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Abstract: Noise spectroscopy is essentially focused on the investigation of electric fluctuations
produced by physical mechanisms intrinsic to conductor materials. Very complex electrical transport
phenomena can be interpreted through the study of the fluctuation properties, which provide
interesting information both from the point of view of basic research and of applications. In this
respect, low-frequency electric noise analysis was proposed more than twenty years ago to determine
the quality of solar cells and photovoltaic modules, and, more recently, for the reliability estimation of
heterojunction solar cells. This spectroscopic tool is able to unravel specific aspects related to radiation
damage. Moreover, it can be used for a detailed temperature-dependent electrical characterization of
the charge carrier capture/emission and recombination kinetics. This gives the possibility to directly
evaluate the system health state. Real-time monitoring of the intrinsic noise response is also very
important for the identification of the microscopic sources of fluctuations and their dynamic processes.
This allows for identifying possible strategies to improve efficiency and performance, especially for
emerging photovoltaic devices. In this work are the reported results of detailed electrical transport
and noise characterizations referring to three different types of solar cells (silicon-based, organic, and
perovskite-based) and they are interpreted in terms of specific physical models.

Keywords: electric noise processes; photovoltaic cells; electron-hole recombination; electron-phonon
interaction; solar cell reliability

1. Introduction

The global electricity demand is expected to increase dramatically in the future due to
a growing population, urbanization, and developing economies [1]. Among the renewable
energy sources (e.g., solar, wind, hydroelectricity, and geothermal energies), solar is a
promising candidate for sustainable, carbon—neutral and environment-friendly alterna-
tives to complement and, later on, to substitute fossil fuels for future generations [1,2].
The photovoltaic (PV) cell is the technology that converts sunlight directly to electricity
by using a semiconductor material characterized by a photovoltaic effect, discovered by
Becquerel in 1839 [3]. Nowadays, crystalline silicon (c-5i) solar cells (including monocrys-
talline and polycrystalline) are dominating the world PV market with a market share
greater than 95% [4]. The rest is covered by thin film technologies, mainly based on cad-
mium telluride (CdTe), copper-indium-gallium-diselenide (CIGS) solar cells, and, to a
lesser extent, hydrogenated amorphous silicon (a-Si:H). In the last few decades, other
emerging technologies, such as organic photovoltaic devices (OPV), dye-sensitized solar
cells (DSSC), and perovskite solar cells (PSC), have also been studied as economical and
sustainable alternatives [5-12].
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Organic solar cells based on conjugated polymers are of notable interest for their
promising features such as low cost, flexibility, lightweight, transparency, and large-area
manufacturing compatibility [13,14].

The earliest reference active layer in the bulk heterojunction (BHJ) device has been
based on a blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM), where the donor—acceptor mechanism has been used to split the exci-
tons into free carriers [15]. Solar cells based on P3HT:PCBM derivatives have demonstrated
efficiencies of less than 7% [16-18]. More recently, for the most performant devices, the
injtial reference system of BHJ represented by a composite PSHT:PCBM has been replaced
by new systems based on a ternary blend and non-fullerene acceptors with a certified
efficiency exceeding 18% [19,20]. However, OPV devices suffer from poor stability of the
organic photoactive materials under operating conditions [21]. Most of the conjugated
polymers rapidly degrade when exposed to ambient air and light, thus limiting the lifetime
of the whole device.

When compared to inorganic technologies, low power conversion efficiency () and
stability still represent limiting factors for the applicability of organic solar cells. Neverthe-
less, OPV devices have recently been employed as an energy source for low-power indoor
applications (e.g., home automation, security, and surveillance; healthy monitoring; and
building power management) [22-24] and greenhouse applications [25].

To overcome this limit in the last decade, a new generation of mixed organic-inorganic
halide perovskites has received extensive attention as a light harvester for low-cost and
high-performance photovoltaics [26,27]. From the first prototype of a perovskite solar
cell fabricated in 2012, the continuous efforts of the scientific community have produced
devices with a certified power conversion efficiency up to 25.7% in 10 years [19]. Compared
to the OPV, the perovskite technology offers more performant and stable devices with
a radiation hardness to proton doses that exceed the damage threshold of crystalline
silicon by almost three orders of magnitude [28]. Although the present commercial PV
production is dominated by c-Si solar cells, the easy manufacturing processes and high
n > 25% make the perovskites one of the cheapest PV technologies of the future [29].
These attractive achievements encourage the switch from perovskite-based solar cells from
laboratory devices into commercial products. Several authors report large-scale panels
with performances ready for the marketplace [30,31].

However, the understanding of all the physical properties that make hybrid per-
ovskites so promising for solar energy conversion (e.g., defect structure and their impact on
non-radiative recombination and charge transport, electron-phonon scattering) is not clear
and becomes crucial for reaching high performances devices [32-34]. For the commercial
scale, the modules are expected to be stable against diverse operating conditions (such
as high/low temperatures and light soaking regimes), as declared by the International
Electrotechnical Commission (IEC) 61,215 series tests [30,35].

