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Abstract - Electrical low frequency noise (LFN) measurements are utilized in this work to identify
parasitic low voltage transport mechanisms in diced aluminum back surface field (Al-BSF) photovoltaic
(PV) cells. A detailed method for LFN analysis is proposed, taking into account the co-existence of various
transport mechanisms usually occurring in parallel in PV components. A precise examination of the 1/f
noise level dependency with both current and voltage, combined with static 1-V characterization at
various temperatures, enabled the identification of two different flicker noise sources appearing at
different current regions: one attributed to local linear shunts and a second one to a fluctuation in a
nonlinear parasitic conductivity localized at the samples cut edges. The latter shows a noise signature
similar to a transport via tunneling or Poole-Frenkel effect, meanwhile excluding a SRH recombination
current. This hypothesis was further verified by measurements of thermal activation energies which were
found to be typical of tunnel and Poole-Frenkel conduction mechanisms.

1 Introduction

The current growth of the photovoltaic market [1], answering current needs for renewable energy
sources, encourages the development of tools and methods to characterize precisely the components
used in such systems. Photovoltaic (PV) cells performances are known to be limited in particular by
defects introduced during their fabrication, which are responsible for recombination of photo-
generated carriers, leading to decreased efficiency [2]. Structural defects can also enable parasitic low
voltage conduction mechanisms reducing the fill factor of photovoltaic devices [3] and greatly
diminishing their performance at low light intensity [4]. These undesired contributions to the current
are usually attributed to recombination processes in the depletion region, sometimes with inaccurate
ideality factors [5],[6].[7].

The analysis of low frequency noise (LFN) is a hon-destructive method widely used to detect and
characterize defects in semiconductor devices such as CMOS transistors [8]. Their operation makes
them very suitable for noise measurement since the channel conduction is governed by only one type
of charge carrier and can be modulated thanks to the gate voltage control. LFN characterization has
also been explored in diode structures, but there is a lack of consensus with regards to noise modeling
in these components since their operation is usually more complex [9]. Indeed, both electron and hole
conductions are involved through various mechanisms in series. PV cell devices, in particular, are
even more cumbersome to study since there are also parasitic parallel conduction mechanisms, mainly
due to their large size and to the presence of defects induced by cost-saving fabrication processes or
dicing/cutting methods [10].

The complexity of these devices therefore forces the use of multiple and benchmarked
characterizations, to assess with confidence the nature of the parasitic effects. In this framework, LFN
appears as an additional technique in PV studies, under-employed however since the generalization of
LFN techniques to multiple mechanisms, although compulsory, has not been developed yet.

This paper presents a methodical approach for the analysis of the LFN measured in AI-BSF PV
cells, in presence of multiple types of transport mechanisms. A first section will introduce theoretical
bases regarding noise in semiconductor devices, and present a condensed state of the art of LFN
measurements in PV cells, as well as the approach used to model 1/f noise results in this work. In the
second section, the samples structure and the measurement set up used will be detailed. Experimental
results will be exposed and interpreted in the third section.



2 Theoretical approach for 1/f noise analysis in solar cells

2.1  Noise basics and state of the art
Electronic noise designates any random variations around a mean value measured in a current or
in a voltage signal. Although this phenomenon is generally unwanted because it is regarded as a
perturbation, it can provide unique information about intrinsic fluctuation mechanisms of electronic
components. The power spectral density (PSD), giving access to the distribution of a signal power
over a frequency bandwidth, is systematically used to analyze noise results. It can be expressed
according to the Wiener-Khinchin theorem for a wide-sense stationary process U as [11]

Su() = [ ryy (et de 2.1

where r is the autocorrelation function of U.

Different types of noise can be identified according to their PSD spectrum. The most basic one,
designated as white noise, stems from physical phenomena whose variations are uncorrelated in time
and its PSD spectrum is therefore flat with frequency. Physical processes with an exponential
relaxation characterized by a time constant z produce a Lorentzian spectrum, flat at low frequencies
and varying as 1/f2 for frequencies significantly larger than //2zz. In most common cases, many
processes with different time constants t occur and the sum of their contribution is measured. In the
case that the time constants values obey an exponential distribution, this sum results in a third type of
noise called Flicker noise or 1/f noise. This type of noise is very often measured in semiconductor
devices, and its current PSD follows:

