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Beside fabrication challenges, efficiency loss factors of solar cells such as shunts and an increasing series resistance
caused by the sheet resistance of the electrodes, are issues to be tackled when scaling novel photovoltaic devices
up from laboratory to industrial size. We present a FEM (Finite Element Method) software that supports the
upscaling process from small- to large-area devices. Considering Ohm’s law in the top and bottom electrodes,
which are coupled by a vertical current, the software solves for the electric potential distribution in the 2D
electrode domains. In addition to steady-state simulations, we introduce a small-signal analysis that allows us
to compute the influence of resistive electrodes and defects on the frequency-dependent impedance response.
Herein, we describe the implemented numerical model for the AC (alternating current) mode. The steady-state
model was validated with measurements using monocrystalline silicon solar cells of several sizes and one cell was
intentionally shunted with a laser to demonstrate the fingerprints of these defects in the DC (direct current) and
AC response. In a further step, we verify the numerical simulation of the AC model with an analytical solution to a
one-dimensional AC model for a simplistic quadratic domain and linearized coupling law. Overall, the presented
AC model is able to reproduce and predict the behavior of the measurements of the original and later shunted
silicon solar cell. Thereby we have demonstrated that the presented AC model is a powerful tool to study devices
in the frequency domain which complements characterization in steady-state.

1. Introduction

During the past decade, purely economic reasons have started to
drive the photovoltaic market rendering government subsidies super-
fluous. The continuing decline in investment costs for solar energy is
leading to a lower levelized cost of electricity, which is already com-
petitive and predicted to significantly underprice conventional energy
sources in the near future [1].

Although efficient and inexpensive homojunction silicon solar cells
dominate the market, third-generation photovoltaics, such as per-
ovskite and monolithic perovskite/Si tandem cells, have made enormous
progress in terms of power conversion efficiency (PCE) in a very short
period of time. While the certified PCE of lab-scale single junction per-
ovskite solar cells impressively reached 25.5 %, tandem cells with 29.1 %
efficiency have already exceeded the efficiency record of 26.7 % for het-
erojunction Si-cells [2,3].

Unfortunately, the reported efficiencies have only been achieved
with cells on laboratory scale, typically < 1 cm? [4-8]. To become com-
mercially competitive with well-established solar cell technologies, the
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upscaling from small-area to large-area third-generation devices is an
essential and challenging requirement. Zheng et al. made considerable
progress with large-area perovskite/homojunction-Si tandem cells, re-
porting PCEs of 23 % on 4 cm? and 21.8 % on 16 cm? [9-11]. Never-
theless, a novel device with an active area of 16 cm? is still 14.5 times
smaller compared to a commercially available 6" silicon wafer.

In addition to stability issues [12] and the challenges concerning the
fully scalable device layer fabrication of novel devices [13], upscaling
also inevitably entails efficiency losses due to an increase in series re-
sistance, more likely occurring shunts and substrate heating [14]. The
higher series resistance is mainly caused by the longer travel distance of
charge carriers through the transparent conductive oxide (TCO), which
is affected by the sheet resistance (Rg,). This is reflected in a lower fill
factor (FF) and short circuit current (Ji) [14,15]. Nevertheless, high
sheet resistances in silicon solar cells have led to an improvement in V,,
and J, due to lower emitter recombination losses and optical effects
such as a better short wavelength response [16-19].

In order to reduce the influence of the sheet resistance on a cell’s
series resistance, screen printed front metallization grids are used in
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most commercially available silicon solar cells. More and more large-
area third generation devices are produced with optimized metal grids
in such a way that maximal efficiency is achieved despite the shading
losses [9,10]. A recent study has shown that an advancement of the
TCO becomes almost irrelevant when front metal gridlines are applied
on perovskite solar cells [20]. In addition, success has also been reported
in low-temperature screen printed metallization of novel devices, which
is a further step towards commercialization compared to evaporated
metallization [21].

