furthermore, since from previous work it is already known that 𝑅s
varies with V DC [58], 𝑅s should not be fixed at a global 𝑅s value for the
different V DC values. Nevertheless, to still limit the interchangeability
between 𝑅s and the 𝑅LH–𝐶LH, in this work an upper and lower limit
are applied to 𝑅s. These limits are based on the global 𝑅s value as
extracted by the LOANA measurement (𝑅s,LOANA). More specifically,
the upper and lower boundaries are fixed at 0.5 × 𝑅s,LOANA and 2
× 𝑅s,LOANA. Previous research on the bias voltage-dependency of the
series resistance of solar cells showed that this is the typical range in
which the series resistance varies [58].

B.2. Fitting approach

Based on the challenges mentioned in the previous Appendix B.1,
this section elaborates on the fitting approach used in this work. First of
all, it is worth noting that for all eight laminates in this work the 𝑅j–𝐶 j
loop dominates the PV impedance at low V DC values. Indeed, for V DC
values between 0 and 300 mV, accurate fits are already achieved by
using a PV impedance model that contains only the 𝑅j–𝐶 j loop. Thus,
for each V DC, fits are performed with (i) only the 𝑅j–𝐶 j loop and (ii)
the full PV impedance model from Fig. 6. These fitting approaches are
from now on called (i) PN fitting, and (ii) full model fitting, respectively.
The error metrics from Appendix A are used to evaluate which model
is the most suitable. This is done as follows:

1. For each PN fit, it is evaluated whether NRMSEM, NRMSER and
NRMSEX are smaller than 0.015. Furthermore, it is checked if
RMSE𝜃 is smaller than 2.5. If all these conditions are satisfied,
the PN fit is considered satisfactory and only the fitting results
for the 𝑅j–𝐶 j loop are reported. If one of these conditions is not
satisfied, step 2 in the procedure is followed.

2. For each of the error metrics where PN fit is deemed unsatisfac-
tory in step 1, the full model fit is compared to the PN fit. If the
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full model fit can improve one of the unsatisfactory error metrics c
from step 1 by at least 5%, the full model fit is used. If this is not
the case, the PN fit is used, since the fitting quality is most likely
affected by one or multiple outliers in the recorded impedance
data.

The exact details used for both PN fitting and (ii) full model fitting
are described in Appendices B.3 and B.4, respectively. Since the best-
fit values resulting from CNLS analysis can be affected by the initial
parameter estimates, the initial estimates and boundary conditions are
included.

B.3. PN fit details

For PN fitting, the fit is performed with the following initial values:

• The 𝑅j initial value is inherited from the experimentally obtained
impedance data. More specifically, the magnitude at the lowest
characterized frequency is used, which is the ratio between the
amplitude of the voltage and current signal.

• The 𝐶 j initial value is 10 μF.

B.4. Full model fit details

For full model fitting, the following procedure is followed:

1. First, an initial PN junction fit is performed without the LH
junction. The initial values are as follows:

• The initial values for 𝑅j and 𝐶 j are the same as in Ap-
pendix B.3.

• The 𝑅s initial value is inherited from the LOANA measure-
ment in Table 2.

• The 𝐿s initial value is 100 nH.

The values that are obtained through this initial fit are in the
next step called 𝑅s,init, 𝐿s,init, 𝐶 j,init, and 𝑅j,init.

2. Then, a fit is performed using all the circuit elements from Fig. 6
with the following initial values and boundary conditions:

• The 𝑅j initial value is 𝑅j,init.
• The 𝐶 j initial value is 𝐶 j,init.
• The 𝑅LH initial value is 0.02 × 𝑅j,init
• The 𝐶LH initial value is 0.2 × 𝐶 j,init.
• The 𝑅s initial value is inherited from the LOANA measure-

ment in Table 2. The upper and lower boundaries are 0.5
× 𝑅s,LOANA and 2 × 𝑅s,LOANA.