Si~1/fY (2.2)

where vy is a frequency exponent whose value is varying around 1 depending on the uniformity of the
time constants distribution for the processes at stake. According to the literature, the 1/f noise in
semiconductors may originate either from a fluctuation of the mobility (4x) or from a fluctuation of
the number of free charge carriers (4N). Mobility fluctuations are generally attributed to phonon
scattering in the bulk material and modelled by the empirical Hooge’s formula [12]. Processes
inducing fluctuations in the number of charge carriers, such as electron trapping/de-trapping or
Generation-Recombination [13][14] processes can occur either in the bulk or at the interface with an
oxide or other material. Since interfaces are known to be preferential zones for crystallographic defects
enhancing the occurrence of these processes, the measured LFN is traditionally interpreted with
surface-based models, such as the McWhorter one [15].

While LFN has been explored and modelled in diodes and p-n junctions since the 1950s [9], [16],
[17], its study in PV cells is more recent. Noise is presented in some works as an indicator of PV cells
degradation and as a tool for reliability estimation. The detection of degradation signs in LFN
measurements is for example investigated through ageing studies in crystalline silicon-based solar
cells in [18]-[20] and in GaAs devices in [21]. The method has been explored in many different PV
structures such as silicon heterojunction cells [22], or emerging photovoltaic technologies such as
perovskite-based ones [23]-[29], organic ones [30]-[35], or carbon nanotube-based ones[36]. Very
recently, the LFN characterization coupled with the atomic force microscopy (AFM) technique has
produced remarkable results in [23], further solidifying this method as a very promising non-
destructive characterization tool for PV cells.

In the vast majority of the works evoked here however, characterization through LFN is limited to
the analysis of PSD spectra, whereas the information hidden in the noise level dependency with
current and voltage is rarely fully exploited. This rare use could partially be explained by the lack of
published works on the modeling of noise in the case of multiple parallel transport mechanisms
inducing several sources of fluctuations. The following subsection will present a first generalization of
the noise dependency with current and voltage in such cases.

2.2  Assessing the possible LFN behavior in solar cells
If a time-domain current signal I, depending on a parameter V, has the following form of dependence:

IV,t) = fF(NX(@®) (2.1)



where X is a random variable whose fluctuations are supposed to be independent of V and f a time-
independent function of V, the PSD of | can be expressed according to Eq. (1.1) as:

SiEVY = [L2(27 FOOX@F DX (E - 1)de )e 2 dt = £ (V)25 (f) (2.2)

In this simplified case, the noise measured will be proportional to 12 and f(V)2. Thus, in the case of an
ohmic conduction mechanism with I defined as:

LV, =GV, (2.3)

if the time fluctuations of the conductance are inducing 1/f noise, the power spectral density S, in the
concerned frequency range is expected to verify both:

{ Six(f) =V25:(f)
SIR(f) = IZRZSG(f)

Due to their large size and the use of cost-saving processes for their fabrication, PV cells usually
feature several conduction mechanisms occurring in parallel. The widely used double diode model [3],
given here in dark measurement conditions, describes three parallel conduction mechanisms:

V—-IR V—IR V—IRg
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where Rg is the series resistance, Ry, a parallel resistance modelling shunts due to fabrication defects
[37], and Is; and I, are the dark currents of an ideal diode with an ideality factor n; equal to 1 and a
second diode modelling recombination processes via SRH mechanism in the space charge zone (SCZ)
with an ideality factor n, equal to 2, respectively. As indicated in several research works [5]-[6], it is
common for n, to be found superior to 2 in cut or damaged solar cells and that the low-voltage current,
generally resulting from localized effects, cannot always be approximated by this model.

In order to analyze the LFN in solar cells, it is hence essential to take into account these several
parallel contributions to the current. If a current signal | is composed for example of two conduction
mechanisms and can be written as a function of the voltage V as:

I(V,t) =X f (V) +Y(©)g(V) (2.6)

where X and Y are two uncorrelated random variables whose fluctuations are independent of V and g
and f are two time-independent functions of V, the PSD of this signal can be expressed as:

Si(f,V) = F(V)2Sx(f) + g(V)?Sy (f) (2.7)
This approach, assuming that the fluctuation sources do not depend on the voltage applied, provides a
first approximation tool to analyze noise measurements. This formulation highlights the fact that the
measured noise level may not necessarily result from the conduction mechanism dominating the static
current, provided that the fluctuation produced in the underlying mechanism is large enough. In a case
like that, the dependency of S, with both | and V can help identify hidden conduction mechanisms, not
visible in the DC behavior.