The software Laoss [22-26] (Large-Area Organic Semiconductor
Simulation) presented here supports the process of upscaling from small-
area cells to large-area devices and the optimization of metal gridlines
with a 2D FEM solver, solving Ohm’s law on the top and bottom elec-
trode. The electrodes are coupled with a 1D current-voltage-law of a
quasi-ideal device in vertical direction, leading to a 2D + 1D structure.
This modelling method reduces computation time by a considerable
amount compared to a full 3D simulation due to the reduced amount
of degrees of freedom.

The vertical charge carrier flow in the semiconductor stack is mainly
caused by a homogeneous electric field between top and bottom elec-
trode. For thin-film devices e.g. perovskite or organic solar cells, the
electric field is further enhanced by the small electrode spacing and in
some cases also by larger band gaps [27]. Therefore, Laoss is especially
suited for thin-film devices and saves computation time with the pre-
sented 2D + 1D approach. The assumption of a vertical current flow is
also justified for classical silicon solar cells with an aluminium back-
surface field (Al-BSF), passivated emitter and rear (PERC) and passi-
vated emitter and totally diffused rear (PERT) cells [28-30]. For pas-
sivated emitter with locally diffused rear (PERL) cells, we can assume
a predominantly vertical current flow for the major part of the stack,
but it would cause an additional modelling effort to compensate for
the oblique current crowding at the local rear contacts [31]. Our soft-
ware tool reaches its limits when integrated back contact (IBC) devices
are simulated, where the charge carriers flow generally lateral [28,32].
Simulations of IBC cells have been carried out with quasi-3D cross con-
nected electrical networks using the software SPICE [33] or with full
3D cell models using Quokka [34,35] for instance. Higher dimensions
and better spacial resolutions are often accompanied with more time-
consuming calculations. However, these alternative simulation methods
are applicable to general device types and can also help analysing EL
and PL images [36] or optimizing the back contact design, as shown by
Renshaw et al. using the multidimensional software Sentaurus Device
[371].

Laoss has recently been extended to the frequency domain for si-
nusoidal small-signal analysis. The AC mode aims to compute the influ-
ence of non-ideal electrodes on electrochemical impedance spectroscopy
(EIS) data. EIS is a non-destructive measurement technique, which is
usually performed on small cells and widely used to analyse charge
transport processes, doping densities and recombination mechanisms
but also properties of interfaces and contacts from several types of pho-
tovoltaic devices [38-43]. Herein, we describe the steady-state and time
harmonic models of our software’s electrical module. We demonstrate
how this FEM solver is able to model non-ideal electrodes and we present
numerical simulation results in steady-state and frequency domains. The
fact that different sizes of novel devices are difficult to manufacture con-
sistently and reliably makes a validation with this type of cells very diffi-
cult. Therefore, we have laser-cut monocrystalline silicon solar cells into
different sizes and shunted one device intentionally. We consequently
validate the simulation results by a comparison with measurements of
these devices.

2. Methodology
For an electric current to flow in a large-area semiconductor device,

charge carriers in general must travel vertically through the layer stack
and laterally through the electrodes to the contacts. The charge carrier
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Fig. 1. Schematic structure of the electrical model of the Laoss software with
the coupled 2D domains and a 1D coupling law.

transport via the electrodes is hampered by ohmic losses due to the sheet
resistance of the conducting top and bottom layer [44], which our soft-
ware quantifies using 2D domains. The local one-dimensional coupling
law connects the 2D electrodes and describes the physical characteris-
tics of semiconductor devices such as OLEDs and solar cells. This setup
allows to study and optimize the influence of non-ideal electrodes on
the performance of solar cells and OLEDs [22]. Fig. 1 depicts the basic
modelling setup of Laoss with 2D top and bottom domains, connected
by a local 1D coupling law.

Kirsch et al. [23] presented Laoss’ electrothermal model, assuming a
constant electric potential of 0 V and a constant temperature of 300 K
in the bottom electrode, leading to remaining 2D equations in the top
electrode. Here we briefly introduce the electrical steady-state model
and additionally its linearization for the AC response.