As previously reported for the organic materials, the perovskites also suffer from
long-term stability under thermal, humidity, and light soaking stress that could be partially
mitigated with efficient encapsulation methods [36]. For the fabrication of most performant
solar cells, the development of alternative and specialized tools is required by the industries
to identify and characterize the performance-limiting elements in fabricated structure
devices. In particular, the structural and electronic characterization of the thin layers and
interfaces is highly desirable.

This paper reviews, for the first time, the application of noise spectroscopy to con-
ventional and emerging PV technologies to correlate the morphological and structural
modifications with the recombination kinetics and then, with the performances. In par-
ticular, the review starts with a brief description of the working principles of the new PV
technologies, and it reports in detail the concepts, structure, and materials. Successively,
the general concepts and measurements technique of electric noise spectroscopy are ex-
plained. In the last section, experimental noise analysis conducted on different types of
solar cells is discussed, evidencing charge carrier dynamics, including phonon coupling,
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charge trapping and transport, and ageing phenomena induced by varying temperature,
light, and radiation stress. This experimental evidence has been also compared with what
are found in the literature for the same PV technology. The aim is to highlight the relevance
of noise spectroscopy as an innovative and non-destructive tool to reveal material and
technological information that might lead to the fabrication of more efficient solar cells.

2. Solar Cells: Mechanisms, Structure, Materials, and Characterization

In Figure 1, the best power conversion efficiencies of research solar cells based on
silicon, organic, perovskite, and perovskite/Si tandem photovoltaic technologies from the
year 2000 to the present are shown. The data are from the National Renewable Energy
Laboratory (NREL-Golden, CO, USA).
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Figure 1. Chart of the highest confirmed conversion efficiencies of research cells based on silicon,
organic, perovskite, and perovskite/Si tandem photovoltaic technologies, achieved from 2000 to the
present (https:/ /www.nrel.gov/pv/cell-efficiency.html, accessed on 12 January 2023).

2.1. Silicon-Based Solar Cell

Silicon is one of the most abundant materials on the earth and is part of the first
generation of solar cells where the semiconductor material is characterized by a high
value of the diffusion length and low recombination rate (especially for monocrystalline
structure) [37]. These properties can be related to its indirect energy band gap of 1.1 eV,
which makes the radiative recombination fairly inefficient, implying that, for defect-free
material, the photogenerated electrons and holes can exhibit very long lifetimes [38].
However, due to its relatively low light absorption coefficient, particularly near its band
gap (for a comparison of the absorption coefficients of several photovoltaic materials
see [39]), the silicon solar cells require comparatively thicker silicon wafers to absorb
incoming sunlight sufficiently (~160-350 pm) [40]. In 2022, an optimum silicon solar cell
with light trapping and very good surface passivation was about 160 um thick [41].

Apart from silicon, another interesting semiconductor material is gallium arsenide
(GaAs), which is used to fabricate the most performant single-junction device. Being that
Ga and As are scarce materials in the Earth’s crust, GaAs solar cells are considered as a
replacement for silicon solar cells mostly in the aerospace field, where higher cell efficiency,
good tolerance to temperature stress, and better radiation resistance are needed, while cost
considerations are less important [42,43]. Due to their limited diffusion, this type of solar
cell will not be further discussed.
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The typical structure of a solar cell is based on a homojunction of single-crystal
material (e.g., Si or GaAs) doped with different species to form a p—n junction. This is
typically achieved through diffusion or implantation of specific impurities (dopants) or via
a deposition process [44]. In Figure 2a, the cross-section of a conventional silicon solar cell
with the basic operation is shown. Sunlight is incident from the top of the solar cell and the
metallic grid forms one of the electrical contacts of the diode. An anti-reflective coating
between the grid lines increases the amount of light transmitted to the semiconductor by
lowering the reflection. The metallic layer on the back of the solar cell forms the other
electrical contact of the diode.
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onduction ban
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__n*-emitter E.SE \. ® O
space ch e
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Figure 2. (a) A typical silicon solar cell structure is shown. (b) The main loss mechanisms in a
standard solar cell are: (1) non-absorption of below-bandgap photons; (2) thermalization; (3) junction
and (4) contact voltage losses; and (5) recombination loss.

Under illumination, the light absorbed by the semiconductor generates electric charge
carriers called electrons and holes. These photogenerated carriers present in the space-
charge region are separated by the electric field (at the interface of the p—n junction). The
electrons diffuse to the n-side and the holes diffuse to the p-side, becoming the majority
carriers. This mechanism reduces the probability of undesired recombinations within
the device, especially for defect-free wafers (e.g., monocrystalline) where the effects of
impurities, grain boundaries, and dislocations are negligible [37].

In order to achieve a high-efficiency cell, several improvements (e.g., buried contact or
the presence of a dielectric passivation layer on the rear side) have been implemented to
reduce the optical and electrical losses. For instance, these performant structures are textur-
ized at the bottom for light trapping, there is the presence of n** regions for preventing
the Schottky contact on the front, and a p*-layer is used for forming the back surface field
at the bottom [38,40]. In the past decade, amorphous-silicon/ crystalline-silicon (a-Si/c-5i)
heterojunction solar cells have reached record high efficiencies over 26% and are an impor-
tant device for research in the community [19,45]. Here, the a-Si layers act as very effective
passivating layers for the c-5i wafer cell, resulting in an open circuit voltage of more than
700 mV. Moreover, the use of interdigitated back contact technology and temperature below
200 °C for the deposition of a-Si have promoted the diffusion of this solar cell type [45,46].