(2.4)

3 Experimental details

3.1 Devices under test
The measured samples are Al-BSF solar cells fabricated at CEA-INES as detailed in [38], laser
cut into smaller devices with various rectangular geometries, whose dimensions are presented in table
1. The study was carried out on fifteen samples (three of each size), whose static and noise
measurements results are presented in Figure 1.

Table 1 : Geometries of diced solar cells on which noise measurements presented in section 111 were carried out.

Sample Area | Perimeter | Area/perimeter
shape (mm2) (mm) (mm)
A 25 20 1.25




B 100 40 2.5
C 25 25 1.00
D 62.5 55 1.14
E 625 100 6.25

Reducing the size of the devices was required to adjust to the set-up current limitations evoked in
the following section. Samples dimensions have thus been chosen carefully to study their impact on
noise behavior. Similar noise behaviors have also been obtained with other AI-BSF samples not
presented in this paper, on which cuts were obtained with diamond saw.

3.2 Measurement setup

The noise measurements have been carried out thanks to the noise acquisition system NOISYS7,
developed by SYNERGIE CONCEPT Co., Meylan, France, whose architecture is described in [39].
This equipment is able to perform current noise measurement for currents between 100 pA and 10 mA,
on a maximum bandwidth between 1Hz and 100 kHz. This range, very well suited for small
components, can be quite limiting in the case of PV cells standard test structures as they induce a
parasitic oscillation in the measurement bandwidth as explained in [40], which hence motivated the
laser cutting of the device.

4 Experimental results and analysis

This section presents the experimental results and explains the methodology approach applied to
these in order to analyze noise sources in these solar cells. As it can be seen in Fig. 1-a, presenting
current-voltage curves in log scale for the fifteen samples studied, some parasitic low voltages currents
are measured in all cases. Some typical linear shunt currents can be extracted at very low voltage, with
a device-to-device variability observed due to the random and local aspect of the defects inducing such
parasitic conduction mechanisms. The current normalization with the samples perimeter leads to a
gathering of the curves between about 200 mV and 500 mV, therefore enabling the identification of a
second conduction mechanism through the edges. The values extracted at 100 Hz of the Flicker noise
measured in all samples are presented for each as a function of the applied voltage in Fig 1-b.
Different tendencies with voltage, depending both on the samples and the voltage range, can be
observed. The noise level is proportional to the square of the voltage for all samples under 100 mV
and this dependence is gradually increased at higher bias for certain samples. A precise analysis and
modeling of these different behaviors will be performed in what follows, based on three particular
samples exhibiting the most pronounced behaviors.
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Figure 1: (a) Current-Voltage characteristics measured in fifteen samples (right), normalized by samples perimeter values

(left). (b) Values of power spectral densities, showing a Flicker noise, extracted at 100 Hz as a function of the applied voltage
in the same fifteen samples.



4.1 1/f noise induced by resistive shunt currents

Measurements presented in this section have been carried out on the E-shape sample (Table 1)
which exhibited the highest noise level (Fig. 1-b), and it will be referred as case #1. Its current-voltage
characteristic, presented in the inset of Fig. 2-a, is typical of a shunted solar cell, as a significant linear
current is observed at low voltage, identical in forward and reverse bias. Current power spectral
density measurements obtained on this sample between 6 mV and 420 mV are presented in Fig. 2-a. A
1/f type noise can be observed in all spectra, with a flat region appearing at low frequencies. The
slopes are fairly constant between spectra since the y coefficient (Eq. (1.1)) is varying between 1.14
and 1.22. An average value of the PSD has been extracted around 100 Hz for each spectrum, and
plotted against the voltage applied during the measurement (Fig. 2-b). It appears that the noise level is
varying proportionally to the square of the voltage, as it would be the case for a Flicker noise source
acting on a resistive current (Eq. (1.6)).
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Figure 2: (a) Power spectral density curves at applied bias varying between 6 mV and 420 mV, inset: Current-Voltage
characteristic in forward and reverse bias. (b) Power spectral density values extracted at 100 Hz as a function of the voltage
(left) and the current (right). Experimental data was fitted according to Eq. (1.6) with a proportionality coefficient equal to
8.5x10™" s2Hz*t.