2.1. Electrical steady-state model

The mathematical steady-state model for electrical simulations is
based on Ohm’s law for the electrode domains in a differential form
for the current density J and the electric field E (equation (1))

J=0cE with E=-VU. (€8]

The electric scalar potential in 3D is denoted as U and o is the specific
conductivity of the electrode material.

This 3D model is then reduced to a 2D + 1D model by the assumption
that the current flux is predominately vertical in the semiconductor de-
vice stack and by averaging the potential in vertical direction inside the
electrodes. Consequently, with the potential distribution in 2D denoted
as ¢, these simplifications lead to the following two current continu-
ity equations for the top (equation (2)) and bottom electrode domain
(equation (3))

=V (RG'Vo") =i — o) @
-V (RB7'VeP) = —j(e" - oP). 3)

The left sides of the equations (2) and (3) contain the divergence of
the 2D electrode current, which is expressed with Ohm’s law from
equation (1) and the electric potentials " for the top and ¢® for the
bottom electrode. The right hand sides describe the vertical 1D current
density coupling law representing the semiconductor stack between the
top and bottom electrode. In the electrical steady-state case, the 1D cou-
pling law can be an analytical expression (e.g. diode model) or also a
current-voltage measurement, which describes the physical properties
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of a cell which is not affected by area effects. The sheet resistance of the
top and bottom electrode, represented as RZ};B, is calculated with the
specific conductivity and the thickness of the electrodes.

The 2D+ 1D coupled continuity equations (2) and (3) have to be
completed with boundary conditions at the top and bottom electrode to
obtain a well-posed problem. The software offers a range of boundary
conditions to choose from (Dirichlet, Neumann). For the present study
we use the default zero-flux Neumann conditions at the boundary of the
unconnected edges and Dirichlet conditions at the contacted edges of the
domain with a fixed prescribed voltage. This model is then discretized
with the Galerkin finite element method with linear shape functions.
The top and bottom domains are meshed into triangular elements, which
leads to a system of non-linear equations for the unknown local potential
[23].

2.2. Electrical AC model

Our FEM software Laoss has recently been extended with a frequency
domain solver. As in an impedance spectroscopy measurement, it aims
to calculate the impedance Z(w, ¢) for time-harmonic small-signal ex-
citations at different frequencies and bias voltages. This allows to study
the influence of non-ideal electrodes in frequency domain by comput-
ing the electric potential when the electrodes are excited with a super-
imposed sinusoidal voltage. The small-signal approach allows us to cal-
culate the impedance for small-signals by linearization [45]. The math-
ematical model of the frequency domain solver is based on Maxwell’s
Ampre law in frequency domain

VxH=J+iwéE “4)

with the magnetic field strength H, the electric field E, ® =2z f and
€ being the complex permittivity, which is expressed by & = ¢,, — i€,
The divergence of a curl is zero, therefore equation (4) can be written
as

0=V ({J +iwéE) (5)

Together with Ohm’s law (equation (1)) and with the effective conduc-
tivity ooy = 0 + we;,, one can write

0=V ((o + iwe,,)VU). (6)

We make use of electro-quasistatic approximation for typical device pa-
rameters and the necessary frequency range [46]. We assume

JA
VUl 11701 (7

where A denotes the magnetic vector potential. Therefore,

E=-VU - 94 8)
ot

can be approximated by £ = —VU. This model in the frequency domain
can be reduced to 2D + 1D, similar as in the steady-state model. To re-
duce the three dimensions, equation (6) is averaged along the thin ver-
tical dimension of the electrode with each electrode having a thickness
1. It is assumed that the permittivity and conductivity are independent
of the electrode thickness. At this point the sheet resistance Ry, is intro-
duced as

1

Oetel

©

sh =

As explained in [46] the permittivity ¢,, and the resulting sheet elastance
gain importance for the result in the optical frequency range or above,
but in this regime the electro-quasistatic approximation (equation (7))
does not hold anymore. Therefore, the sheet elastance can be neglected
in this case.