As reported in Figure 1, the light-to-electrical power conversion efficiency 7 of a
silicon-based single junction solar cell ranges between 25.0 and 26.1% depending on several
factors, out of which the doping of the base material is one [19,47]. This value is slightly
lower than the theoretical value determined by the Shockley—Queisser model (that is 30%
for an energy bang gap of 1.1 eV) [48]. The difference in terms of the # values is related
to the loss mechanisms within the device. Figure 2b shows the main loss mechanisms
in a standard p-n junction solar cell with E; as the forbidden band gap energy of the
semiconductor material [44,49]. Here, the most significant losses are the non-absorption of
below-bandgap photons (E,;, < Eg (1) in Figure 2b) and thermalization of electron-hole

pairs generated by the absorption of short wavelength photons through electron (hole)
relaxation to the conduction (valence) band edge ((2) in Figure 2b). The other losses are
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junction loss ((3) in Figure 2b) and contact loss ((4) in Figure 2b), which can be arbitrarily
small in an ideal device.

The recombination losses ((5) in Figure 2b) occur in the device when the theoretically
ideal crystal is impure due to foreign atoms, crystal structure errors, or similar issues. In
this case, the forbidden gap contains additional energy levels that work as recombination
centers, also called traps. Besides foreign atoms, crystal imperfections, such as empty lattice
places or crystal displacements, also lead to increased recombination. Here, the crystal
quality of the semiconductor layers impacts the solar cell performance, influencing the
carrier lifetime 7. Its value lies in the range from ms down to ps [37]. Another useful
parameter is the electron diffusion length L;, which describes the distance a generated
electron moves in the semiconductor in the absence of an electric field, until it recombines.
The typical numerical values for silicon, for instance, are between 50 and 500 um [37].

2.2. Polymer: Fullerene-Based Solar Cell

In 1986, Tang et al. reported the first organic solar cell based on the donor-acceptor
concept in a bilayer structure [50]. It is worth noting that solar cells based on organic
materials had already been reported in the late 1970s, although with very poor conversion
efficiencies. For a review of these early organic photovoltaics, the reader is referred to the
work of Chamberlain et al. in 1983 [51].

In the 1990s, the introduction of the bulk heterojunction concept by Heeger and Friend
allowed for enhancing the device efficiency [52,53]. In particular, they fabricated the
first devices based on blending the conjugated semiconducting polymer with Cgq or its
functionalized derivatives.

Beginning in 1995, the polymer photovoltaic cells started to improve, reaching a
power conversion efficiency value of 2.5% in 2001, as reported by Shaheen et al. [54].
Subsequently, by using a different combination of donor-acceptor materials based on low
band gap polymers, the 77 value exceeded 10% for laboratory devices with an active area of
~1cm? [14,55,56]. In the last few years, the use of new blends based on a ternary compound
and non-fullerene additives has led to a further enhancement of solar cell performance.
In Figure 1, the development of the power conversion efficiency of organic solar cells is
summarized. As can be noted, the 17 of a 1 cm? OPV device reached a certified value of
15.2% using D18 as the electron donor and Y6 as an acceptor in a single junction non-
fullerene polymer solar [19,57]. More recently, for a small area (0.032 cm?) organic solar
cell, a NREL-certified efficiency of 18.2% has been reported [19,20].

Differently from the inorganic semiconductors (e.g., Si, GaAs, etc.), the absorption of a
photon in the OPV creates an exciton (i.e., a bound electron-hole pair) with binding energy
(=0.1 eV) due to the high Coulomb interaction and the reduced size of the system [58].
The exciton must then be split into free carriers (electron and hole separately) before it
recombines within the blend, due to its limited diffusion length (~10 nm) [52,53]. This
splitting process takes place at the interface between the donor (p-type) and the acceptor
(n-type) organic semiconductors. These materials are chosen such that an energy difference
between the respective molecular energy levels (that are HOMO and LUMO) exist to
dissociate the photo-generated excitons at the donor/acceptor interface. Here, LUMO
stands for the lowest unoccupied molecular orbital for the electrons in the acceptor, and
HOMO refers to the highest occupied molecular orbital for the holes in the donor.

In Figure 3a, a simplified sketch of a typical heterojunction structure for an OPV device
is depicted. As can be seen, the active layer consists of an intermixing of the donor and
acceptor materials so that a fine interpenetrating network builds up with extended donor-
acceptor interfaces distributed within the bulk. In Figure 3b, the main steps occurring
within the organic active layer for (I) the generation of an exciton via photon absorption,
(I) diffusion, (III) splitting at the interface between the donor and acceptor, and (IV) charge
carrier transport for (V) collection at the metal contacts are shown [8]. Here, the principal
loss mechanism involves the breaking up of the exciton and the subsequent charge carrier
collection [59]. Optimizing the blend morphology by changing the preparation conditions
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(e.g., deposition temperature and solvent additives) is, therefore, necessary to reduce the
recombination kinetics [60].