The current dependency of these PSD reinforces the hypothesis that the 1/f noise measured is
induced by the shunt currents in this sample. Indeed, the PSD is varying proportionally to the square
of the current in the range in which the current is limited by the resistive conduction mechanism, and
the curve is flattened when other conduction mechanisms begin to take precedence over it in the total
current, without additional sources of fluctuation.

As it is represented in Fig. 3, showing the structure of the sample, it is likely that the measured 1/f
noise originates from conduction mechanisms enabled by fabrication-induced defects or structural
damages locally reducing the effect of the space charge region. The nature of these defects can be of
various types [37], and has not been specifically determined in the scope of this work.
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Figure 3: Representation of an Al-BSF solar cell structure (not at scale) with various structural defects inducing low voltage
shunt currents. 1, 2 and 3 are three typical structural defects (scratch, SiC precipitate and Aluminum contamination)

described in [37] that can induced local linear shunts current. 4 represents a laser cut inducing edges parasitic currents
through a damaged layer of amorphized silicon, as observed in [44].

4.2 Ildentification and modeling of additional noise sources
For most of the samples, the 1/f shunt noise model presented in the above section was not enough
to explain alone the noise level on the range of bias studied. A second source of noise seems to appear
at higher currents in samples with higher shunt resistances values. As highlighted in Fig. 1, this second
tendency is emerging in a range of voltage bias for which the current is limited by a conduction
mechanism occurring at the samples edges. Two physics-based modeling approaches to interpret this
secondary noise contribution are presented in this section.

4.2.1 Tunnel current noise model

This sub-section is based on measurements carried out on a D-shape sample (Table 1) that will be
referred as case #2. PSD measurements also revealed 1/f type noise on a wide frequency range, whose
values extracted at 100 Hz are presented in Fig. 4 as a function of the applied bias. It can be seen that
the noise level measured for bias values higher than 100 mV does not match the 1/f shunt noise model
presented in section 3.1, whose voltage dependency follows solely V2. This strongly suggests the
presence of a secondary source of fluctuations as modelled by Eqg. (1.9).
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Figure 4: Power spectral density values extracted at 100 Hz as a function of the applied bias. The sum of the resistive 1/f
model and the tunnel current noise model presented in Eq. (3.3) is used to fit all data.

Based on the double diode model (Eg. (1.7)), the first assumption that could stem from these results is
that the second diode would be a source of fluctuations. It appears however that the noise level is not
increasing enough with voltage to correspond to a current varying exponentially, except if using an
unrealistically high ideality factor, not matching the static IV characteristic of the cell. This second



noise trend rather seems to be approximatively proportional to VV*. According to the modelling
developed in section 1.2, this would correspond to a current roughly proportional to V2, as it would be
the case for a tunnel current. Even if the samples structure is not supposed to contain oxide layers, it is
possible that such layers have been formed during the laser cutting processes, as represented in Fig. 3.
These defects could induce tunneling currents at the samples edges, that can be expressed in a
simplified form according to the Fowler-Nordheim model [41] as:

I=CV2exp(—32) (4.1)
where

C. = q*mesrA
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(4.2)

and A is the area crossed by the current, @, the potential barrier height, mg; and mg;e the effective
electron masses in the semiconductor and in the dielectric respectively and t,, the thickness of the
oxide layer.

In order to obtain a variation of the PSD proportional to VV*, it is necessary to assume that there is
no quantity fluctuating in C,. The only parameter that could fluctuate in C, is the effective surface
through which the current flows, that would result from a modulation of the number of accessible
conduction channels in the oxide layer. The equation describing the PSD could then be written as
follow:

Sy = Sc,V*exp (- 22) (4.3)
with S¢ the fluctuation on C, expressed in A2V“*Hz*. Such a model can provide a very good fit for
high bias PSD values, as shown in Figure 4 for a value of C, equal to 0.088 V.

An additional element that seems to indicate the presence of a tunnel conduction mechanism has
been provided by low-temperature IV measurements carried out on this sample, presented in Fig. 5.
On the characteristic, a knee can be observed between 100 mV and 450 mV, typical of a tunnel current
contribution. This knee can be very well approximated with a tunnel current term with the same
parameter C, used to fit the PSD curves.
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Figure 5. Current-Voltage characteristic measured at 77 K on sample n°2, and Fowler-Nordheim tunnel current model with
C,=0.088V.