With the sheet resistance Rg,, the stack current j (coupling law) and
the potential distribution U, which is now reduced to 2D as well as the
divergence operator, the current conservation equation (6) turns into
equation (10) and (11) for the top and bottom electrode, respectively.

-v- (R, 'Ve) = and (10)
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V. (R]:h_lV(p) =—j. (11)

In order to use the superposition ¢TB = (/’:{i + (p}ge“"’ for the small-
signal approximation, with @, as the amplitude of the sinusoidal volt-
age, the stack current has to be linearised around the operating points
(pgm and (pfias. The superposition of the bias and AC voltage leads to two
boundary value problems (BVP) that depend on the potential difference
between the top and bottom electrode. One BVP is for the real valued
steady-state part and the other one for the complex valued small-signal
part. For the time-harmonic part the frequency and bias voltage depen-
dent admittance Y (o, @y, is introduced, which is an input parameter
determining the coupling law for the AC model.

For the steady-state calculation on the top (equation (12)) and bot-
tom electrode domain (equation (13)) the following holds:

T-lg T \_ T B

-V (Rsh V(pbias) - J((pbias - (pbias) 12)
B=lg B \_ _: T B

-V (Rsh V(pbias) - _J((Dbias - q)bias)' (13)

The equations for the calculation of the AC part on the top
(equation (14)) and bottom electrode (equation (15)) are:

—1 .

V- (RL ' V@hee™)) = Y@, 0l )@k - #50) (14)
—1 .

V- (R V@) = ~Y (@, 98, )@ — o) (15)

The Dirichlet boundary conditions with a prescribed voltage for ‘/’tTyias’
PP, P and @B e are applied on the edges of the domain with
electrical contacts. Homogeneous Neumann conditions are applied on
the remaining edges.

Since the BVPs are just coupled in the vertical direction, the steady-
state problem has to be solved first to provide the operating voltage
points needed for the linearisation of the AC problem. This BVP indi-
cates that in order to run simulations in the frequency domain, it is
necessary to provide two 1D coupling laws of the stack in total. Firstly,
a current-voltage characteristic j has to be imported to calculate the
steady-state solution. Secondly, a frequency and bias voltage dependent
impedance law Y (w, ¢,;,,) of the stack is needed. In a measurement, EIS
is normally conducted at a certain bias voltage. However, the potential
on a large-area electrode drops, due to the sheet resistance, leading to a
lower potential and thus to a different admittance Y (w, ¢,;,,) at different
locations on the large-area electrode. Therefore, frequency dependent
impedance data at different bias voltages have to be provided in order
to assess the influence of the potential drop and the sheet resistance on
the simulation result.

2.3. Experimental methods

The all-in-one measurement platform Paios [40,47,48] from Fluxim
AG has been used to perform impedance spectroscopy and current-
voltage measurements of the solar cells. All the measurements have been
carried out in the dark. The current-voltage measurements were per-
formed with a starting voltage of -0.2 V and sequential steps to an ending
voltage of 0.7 V. A total of 100 steps has been taken with a measure-
ment and settling time of 10 ms for the silicon solar cells. EIS measure-
ments were performed in the dark with a harmonic voltage amplitude
of 0.05 V and at 50 frequency points between 5 Hz and 1 MHz. The Al-
BSF Motech XS156B3-200R 6" monocrystalline silicon solar cells were
laser cut into 4 cm?, 9 cm? and 25 cm? cells. To prevent shunts induced
by laser cutting, the edges were gently sanded with fine sandpaper. Af-
terwards contacts have been soldered on manually with commercially
used busbars. TLM (Transmission Line Method) measurements revealed
a sheet resistance of 94 Q/sq. The 4 cm? cell was intentionally shunted
after a first set of measurements by passing the laser several times over
the same spot.
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Fig. 2. FEM simulation result represented in a Nyquist plot with simultaneously increasing sheet resistance on the top and bottom electrode from 1 to 136 Q/sq.