(b)
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Figure 3. (a) Cross-section of the typical architecture of a bulk heterojunction solar cell and
(b) band diagram of a donor—acceptor combination showing HOMO and LUMO offsets. The inset
is a schematic of the scission of an exciton at the interface between the donor (red) and acceptor
(blue) materials. (I) The absorption of a photon creates an exciton. (II) The exciton diffuses to the
donor/acceptor interface. (III) A charge-transfer state is created between the two materials. (IV) The
charge transfer state dissociates into free carriers, which then diffuse into the bulk. (V) Collection at
the metal contacts.

2.3. Perovskite-Based Solar Cell

Perovskite-based solar cells are a new entry within thin film PV technologies and
they have a good chance of contributing to large-scale solar energy production thanks to
their high 7 value and compatibility with scalable processes [31]. The first investigated
Perovskite was a calcium titanium oxide mineral (CaTiOj3) discovered by the Prussian
mineralogist G. Rose in 1839. This type of compound has a chemical structure ABX3, where
“A” and “B” are two cations of very different sizes and “X" is a halogen anion (usually I~,
Br~, Cl7, or a combination of these) that binds to both [61]. The first type of perovskite
material used for PV applications has been an alkali halide type (CH3;NH;3Pbls), where
“A” is usually methylammonium (MA) [62], but, lately, can be formamidinium (FA) [63],
cesium [64], and rubidium [65]; and “B” is a metal (Pb, Sn, Sr) [61].

The first photovoltaic cell based on perovskite was published in 2009 with an effi-
ciency of about 3.8%, comparable with the organic devices [66]. Here, the evidence of the
photovoltaic function for perovskite nanocrystalline particles self-organized on TiO; as
n-type semiconductors has been reported. In less than two decades, the efficiency increased,
reaching the NREL-certified 7 value of 25.7% [19,67]. These excellent device performances
are due to their efficient and balanced ambipolar transport property (high carrier diffusion
length in a range of 0.1-1um depending on the halide) and strong absorption coefficient on
the order of 10* cm~!. Moreover, the ability to tune the bandgap value by changing the
composition permits us to use the perovskite for a broad range of optoelectronic devices,
such as light-emitting diodes [68], photo-detectors [69,70], lasers [71], and tandem solar
cells [19,72,73]. Recently, efficient monolithic perovskite/silicon and perovskite/CIGS
tandem solar cells have been fabricated at low temperatures with # values of 31.2% (see
Figure 1) and 24.2%, respectively [19]. Again, these type of thin-film perovskite tandem cells
show high proton radiation hardness properties with a mitigation of the defects induced
by the radiation [72,73].

The typical structure of a perovskite solar cell is a p—i—n junction device, where the
perovskite has the role of an intrinsic (i) sunlight absorber [74]. Here, the n-type electron
transporting layer or material (ETL-M) and a p-type hole transporting layer (HTL-M) are
employed to separate and collect the photogenerated charges. In Figure 4a, the cross-section
of the device with phenyl-C61-butyric acid methyl ester (PCBM) as the electron-transporting
(n-type) material and PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
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as the hole-transporting (p-type) material is shown. Usually used as a photoanode, a trans-
parent conductive oxide (TCO), e.g., fluorine-doped tin oxide (FTO) or indium-doped tin
oxide (ITO), is used, whereas the counter electrode, typically made of Pt, Au, and Agin
more recent years, is made of cheaper conductive materials, e.g., carbon [75]. To enhance
the long-term stability, a bathocuproine (BCP) buffer layer has been commonly used in
p-i—n perovskite solar [76]. Similar to other PV technologies, the absorption of a photon
generated an electron-hole pair with a low value of binding energy that induces exciton
dissociation at room temperature and, consequently, the charges move freely across the
layer [77]. In Figure 4b, a schematic energy-level diagram of perovskite materials with
electron (n-type)/hole (p-type) transporting materials is reported.
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Figure 4. (a) Schematic illustration of the cross-section of the device structure and (b) the correspond-
ing scheme in terms of energy levels between the perovskite, PCBM (ETL), PEDOT:PSS (HTL), and
junctions at their interface with charge transfer and hole and electron energy barriers.

Vacuum evaporation is considered a high-performance technique to grow oriented
thin films of layered perovskite with precise control of the film properties, compared to
the deposition through spin-coating and blade coating followed by thermal annealing [62].
This latter step allows for solvent evaporation and enhances perovskite crystallization [78].
However, the perovskite-based devices are characterized by poor long-term stability and by
some toxicity issues related to the presence of lead compounds [79] and the use of solvents,
such as N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), y-butyrolactone
(GBL), and toluene, for the fabrication processes [80].