• The 𝐿s initial value is 100 nH.

ppendix C. Best-fit circuit element values

The best-fit circuit element values and fitting errors from the proce-
ure as described in Appendices A and B are presented for each of the
haracterized laminates in Table 4, 5, 6, 7, 8, 9, 10, and 11.
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Table 5
Best-fit values for the Al-BSF-2 cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 9.046 988.4 – – – – 0.0068 1.232 0.0071 0.0067
100 9.768 303.1 – – – – 0.0058 1.755 0.0050 0.0177
200 10.61 87.91 – – – – 0.0019 2.113 0.0020 0.0027
300 11.77 28.74 0.632 0.000 2.25 96.7 0.0018 2.238 0.0018 0.0072
350 12.65 16.10 1.988 0.000 2.25 96.1 0.0037 2.695 0.0037 0.0057
400 14.28 7.985 0.032 0.0050 2.32 91.3 0.0036 2.205 0.0037 0.0077
450 20.51 2.641 20.48 0.0299 2.25 84.3 0.0043 1.117 0.0045 0.0100
475 31.51 1.225 17.65 0.0394 2.25 84.7 0.0044 1.109 0.0046 0.0098
500 61.49 0.507 19.76 0.0348 4.74 89.7 0.0041 0.602 0.0042 0.0095
521a 124.6 0.230 0.902 0.0228 6.75 80.2 0.0051 0.720 0.0048 0.0076
525 146.5 0.194 0.0002 0.0210 6.89 81.2 0.0057 0.878 0.0054 0.0078
550 395.0 0.0740 0.0000 0.0139 7.24 85.9 0.0145 1.542 0.0158 0.0114
575 1318 0.0260 5.237 0.0081 8.95 88.2 0.0223 2.673 0.0499 0.0159

aDenotes the 𝑉 DC corresponding to the maximum power point.
Table 6
Best-fit values for the Al-BSF-3 cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 8.801 1434 – – – – 0.0056 0.832 0.0026 0.0169
100 9.458 607.8 – – – – 0.0035 0.982 0.0029 0.0143
200 10.33 172.9 – – – – 0.0021 0.862 0.0020 0.0063
300 11.42 41.65 – – – – 0.0041 0.955 0.0038 0.0054
350 12.23 18.42 – – – – 0.0022 1.345 0.0023 0.0050
400 13.76 7.457 – – – – 0.0042 2.170 0.0039 0.0090
450 19.70 2.265 19.67 0.0275 3.38 47.6 0.0046 2.441 0.0048 0.0095
475 30.57 1.057 30.03 0.0453 3.38 62.1 0.0043 1.086 0.0045 0.0097
500 59.99 0.444 30.53 0.0392 3.38 65.4 0.0044 0.663 0.0047 0.0100
506a 72.73 0.354 34.43 0.0333 5.77 64.5 0.0043 0.721 0.0044 0.0074
525 138.0 0.177 40.59 0.0216 6.44 64.2 0.0049 0.680 0.0047 0.0078
550 349.1 0.0691 69.59 0.0097 8.51 62.9 0.0086 0.854 0.0071 0.0073
575 947.1 0.0277 121.3 0.0046 8.74 62.4 0.0188 1.141 0.0155 0.0096

aDenotes the 𝑉 DC corresponding to the maximum power point.
Table 7
Best-fit values for the PERC cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 6.876 6384 – – – – 0.0060 0.980 0.0118 0.0090
100 7.467 5155 – – – – 0.0075 1.023 0.0123 0.0097
200 8.007 2002 – – – – 0.0051 1.043 0.0048 0.0117
300 8.841 581.6 – – – – 0.0052 1.210 0.0053 0.0062
350 9.321 262.5 – – – – 0.0024 1.338 0.0024 0.0040
400 10.04 99.33 – – – – 0.0017 1.607 0.0018 0.0058
450 11.88 29.18 0.0193 0.0076 2.19 56.2 0.0020 1.344 0.0020 0.0033
475 14.67 14.34 14.67 0.0356 2.17 49.0 0.0017 1.485 0.0018 0.0041
500 21.61 6.561 21.56 0.0647 2.17 70.1 0.0031 1.079 0.0031 0.0060
525 39.79 2.817 22.51 0.0548 8.66 70.5 0.0033 1.134 0.0034 0.0070
550 87.57 1.170 12.15 0.0341 6.75 64.1 0.0033 0.956 0.0033 0.0058
575 218.8 0.465 0.0085 0.0181 7.19 65.2 0.0040 1.712 0.0051 0.0059
587a 344.8 0.299 0.0061 0.0132 7.26 67.8 0.0053 2.385 0.0079 0.0071
600 577.2 0.183 0.0002 0.0096 7.18 68.9 0.0072 2.864 0.0122 0.0086
625 1594 0.0708 0.0445 0.0052 7.83 69.6 0.0141 3.220 0.0259 0.0109