3. Results
3.1. AC-mode verification

In this section we explain and verify the influence of the sheet re-
sistance on the simulated impedance spectra. We discuss the simulated
impedance arcs in Fig. 2 and we explain them with equivalent circuits
and with an analytical model of a simplistic quadratic electrode domain.
Fig. 2 depicts the result of a Laoss AC simulation of a 1.44 cm? domain in
a Nyquist representation with a bias voltage independent 1D impedance
coupling law. We notice that with simultaneously increasing the sheet
resistance from 1 to 136 Q/sq on the top and bottom electrode, the
impedance arcs shift towards higher values on the x-axis due to the
growing contribution of the sheet resistance to the series resistance and
we observe a linear, ~ 45° inclined high-frequency limit (see Fig. 2).
Furthermore, we also observe that the imaginary part is influenced by
the sheet resistance and therefore the impedance arcs are inflating with
increasing sheet resistance. It is important to note that even with a more
realistic choice of the bottom sheet resistance, i.e. with a high conduc-
tivity, the simulated impedance arcs would inflate in a similar manner.
The impedance arc inflation was not anticipated.

To verify the AC model and to understand the origin of the simula-
tion results obtained from the sheet resistance variation, we start with a
simple equivalent circuit model containing a parallel connection of two
RC elements and sheet resistances, symbolized by resistors, on the top
and bottom side (s. Fig. 3A). The frequency response of this simple cir-
cuit in Fig. 3B shows a horizontal shift but no inflation of the arcs when
the top and bottom resistances are swept simultaneously. This becomes
visible when the analytical impedance expression of this circuit

(Rg + ioRC - Ry + R) - (Rp + ioRC - Ry + R)

= 16
(1 +i®RC) - (Ry + ioRC - Ry + 2R + Ry + ioRC - Ry) (16)
is simplified with
Ry =Ry = R —>Z—1.(R +L) a7
T— BT B 2 BT 1 +iwRC

as Ryp separates itself from the imaginary part, explaining the horizon-
tal shift of the arcs in Fig. 3B. In order to mimic the inflation of the

arcs, we have extended the circuit by one more RC element (Fig. 3C).
It attempts to symbolize a small 1D segment of the time-harmonic FEM
model implemented in Laoss. The frequency response of this equivalent
circuit shown in Fig. 3D with simultaneously swept resistances on the
top and bottom electrodes exhibits similar tendencies with the inflation
of the impedance arcs as the FEM simulation shown above in Fig. 2. The
horizontal shift is caused by the top and bottom resistance, which after
the simplification of the circuit form a resistive element in series as can
be seen in equation (17). The inflation of the semicircles originates from
the influence of the sheet resistance on the imaginary part of the top and
bottom resistances.

Even though the equivalent circuit results (Fig. 3D) look similar to
the FEM results (Fig. 2), there are clear differences. Firstly, no linear
high-frequency limit is observed due to the lack of a constant phase
element. Secondly, the peaks of the impedance arcs grow in a differ-
ent manner. The equivalent circuit models illustrate the influence of
the sheet resistance from the bottom and top electrode on the total
impedance to some extent. We state that the arcs can no longer be inter-
preted as in small cells (transport and recombination resistance, see e.g.
[49,50]) as the interplay with the sheet resistance on large-area elec-
trodes cannot be easily separated. The sheet resistance affects position,
size and shape of the arcs.

As an alternative modelling approach, in the following, we reproduce
the FEM simulation results (Fig. 2) with an analytical model of a simple
symmetric 1D domain. In a previous publication Lanz et al. [51] we
developed a similar analytical model for an illuminated solar cell in
steady-state.