Despite this very good agreement between the static and noise fit using the same parameters, there
are elements nuancing the reliability of this first modeling approach. First of all, the fluctuation source
in C, attributed to a modulation of the effective surface is questionable and hard to justify. Then, even
if the cryogenic measurements give credibility to the existence of tunnel currents in these solar cells,
the location of thin tunnel oxides in their structure is not clearly established.

Out of the six samples on which cryogenic measurements have been carried out, a knee in IV
curves has only been observed on three samples. Case #2 is the only one for which such a good match

Current (A)




has been obtained between values of C, extracted from noise and static measurements. The values of
C, extracted from noise model are in addition below the range of the expected ones, even if the
difference lies within less than one order of magnitude. Indeed, a minimal value for C, can be
estimated to be around to 0.37 V, with t,,=0.3 nm and &; = 0.4 eV, meanwhile the value found for
case #2 was 0.088 V.

Finally, the fact that a conduction mechanism occurring several orders of magnitude under the
measured current at 300 K would be responsible for the total measured noise measured is less likely,
although not impossible as described by Eq. (1.9). An alternative interpretation and modeling
approach is proposed in the next section, through the study of a third sample.

4.2.2 Poole-Frenkel noise model

This section will present the second approach used to interpret the noise results at the higher bias
values, based on measurements obtained on the C-shape sample (Table 1) showing the lowest noise at
low voltage (Fig. 1-b), referred to as case #3.

The Poole-Frenkel (PF) effect is a conduction mechanism resulting from the lowering of the
potential barrier surrounding a trapping state under the effect of an applied electric field [42]. It is
usually measured in disordered materials such as amorphous layers [43]. As described previously and
represented in Fig. 3, it is likely that the cells edges were amorphized by the laser cuts as observed in
[44], providing such conduction paths for charge carriers at low voltage. The Poole-Frenkel current
density can be expressed as in [42]:

Jpr = Opr E exp (‘lq;LT(‘DB - %)) (4.4)

where ope = qun is the PF conductivity, E the electric field, &g the Coulombic potential barrier height.
Assuming that the only fluctuating quantity is opg, because of a fluctuation of either the mobility or the
number of charge carriers, and that a thickness d could be defined such as |E|=|V/d|, the expected 1/f
power spectral density can be expressed as:

S; = SprA3V? exp(2ByVV) (4.5)
where:
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and S is the power spectral density of opr expressed in S2Hz™.

The current power spectral densities measured for case #3 between 6 mV and 500 mV are
presented in Fig. 6-a. A first interesting observation is that a white noise contribution seems to appear
on the first spectra, flattening the 1/f noise measured at lower frequencies. It is very likely to
correspond to a thermal noise in an equivalent resistor R, whose PSD is defined as:

S; = 4kgT/R (4.7)

This phenomenon is observed in several measurements, and the resistance value extracted from
the white noise level is matching the value of the shunt resistance extracted from static measurements
in all of these cases. Even if the analysis of this white noise is limited due to a parasitic resonance
phenomenon described in [40], it is likely that it stems from local resistive conductions in the low-
doped base of the PV cell, enabled by structural defects such as those presented in Fig. 3. The current
resulting from passing through these defects is then affected by both a Flicker noise induced by the
latter (section 4.1), and a thermal noise due to the conduction in the base of the cell. These results
greatly support the interest of the LFN analysis. Indeed, while the static measurement only gives
information on the most resistive series conduction mechanism, the noise measurements can inform on
the underlying ones. In case #1, the shunt resistance white noise impact is not visible in the measured
spectra (Fig. 2-a), as its expected value is estimated to be around 1.55x10% A2/Hz according to static



measurements, therefore negligible compared to the measured 1/f noise.
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Figure. 6. (a) Power spectral density curves measured between 6 mV and 500 mV on sample n°3. The shunt current white
noise was plotted for Ry,=42 kQ. (b) Power spectral density values extracted from Fig.6-a at 100 Hz as a function of the
applied bias.The estimations of the shunt current white noise, shunt current 1/f noise and the Poole-Frenkel current noise
adjusted with By=9.5V are plotted. Insert: 1/f gamma coefficient as a function of the voltage

Fig. 6-b presents the PSD values at 100 Hz and the y coefficients (Eq. (1.1)) of the 1/f noise
contribution observed between approximately 10 Hz and 150 Hz, as a function of the applied voltage.
It appears that the thermal noise mentioned previously impacts the extraction of the three first PSD
points, slightly above the estimation of the 1/f shunt noise. The PSD values also deviate from this
model for voltages above 100 mV, as in case #2. It is interesting to notice that this deviation
corresponds very well to a change in y from values around 1 to values around 0.7, supporting the
hypothesis of two different distributions of defects or scattering centers. This additional noise at higher
bias is very well fitted by Eq. (3.5), with a coefficient B, equal to 9.5 V™ for case #3, and between 5
and 10 V"2 for all others. As represented in Fig. 3, it is possible that the charge carriers are able to
shunt the SCZ thanks to the laser cut amorphized zones providing less resistive conduction paths.