aDenotes the 𝑉 DC corresponding to the maximum power point.
Table 8
Best-fit values for the TOPCon-1 cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 2.972 564.0 – – – – 0.0042 0.606 0.0041 0.0046
100 3.222 525.9 – – – – 0.0020 0.656 0.0022 0.0095
200 3.536 415.9 – – – – 0.0055 0.579 0.0055 0.0034
300 3.982 233.2 – – – – 0.0064 0.572 0.0064 0.0068
350 4.367 142.9 – – – – 0.0048 0.569 0.0047 0.0073
400 5.456 72.81 – – – – 0.0059 1.573 0.0059 0.0048
450 11.29 26.70 11.240 0.269 2.86 70.5 0.0019 1.233 0.0019 0.0089

(continued on next page)
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Table 8 (continued).
V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

475 18.25 16.02 12.206 0.222 2.86 81.5 0.0016 0.812 0.0016 0.0068
500 41.25 7.577 15.810 0.121 8.11 82.9 0.0028 0.785 0.0028 0.0041
525 101.9 3.376 28.73 0.0502 11.4 79.4 0.0010 0.889 0.0012 0.0022
550 268.2 1.426 35.28 0.0225 7.16 75.1 0.0010 0.830 0.0011 0.0019
575 714.3 0.585 0.0072 0.0104 6.32 66.0 0.0012 0.956 0.0013 0.0021
589a 1228 0.353 5.798 0.0067 6.80 67.1 0.0020 1.267 0.0021 0.0028
600 1857 0.238 0.928 0.0062 5.54 67.3 0.0028 1.433 0.0028 0.0036
625 4557 0.0964 48.10 0.0055 4.18 69.1 0.0058 1.820 0.0060 0.0053

aDenotes the 𝑉 DC corresponding to the maximum power point.
Table 9
Best-fit values for the TOPCon-2 cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 4.131 3224 – – – – 0.0112 1.020 0.0109 0.0120
100 4.405 1121 – – – – 0.0042 0.918 0.0052 0.0069
200 4.764 311.6 – – – – 0.0042 0.700 0.0040 0.0132
300 5.183 55.45 – – – – 0.0026 0.584 0.0027 0.0043
350 5.568 23.26 – – – – 0.0031 0.669 0.0030 0.0064
400 6.314 9.989 – – – – 0.0041 1.054 0.0044 0.0084
450 9.66 4.382 6.561 0.134 2.59 56.1 0.0087 6.418 0.0101 0.0190
475 17.63 2.784 15.23 0.336 10.2 65.3 0.0040 0.754 0.0041 0.0085
500 33.82 1.902 15.44 0.224 10.3 73.6 0.0038 1.106 0.0041 0.0084
525 72.95 1.290 21.04 0.114 10.3 77.2 0.0033 1.073 0.0035 0.0074
550 173.9 0.797 35.41 0.0480 10.3 73.3 0.0027 1.235 0.0029 0.0054
575 438.1 0.435 48.62 0.0203 8.09 66.5 0.0024 0.815 0.0024 0.0045
587a 689.9 0.312 43.66 0.0154 6.03 64.1 0.0029 1.057 0.0027 0.0046
600 1137 0.212 44.00 0.0100 6.72 61.9 0.0047 1.723 0.0046 0.0061
625 2984 0.0950 0.105 0.0049 7.09 60.7 0.0111 2.726 0.0107 0.0103