In the literature, several approaches have been proposed to optimize the homogeneity,
morphology, and grain-size dimension of the perovskite layer. This leads to a mitigation of
the recombination processes through defect states on the device performance [81,82]. In
this respect, Chen et al. have reported that using chlorine as an extrinsic dopant during
the solution crystallization and grain growth of CH3NH3Pbl; produces an enhancement
of the film quality, which results in improved efficiency [81]. The most performant large-
area module obtained by connecting 55 perovskite cells shows an initial efficiency value
of 17.9% [19,83]. Han et al. have tested the stability of similar devices under different
environmental conditions (temperature, humidity, and light illumination), evidencing
ageing phenomena affecting the perovskite material and the whole solar cell (e.g., crystal
structure, film quality, conducting layers and interfaces) [84]. Here, long-term stabil-
ity is still an issue to resolve. The performing standard, as well as alternative experi-
mental measurements, will systematically help to improve the stability of these devices
in the future [85].
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2.4. Solar Cell Characterization Techniques

For the emerging photovoltaic technologies based on organic semiconductors, quan-
tum dots, hybrid materials, and perovskites, an accurate characterization becomes neces-
sary for material screening and device optimization. In the literature, several electrical
and optical characterization techniques, such as light-induced charge extraction by lin-
early increasing voltage (CELIV), impedance spectroscopy (IS), transient photovoltage
(TPV), photoluminescence (PL) decay, electroluminescence (EL), and transient microwave
reflection (TRMC), have been reported to extract significant solar cell parameters (e.g.,
charge carrier mobility and lifetime, charge density, the density of traps and their energy
depth, and more) [60,72,86-89]. The latter technique has also been shown to enable an
in-situ characterization of the electronic heterojunction interfaces’ properties during their
formation [90]. More recently, the PL and EL techniques have been applied to understand
and minimize the open circuit voltage losses in all-perovskite tandem photovoltaics [91].

By considering the silicon-based devices, where the total thickness of the emitter (n*)
and base (p) layers ranges between 160 and 350 pm, the charge transport is governed by the
diffusion of minority carriers within the doped regions. Therefore, the quality of crystalline
silicon determines the minority carrier lifetime and diffusion length within the structure,
which influences the solar cell performance. As reported in Figure 1, monocrystalline
silicon solar cells characterized by a perfect lattice structure, high material purity, and
low dislocation density (single crystal-like) show higher 77 values compared to the same
structures with polycrystalline silicon.

On the other hand, the organic and perovskite thin film solar cells (denoted also as
hybrid and organic photovoltaics) are 50 and 300 nm thick, respectively, and are com-
prised of a p—i—n junction [32,92]. It is worth noting that the BHJ can also be considered
p-i-n-structured, being that the polymer is undoped. The use of electrodes with different
work functions and doped injection layers (ETL and HTL) creates a built-in potential that
drops inside the intrinsic region.

The electron and hole densities vary spatially within the intrinsic region and there are
no minority carriers, as observed in the bulk of the crystalline silicon. It is worth noting
that the perovskite material and the organic semiconductor are characterized by ambipolar
charge transport properties [74,93]. Quantifying a diffusion length in a p—i-n-structured
solar cell is, therefore, less significant for the emerging material [87]. The characterization of
the charge transport in p—i—n structures requires the measurement of the electron and hole
mobilities, the recombination coefficient, the built-in potential, charge injection barriers,
and other parameters associated with charge trapping. However, it is difficult to assess
these parameters individually, as they are highly entangled in a solar cell device.

Here, the morphology properties of the intrinsic layer (perovskite or donor-acceptor
blend) depend on the preparation conditions, such as solvent additives, interface layers
(e.g., LiF and Cg for perovskites), thermal treatment, and substrate [82,93,94]. For example
in polymer:fullerene solar cells, the use of high-boiling point solvent additives increases the
mesoscopic order and crystallinity within the active layer, and induces clear improvements
in the charge carrier transport [93]. Shao et al. have demonstrated that the use of the
fullerene material as ETL leads to a partial deactivation of the surface and of the grain
boundary charge traps, related to the perovskite absorber layer. This also helps to eliminate
the often observed photocurrent hysteresis and to increase the charge carrier lifetime and
mobility [82]. In particular, Warby et al. report that the performance of singlejunction
cells is largely limited by significant nonradiative recombination at the perovskite/organic
electron transport layer junctions [94]. This is especially true for monolithically-stacked
structures (e.g., perovskite/silicon, perovskite/CIGS and perovskite/perovskite tandem de-
vices), where the higher performance can be reached only by optimizing the recombination
phenomena at the interfaces [91].

Additionally, both the emerging materials suffer from degradation phenomena (in-
duced by the light soaking, thermal stress, and environmental moisture) that originates
a charged defect at the interface and within the bulk material, which modifies the charge
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carrier dynamics. As a consequence, the recombination and transport of charges are more
difficult to understand and require more sensitive characterization techniques.

At present, few characterization techniques can detect material modifications that
affect the interface, doping, and electron/hole transport within the complex structure of the
solar cells (multi-layers stack plus electrodes) under operating conditions. The noise spectra
unravel the dynamics of very specific electronic processes that occur at the interfaces and
within the bulk material, where other conventional structural/morphological and chemical
characterization techniques (e.g., near-UV photoelectron spectroscopy [95], surface photo-
voltage measurements [96], real-time spectroscopic ellipsometry [97], and Fourier transform
infrared spectroscopy (FTIR) [98]) are less sensitive. These latter techniques need to be
accompanied by complementary measurements that can provide additional information
regarding the electronic transport of the material [13].