We assume identical quadratic domains on the top and bottom elec-
trode with side length L and an identical sheet resistance Ry, on both
electrodes. The boundary conditions are chosen such that the problem
can be treated in one dimension and all derivatives in y-direction van-
ish. The impedance is computed by integrating the potential difference
along the x-axis, which results in the following analytical impedance
expression for this simplistic domain

kL
Vo i Ry, (2coth (4£) + kL) "

Z =
LY (o) fOL (o7 — @B)dx 2kL
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Fig. 3. Equivalent circuit model with top and bottom resistances coupled with two RC elements (A) and three RC elements (C). The resulting impedance spectra of
equivalent circuit A with swept top and bottom resistance from 1 to 127 Q is shown in plot B and plot D shows the spectra of equivalent circuit C with swept top

and bottom resistance from 1 to 127 Q.
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Fig. 4. Verification of the results of the time-harmonic FEM model and the 1D analytical model with identical domains, coupling laws and boundary conditions

The sheet resistance was varied from 1 to 136 Q.

with k? = 2Y () Ry,. The detailed calculation steps leading to the expres-
sion in equation (18) are shown in the supplementary information.

Fig. 4 shows a Laoss AC simulation and the impedance of the analyt-
ical model with identical sheet resistance and coupling law in a Nyquist
plot. The sheet resistance was swept from 1 to 136 Q/sq.

It can be seen that the analytical model is an exact reproduction
of the Laoss AC simulation for this particular geometry and verifies its
correct implementation. One can see the increase of the linear ~ 45°
inclined high-frequency limit and the horizontal shift towards higher

values on the x-axis, which is due to the contribution of the sheet resis-
tance to the series resistance.

3.2. Model validation with differently sized silicon solar cells in steady-state

The main challenge in performing a simulation with our software
tool is to find the optimal coupling law of the device. Ideally, the current-
voltage characteristic and impedance of the smallest possible cell, which
is not influenced by area effects such as potential drops, should be used.
In order to mimic this, we have cut silicon cells with metal fingers into
different sizes. Well conducting metal fingers, low contact resistance
and busbars compensate for the sheet resistance of 94 Q/sq on the top
electrode, which leads to a low series resistance. This was confirmed by
one-diode model fits in the dark (0.1 Q), the intersection of the x-axis
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Fig. 5. Steady-state simulations (solid lines) and measurements (dashed lines) of 4 cm? (red), 9 cm? (green) and 25 cm? (blue) silicon solar cells (linear (A) and
logarithmic (B) representation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

at high frequencies of impedance spectra and the mask dependent fill
factor also indicated a low to non-existent series resistance [52] (see
supplementary information).

When looking at the current density vs. voltage characteristics of the
4 cm?, 9 cm? and 25 cm? cells in Fig. 5, a shift towards lower voltage
with decreasing area can be observed. The effective series resistance
is virtually zero due to the highly conductive metal grid enhanced top
electrode as discussed above. Therefore, we would have expected the
current density vs. voltage curves to be very similar for the different
cell sizes. The shift towards lower voltage for a smaller active surface is
reported to be related to increasing edge recombination effects per area.
These are usually quantified with the two-diode model

V—-JRg V—-JRg V —JR.
J=J01<e T —1>+102<e ¥ —1>+R—5, (19)
P

where an increase of the second diode current Jy, can be observed
with increasing edge recombination [53,54]. Equation (19) describes
the two-diode model in the dark, first introduced by Sah et al. [55]. The
diffusion (J;;) and recombination currents are split into two diodes, tak-
ing recombination losses in the depletion region into account with the
saturation current Ji,. Further losses are considered with the series resis-
tance R, and the parallel resistance R}, while V1 = kT /q is the thermal
voltage. The ideality factors are typically chosen as n; =1 and n, = 2.
We assume that the edge recombination effects have been amplified by
laser cutting and grinding the cells.

In order to find a general coupling law of our solar cells, we had to
modify the measured current-voltage law by correcting for edge effects.
In a second step, we added them again on the boundaries of the domain
during scaling simulations in Laoss, so that we could obtain an exact
reproduction of the cell’s conditions. This was done by fitting the two-
diode model to the 25 cm? cell, which has the least edge effects per area,
to gain the two-diode model parameters of the device. The edge effects
were removed by lowering Jj,, (see supplementary information).