As the static behavior of the solar cells studied in this paper could not be described by the two-
diode model (ideality factor n, above 3 instead of n,=2), the possible presence of a Poole-Frenkel
current contribution suggested by the LFN behavior was examined for the Current-Voltages curves. It
turned out that the characteristic of this sample at 300 K, presented in Figure 7, could be very well
approximated with the following equation:

1) = V;jfs + Ao(V — IRs) exp(Boy/V — IRg) + I, (exp ("(Z;—;;fs)) 1) (4.8)

with B, equal to 10.07 V' which is in very good agreement with the value of B, extracted from the
noise fitting.
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Figure 7: Current-Voltage characteristic measured on sample n°3 at 300 K, fitted according to (3.8), with each term of the
equation plotted. The fitting parameters are: Rg,=42 kQ, Rs=0.14 Q, A;=6x10" S, B,=10.07 V2, 15=5.5%10°A and n=1.68.

4.2.3 Cryogenic measurements

As the temperature dependence of the conduction mechanisms revealed by noise measurements is
clearly identifiable, cryogenic measurements were performed on six samples. Current-Voltage
characteristics between 77 K and 300 K measured on an A-shape sample (Table 1) and presented in
Figure 8 are representative of the tendencies observed on most samples.
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Figure 8: Current-Voltage characteristics measured on sample n°4 between 77 K and 300 K (left) and logarithm of the
current at 100 mV and 300 mV plotted against g/kgT (right).

The current at 100 mV and 300 mV has been extracted for each curve in order to plot the
logarithm of the current as a function of g/ksT and to extract the activation energies of the conduction
mechanisms involved. Two activation energies can be distinguished, around 155 meV for
temperatures above 160 K and around 30 meV for lower temperatures. These activation energies,
referred as E; and E,,, are very low and typically observed in the presence of Poole-Frenkel and

tunnel conductions respectively, as presented in [45] and [46]. These cryogenic measurements strongly
support both hypotheses of fluctuation mechanisms presented above.

To summarize, the two conduction mechanisms identified thanks to the LFN experimental
analysis and modeling are in very good agreement with the activation energies extracted from
cryogenic measurements. One can therefore suggest that a combination of both mechanisms occurs at
the damaged edges of the cells, responsible for the low-voltage current measured. Although the LFN
analysis has strongly helped in the identification of these mechanisms, the analysis is limited by the
fact that the intermixing of conduction mechanisms occurring in disordered materials is modeled using
very simplified formulas, not necessarily reflecting their inherent complexity [5]. The Poole-Frenkel



conduction model has however provided a very good approximation of the static behavior of the cells
at 300 K, and could thus constitute a convincing explanation of the abnormally high ideality factors
generally observed at low bias in laser cut cells.

Conclusion

An analysis of the current and voltage variation of the 1/f noise level taking into account the
multiplicity of parallel conduction mechanisms in PV components, coupled with static I-V-T
measurements and suggested model approaches has been presented, leading to the identification of
low voltage parasitic transport mechanisms in laser cut Al-BSF cells. A first LFN contribution has
been linked to local linear shunt phenomena, regularly observed in PV cells. A second noise
contribution was identified for higher currents, arising from conduction through the diced sample
edges, via either tunneling or Poole-Frenkel effect. Cryogenic measurement results suggested that the
conduction at the edge of the samples could be a complex combination of both mechanisms. The
Poole-Frenkel approach also provides a very good approximation of the nonlinear parasitic current
measured at low voltage, which can explain the abnormally high ideality factor extracted if a g-r
current is assumed instead. The observed results have confirmed the precaution needed when dicing
PV samples due to the induced low voltage parasitic conduction mechanisms, and highlight the
importance of the presented method as a significant additional tool for the characterization of
electronic transport and defective zones in PV cells.
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