aDenotes the 𝑉 DC corresponding to the maximum power point.
Table 10
Best-fit values for the IBC cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 1.128 95.46 – – – – 0.0031 0.854 0.0033 0.0067
100 1.229 98.17 – – – – 0.0032 0.812 0.0032 0.0059
200 1.371 89.77 – – – – 0.0023 0.755 0.0021 0.0064
300 1.692 65.44 – – – – 0.0039 0.729 0.0036 0.0071
350 2.490 43.12 – – – – 0.0045 3.348 0.0069 0.0098
400 7.890 18.70 4.092 0.450 2.79 137.6 0.0021 1.802 0.0023 0.0042
450 44.94 5.582 16.00 0.105 11.1 122.9 0.0014 1.441 0.0013 0.0029
475 113.1 2.823 36.02 0.0418 11.1 112.0 0.0010 1.404 0.0011 0.0018
500 277.9 1.396 102.8 0.0158 11.1 105.9 0.0008 0.978 0.0009 0.0014
525 638.1 0.695 113.9 0.0100 6.26 104.5 0.0006 0.802 0.0006 0.0011
550 1327 0.349 173.5 0.0064 5.53 102.8 0.0009 0.724 0.0010 0.0014
566a 2019 0.223 274.5 0.0046 5.79 102.1 0.0014 0.883 0.0017 0.0018
575 2513 0.173 291.1 0.0043 5.46 101.9 0.0018 0.969 0.0023 0.0020
600 4430 0.0842 425.8 0.0035 5.11 101.2 0.0038 1.174 0.0047 0.0028
625 7751 0.0386 431.4 0.0037 4.24 101.6 0.0048 1.267 0.0097 0.0035

aDenotes the 𝑉 DC corresponding to the maximum power point.
Table 11
Best-fit values for the SHJ cell laminate.

V DC (mV) C j (μF) Rj (Ω) CLH (μF) RLH (Ω) Rs (mΩ) Ls (nH) NRMSEM (–) RMSE𝜃 (–) NRMSER (–) NRMSEX (–)

0 6.976 353.7 – – – – 0.0036 0.756 0.0035 0.0154
100 7.628 334.3 – – – – 0.0039 0.756 0.0042 0.0082
200 8.402 268.2 – – – – 0.0032 0.964 0.0034 0.0163
300 9.547 143.5 – – – – 0.0042 1.199 0.0043 0.0058
350 10.44 84.48 – – – – 0.0032 1.652 0.0032 0.0051
400 12.50 46.36 – – – – 0.0022 3.398 0.0024 0.0063
450 22.10 23.29 22.06 0.0906 1.92 107.9 0.0007 3.131 0.0008 0.0029
475 39.16 15.82 30.09 0.0880 7.68 111.9 0.0010 1.007 0.0009 0.0033
500 83.42 10.24 32.39 0.0535 7.68 111.7 0.0009 1.136 0.0009 0.0013
525 200.1 6.257 42.21 0.0289 7.68 110.9 0.0012 1.330 0.0011 0.0022
550 514.0 3.492 29.62 0.0144 6.23 101.7 0.0010 1.483 0.0009 0.0018
575 1347 1.782 0.0001 0.0062 7.17 97.7 0.0009 2.153 0.0009 0.0019
600 3411 0.860 2.912 0.0034 6.97 99.1 0.0012 3.328 0.0015 0.0021
625 8052 0.403 8.594 0.0017 7.21 99.5 0.0025 3.269 0.0032 0.0037
636a 11147 0.284 2.406 0.0015 7.37 99.7 0.0064 3.644 0.0086 0.0079
650 17574 0.180 55.75 0.0017 6.84 99.9 0.0072 3.691 0.0086 0.0058
675 35205 0.0740 0.370 0.0016 6.75 99.9 0.0127 3.906 0.0169 0.0085

aDenotes the 𝑉 DC corresponding to the maximum power point.
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Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.solmat.2023.112486.
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