Recently, noise spectroscopy has proved to be a powerful and non-destructive tool for
the analysis of electric transport, recombination, and degradation phenomena in solar cell
devices [13,32,93,99-101]. Degradation phenomena at the interfaces and within the bulk
material (based on Czochralski-grown silicon, organic and perovskite compounds) induced
by an interstitial boron—-oxygen complex defect [101], thermal stress [13,99], and proton
radiation [101] have been characterized in detail. Here, the noise amplitude is correlated
with the device performance. Morphological modifications originated from the solvent
additives [100], phase transition [102], and grain boundary dimensions [32] have been
investigated using charge carrier fluctuation measurements. Useful parameters, such as the
density of states (DOS), electron lifetime, charge carrier mobility, and complete electronic
characterization of the defect states (e.g., defect density, energy depth, and symmetric
ratio) have been computed [32,93,99-101]. Moreover, the noise analysis reveals that, within
the perovskite-based devices, the recombination kinetics is strongly influenced by the
electron-phonon interactions [32].

Among the electrical measurement techniques, impedance spectroscopy can be con-
sidered an equivalent tool for the characterization, analysis, and diagnosis of solar cells
compared to noise spectroscopy [103]. In this respect, several authors report a comparison
between the noise and impedance spectra by correlating the experimental quantities with
the physical parameters of the investigated devices [104,105]. Both techniques operate in
the same frequency range, which is 1 Hz-100 kHz. The measurements at low frequency
can be investigated for the electrode polarization, ions, and charge accumulation at the
interface and within the bulk [106]. These phenomena are well-reported in the literature,
for the perovskite-based solar cell, where mixed ionic—electronic conduction mechanisms
have been observed [107]. Conversely at high frequencies, these techniques are sensitive
to recombination processes and trapping/detrapping phenomena. For the emerging PV
devices, the timescales of the dynamics lie in the frequency range taken into account. It
is worth noting that impedance spectroscopy can also acquire spectra at frequencies be-
low 1 Hz and above 100 kHz for energy storage and solid-state semiconductor devices
applications, respectively [108-115]. Similar to the impedance measurements, with the
analysis of the fluctuations, the information can be extracted and quantified from the noise
spectrum by using an AC-equivalent circuit [13,101,103]. Here, the corresponding parame-
ters give insights into the underlying physical nature of the different processes within the
investigated device.

To perform the noise spectra measurement, the device is biased with a low-noise
DC current in the pA range. The output AC voltage signal is amplified with a low-noise
preamplifier and, subsequently, fast-acquired (in one shot in 2 min) with a spectrum ana-
lyzer. Conversely, the impedance measurement requires a voltage small-signal sinusoidal
electrical input (orders of tens mV) superimposed on the applied DC voltage. The AC
voltage excitation changes within the investigated range as a function of the frequency,
depending on the measurements, and the resulting impedance is acquired. For the latter
case, the acquisition time, especially at lower frequencies with adequate averaging and
with a sufficient number of points for decades, leads to a longer measurement time (orders
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of ten minutes). Moreover, the noise spectra are acquired at different bias points under the
current-controlled operation mode (galvanostatic mode) with a small excitation amplitude
that varies in a range of pA. This ensures that the degradation phenomena caused by the
bias current within the investigated devices are limited [116].

The low-frequency noise signal becomes prominent in small devices with sub-micron
dimensions following a 1/ Volume scaling factor [117]. This trend has been observed for the
downscaled silicon transistors, where an increase in the relative level of low-frequency noise
becomes a limiting factor for advanced electronic applications [118] and solar cells [101]. For
the PV devices, one of the dimensions is almost fixed by the vertical layout (e.g., thickness
of the emitter-base junction or injection and intrinsic layers). Therefore, active area A plays
an important role in the noise analysis. It is worth noting that the most performant devices
based on emerging materials on a laboratory scale are characterized by a small area below
1 cm? [19,20,57]. With an increase of the device area, the recombination kinetics become
more important and negatively affect the overall performance. Since the noise fluctuations
are amplified within thin devices with a small area, as for the organic and perovskite
PV cells, this feature makes the noise spectroscopy more sensitive and effective compared
to the other characterization and diagnostic tools.

Within the solar cells with a planar multi-layered structure, the intrinsic layer and
interfaces are the most resistive elements of the pile and produce more significant noise
contributions [119,120]. This proves that noise spectroscopy, compared to conventional
electrical techniques, provides more space selectivity of the processes involved by
identifying and characterizing the performance-limiting sources within the devices. In
Figure 5, the advantages, features, and practical aspects of the use of noise spectroscopy
tool are summarized.