The geometry and fingers in Laoss were modelled according to the
measured cells. An additional boundary surrounding the domain with an
assumed width of 50 pm was added. At this point, it should be mentioned
that the value of Jj, varies when the chosen width of the surrounding
boundary is changed.

The coupling law with the removed edge effects was used on the
entire domain including the active area and under the fingers. On the
boundary we additionally increased Jg, to 0.2 A/m?, while on the in-
ner domain we kept Jy, at a constant low value of le-6 A/m?, by
which a fit was achieved with the 25 cm? cell. As mentioned, the

value of Jy, depends on the width of the boundary surrounding the
domain.

On the well conductive metal fingers and the aluminium backside
(bottom electrode) a low sheet resistance of 1 mQ/sq was chosen. There-
after, only the area was adjusted to 4 cm? and 9 cm? to obtain the area
dependent steady-state results shown in Fig. 5.

The agreement between measurement and simulation is evident and
the trend of the curves shifting towards lower voltages with increasing
edge recombination per area is clearly visible. At higher voltages the
curves fit very well, while the semi-logarithmic plot at lower potentials
shows that the parallel resistance of the cells is inconsistent. This de-
viation probably originates from laser cutting and manual grinding of
the edges, which could lead to irregularities in parallel resistance. The
simulated curves meet at about 0.1 V, since the parallel resistance of
the fitted 25 cm? cell was used for all domain sizes.

In a next step, the 4 cm? cell was intentionally shunted with the laser
by passing it several times over the same spot. To reproduce measure-
ments of this shunted cell with simulations, a 0.02 mm? subdomain with
shunt properties (ohmic 1D coupling law with specific conductivity) was
added to the domain. Fig. 6A shows the map of the vertical current
density obtained from the Laoss simulation (left, scaled to a maximum
value of 300 A/m?) that is linearly related [56] to the EL-image (elec-
tro luminescence) of the shunted 4 cm? silicon cell on the right hand
side, taken at 0.7 V bias. The dark spot at the top of the EL-image had
also been observed in the non-shunted cell (see supplementary informa-
tion), which has not shown any signs of low parallel resistance. Con-
sequently, we conclude that this is not a shunt, but another, seemingly
non-conductive, defect. The busbar on the top side of the EL-image is not
shown.

To simulate a purely ohmic shunt, an increased conductivity from the
top to the bottom domain with a device thickness of 200 pm was chosen
as a linear coupling law. As the coupling law of the 25 cm? cell was still
used for this simulation, which has a lower parallel resistance than the
4 cm? device, the Laoss simulation inevitably leads to an overestimation
of the shunt resistance. Without a parallel resistance correction of the
coupling law, a fit with the shunted cell was achieved with a shunt resis-
tance of 909 Q (s. Fig. 6B), while with a for parallel resistance corrected
coupling law the fitting shunt resistance dropped to 770 Q.

3.3. Model validation with shunted silicon solar cells in AC

For the validation of the AC solver we took a closer look at the in-
fluence of shunts and bias voltages using the 4 cm? silicon cell. With
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Fig. 7. Measured impedance spectra of the 4 cm? original silicon solar cell (A) and shunted (B) (dashed lines) and the simulation (solid lines) in a Nyquist represen-

tation.

the shunted and original 4 cm? cell we performed EIS measurements
and reproduced them with the AC solver in Laoss. As explained in
Section 2.2, the steady-state problem has to be solved first to provide
the operating points needed for the linearisation of the AC problem.
Therefore, the steady-state coupling laws remained identical to the ones
used in Section 3.2. Additionally, frequency and bias voltage dependent
impedance laws of the stack are added to perform a small-signal analysis
in Laoss.