1Hz -
Space selectivity for Bulk/interfacial
S—

the noise contributions phenomena
S =

£ -1 kHz

[J]

1]

2 —_

S

) Trap-assisted
time (s) ™ recombination

10° Hz -
Fast response (2 minutes) Frequency range (1-10°) Hz
Figure 5. Advantages, features, and practical aspects in the use of the noise spectroscopy tool in

terms of the frequency domain, measurement time, sensitivity, and charge carrier kinetics. Here, the
perovskite solar cell has been taken into account as a sample test.
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3. Electric Noise Spectroscopy: General Concepts and Measurement Techniques

By definition, a random process is a random function x () of an independent variable t,
which, in the theory of fluctuations, is the time. The deviation of the random quantity x(t)
from its mean value (x) is called fluctuation, or noise, defined as [121]:

ox(t) = x(t) — (x) )

The evolution of dx(t) in time on average is analyzed through the correlation function,
calculated as [122]:

(Ox(t1)---ox(tn)) = /dxldxz s dxpdxy - Oxpwn (X1, b X, tn) (2)

where x; are the values of the random quantity atinstants ¢; (i=1, ... , n), and the probability
density function wy, is known for the different instants f1, . .., t,.

The kinetics of the random fluctuations can be described very precisely when w;, is
of Gaussian-type. In the case of random processes composed by Gaussian processes, the
correlation function establishes the correlation between the values of the random process
at two different times t; and tp. Therefore, Equation (2) can be rewritten as:

Tx(tl,tz) = /dxldx25x1(5x2w2(x1,t1;x2, tz) 3)

with w; as the two-dimensional probability density. In Equation (3), ¥x(#1,t2) is commonly
known as the autocorrelation function, only depending on the difference t; — t; in the case
of stationary systems [123].

While in the time domain, the basic properties of random data can be obtained by
this autocorrelation function, in the frequency domain, instead, similar information can be
given by the spectral density function Sy(f) defined, according to the Wiener-Khinchin
theorem [124,125], as:

(e9)
Sx(f) = / it — t)e Y (1 — 1) = ¥ (w) 4)
—00

From Equation (4), it follows that Sy is the Fourier transform of ¥, and, consequently,
the integral S, over all positive frequencies is exactly the variance of the noise (i.e., the
amplitude of the fluctuations) [121].

It is well-known that in any condensed matter system, the frequency dependence of the
spectral density and the response of the same system to external perturbation (the electric
current transport) are governed by the same kinetic processes. Therefore, one can expect
that there is a relationship between the two kinetic characteristics of the system [122]. For
example, in metals, some of the defects are mobile. The hopping motion of the scattering
centers changes their arrangement and affects the resistance, producing the resistance
fluctuation phenomenon. In semiconductors, the states of electrons and holes can be
divided into two classes: delocalized electron states in the conduction band (holes in the
valence band) and localized states. The transition of an electron or a hole from a localized
to a delocalized one is called generation and the inverse process is called recombination.
Since the elementary generation and recombination processes are random, the number
of charge carriers fluctuates around some mean value. These fluctuations of the charge
carriers number produce fluctuations of the resistance and, consequently, of the current
and/or voltage if a nonzero mean current is passing through the specimen. All these
important relationships to the basic characteristics of the physical system involved can be
obtained by analyzing the frequency components of the spectral density function, from
which it is possible to identify four common types of low-frequency noise [121].
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The electronic noise generated by the thermal agitation of the charge carriers (usually
electrons) inside an electrical conductor at equilibrium is the Johnson or thermal noise
(Figure 6a). These temperature fluctuation processes are also known as “white noise”,
having a voltage-spectral density completely frequency-independent (Figure 6b) and
expressed by the following expression:

Sv(f) = 4ksTR (5)

where kg is the Boltzmann constant, T is the system temperature, and R is the real
part of the system impedance [121,126].

The electronic noise, which can be modeled by a Poisson process and is originated
from the discrete nature of electric charge, is the shot noise (Figure 6¢). Similar to
temperature fluctuations, current fluctuation processes are also identified as “white
noise”, having a voltage-spectral density defined as:

Sy (f) = 2eRp?I (6)

where ¢ is the electron charge, Rp is the differential resistance of the system, and I
is the bias current [121,127]. In Figure 6d, the linear current dependence of the shot
noise amplitude is shown.

The electronic noise generated by slow random dynamics is usually known as 1/ f
or flicker noise (Figure 6e). This is characterized by a frequency spectrum which
is inversely proportional to the frequency of the signal (Figure 6f), and is modeled
through the Hooge empirical relation as:

Cag V21
Sv(f) = W af ()

where V is the dc voltage (V = RI in the case of Ohmic compounds), f is the frequency,
ap /1 is the normalized Hooge parameter proportional to the noise level amplitude
(being n the charge carrier density), and v is the frequency exponent assuming values
in the range from 0.8 to 1.2 [117,121,128].

The electronic noise consisting of sudden step-like transitions between two or more
discrete voltage or current levels (Figure 6g) is the random telegraph noise (RTN).
RTN has a spectral density expressed by a Lorentzian type of noise as:

Sv(f) = —— ®)

where Lna is the Lorentzian noise amplitude and fj is a cutoff frequency representing
the crossover value of the transition from a 1/ f to a 1/ f2 behavior (see Figure 6h for
details) [121,129].
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Figure 6. Examples of different types of voltage fluctuations in the time (left panels) and frequency
(right panels) domains, respectively. The represented low-frequency noise components are: Johnson
noise (a,b), shot noise (c,d), 1/ f noise (e,f), and random telegraph noise (g,h). The units on the axes
are arbitrary.