For the sake of simplification, the edge effects in the frequency do-
main have been neglected and measured impedance spectra of a 1 cm?
cell, taken at 0, 0.101, 0.2, 0.29, 0.375 and 0.43 V, were used to perform
the AC simulations. For the reproduction of the impedance spectra from
the artificially shunted cell, the same shunt conductivity that has been
used for the steady-state simulation, also defined the AC coupling law
of the shunt in the AC simulations. Its conductivity was set to a constant
value for the entire range of frequencies and voltages to represent an
ohmic shunt resistance of 909 Q.

For the simulated impedance spectra of the 4 cm? cell the frequency
ranges from 1 Hz to 1 MHz and the bias potentials were set according
to the bias potentials from the measurements to 0, 0.095, 0.195, 0.275,
0.34 and 0.385 V. The sheet resistance leads to a potential drop on the
electrodes, which has to be considered when evaluating the coupling
law. Laoss therefore uses spline interpolation to obtain the impedance
values from the coupling law evaluated at the correct vertical potential
drop.

The AC results of the original cell, shown in a Nyquist plot in Fig. 7A,
agree very well with the measured spectra, only at 0.275 V bias the
measurement deviates slightly from the simulation. Nevertheless, these
simulated and measured spectra confirm the ability of our software to
predict impedance measurement results of large-area devices with the
data from small area cells.

It is clearly visible that the impedance spectra of the measured and
simulated cell with a shunt in Fig. 7B shrank by a considerable amount,
which is typical for shunted solar cells due to the decreasing parallel
resistance [57]. Even though the spectra from the shunted cell show a
deviation between measurement and simulation at 0 V bias, the sim-
ulation results are overall convincing. The intersection with the x-axis
at low frequencies of the measured 0 V bias arc in Fig. 7B would be at
~750 Q, which is close to the fitted shunt resistance from the steady-
state simulations of 770 Q shown in Section 3.2.

4. Conclusion and outlook

To investigate the influence of defects, such as shunts, and resistive
electrodes in the upscaling process of solar cells and OLEDs, we have
extended the electrical steady-state model by a linearization for sinu-
soidal small-signal analysis in our software tool Laoss. With an analytical
model of a simplistic domain we have verified the correct implementa-
tion of the AC module extension. Simulations show that the impedance
arcs can no longer be interpreted in the same way as in small-area de-
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vices where the sheet resistance can be neglected. In large-area elec-
trodes the sheet resistance influences size, position and shape of the re-
sulting impedance arc. In contrast to the analytical AC model, the FEM
simulation can be applied to study any device geometry and optional
inhomogeneous layer properties. It thus is a versatile tool for solar cell
characterization.

The constant and reliable fabrication of novel devices with various
sizes is challenging, which complicates a validation with this type of
cells. Therefore, we have laser-cut monocrystalline silicon solar cells
into different sizes and shunted one device intentionally. Unfortunately,
due to the optimized finger grid, these cells already had minimal influ-
ence of the sheet resistance and revealed peculiarities such as enhanced
edge recombination effects. Using steady-state simulations, we have an-
alyzed the size scaling of cells with an active area of 4, 9 and 25 cm?. In
addition, edge recombination and the presence of shunts were simulated
and compared with experimental data with good agreement.

With simulations in the frequency domain, the influence of shunts at
different bias voltages was predicted with a slightly larger discrepancy
to the measured data between the shunted cell and the simulation at
0 V bias. Nevertheless, impedance spectroscopy offers the opportunity
of a more detailed investigation of cell properties than current-voltage
characteristics alone.

In upcoming studies, we plan to perform experiments in steady-state
and frequency domain with novel devices, such as perovskite solar cells
and investigate defects with dark lock-in thermography in addition to
the presented EL imaging reported here. Impedance spectra of novel
devices are usually more complicated to analyse as such of silicon so-
lar cells due to multiple impedance arcs. Simulations are becoming in-
creasingly helpful when multiple impedance arcs are involved in order
to evaluate the individual processes of the devices.

A newly implemented thermal AC module will also allow for ”lock-in
thermography” simulations that demonstrate the influence of defects on
temperature distributions. This is another way to quantify defects and
demonstrate their influence on the electro-thermal properties of large-
area devices.
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