Concerning the measurement of the voltage-noise fluctuations, all the acquisition
is concentrated on the AC component of the output signal. This is preamplified with
homemade electronics or with a Signal Recovery model 5113 low-noise preamplifier and is
analyzed with a dynamic signal analyzer, Hewlett-Packard model HP35670A. A schematic
picture of the setup used to perform the noise spectra is shown in Figure 7.
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Figure 7. Noise measurement setup used during the device characterization. Here, the organic solar
cell has been taken into account as a sample test.
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The system temperature, which is one of the most important external parameters
to be controlled during the noise spectral traces recording, is varied with a closed-cycle
cold finger refrigerator, operating in a range between 300 and 8 K, or with a series of
thermoelectric Peltier-type devices, operating in a range between 350 and 240 K. In each case,
a proportional-integral-derivative (PID) algorithm is used for the temperature stabilization,
better than 0.2 K. The electrical connections to the samples under test are realized in a
four-probe contact configuration. This technique, which is the most common way to
measure the DC electric transport properties, does not completely eliminate the external
spurious and unwanted contributions in noise studies alone. In this case, indeed, additional
current fluctuations can be produced by the noise of each component constituting the
bias and measurement circuit. In principle, this problem could be partially solved with
the use of an ideal current source, whose effect is to reduce current contact resistance
fluctuations [130]. However, electronic feedback circuits act as ideal sources at DC, but
do not always work in AC. Therefore, it is clear that high-quality voltage-spectral density
measurements can be performed only by developing an experimental procedure able to
separate and subtract noise components due to contact resistance fluctuations and active
instrumentation of the experimental setup (“background noise”). This has already been
realized by resorting to a specific analytical correction based on a sequence of two- and
four-probe measurements, followed by a mathematical manipulation of the data [131-133].
The validity of the entire procedure has been verified several times on different condensed
matter systems and devices, such as ultrathin films for green [134], superconducting [135]
and magnetic [136] electronic applications, and superconducting nanowires [137,138] and
thin film structures [139,140].

4. Physical Phenomena and Fluctuation Mechanisms in Solar Cells

In this section, the physical models, the effect of different agents on cell performances,
DC transport and voltage-noise analysis of solar cells realized with different technologies
are reported. The results obtained by the authors with the experimental investigations are
described, respectively, for:
1.  Silicon-based cells (see Figure 2a for a schematic representation). The model of
fluctuations, the effect of radiation damage, and evidence of damage from noise are
the topics of Section 4.1.
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2. Organic cells (see Figure 3a for a schematic representation). Physical modeling
through the noise, effects of fabrication technology on cell parameters through the
noise, and thermal stress effects characterized by noise are the topics of Section 4.2.

3. Perovskite-based cells (see Figure 4a for a schematic representation). Physical model-
ing through the noise, material characterization through the noise, and the correlation
between noise and cell efficiency are the topics of Section 4.3.

4.1. Photocurrent Fluctuation Effects in Polycrystalline Silicon-Based Solar Cells

Spectra from 1/ f-type noise have often been observed in semiconductors and
p—n junctions, and several works have been addressed to understand the origin of this
behavior [121,141-145]. Semi-empirical models have been proposed to relate the current
noise to mobility fluctuations [142], to the fluctuation of the number of free charge carriers
within the space charge region [143,144] or the semiconductor surface [145]. Hsu [146] and
Van der Ziel [147] related the 1/ f-type noise in the metal-oxide semiconductor system and
in the p—n junctions to fluctuations of the defect state population. Low-frequency electric
noise has also been used to determine the quality of silicon solar cells and photovoltaic
modules [148-150]. Recently, reliability estimation has been also performed for photo-
voltaic devices related to microplasma detection [151] and for iron disilicide heterojunction
solar cells [152]. More recently, noise spectroscopy has been employed to study the carrier
dynamics within silicon homo (p-n junction) and heterojunction (a-Si/c-Si:H heterostruc-
ture) solar cells [119,153]. The determination of electronic parameters (such as energy
level, density, and symmetric ratio) of defect states within the forbidden bandgap allows
for the estimation of their influence on the electronic performance of the semiconductor
devices [154-156]. Dedicated measurement techniques, such as injection-dependent lifetime
spectroscopy [157], temperature-dependent lifetime spectroscopy [157], thermal admittance
spectroscopy [158,159], and deep-level transient spectroscopy [160,161], are commonly used
to determine the detailed properties of electronic defects in semiconductors.

In this study, random current fluctuations in Czochralski-type (Cz) crystalline silicon-
based homo-junction solar cells, in pristine form and after artificial degradation with
high-energy protons, have been measured at different temperatures and illumination
levels. The investigated monocrystalline solar cells, type “SC2140-Z8-24", are based on
a homojunction solar cell with a p-type Cz-Si base material and a diffused emitter. They
were created by SOLARTEC and the main photoelectric properties are reported in [162].
The samples have an effective area A of 1 cm? and a wafer thickness d of 320 um. The
traditional theory reproduces the solar cell equivalent circuit into four constituent parts:
a photocurrent source, a diode, a series resistor, and a shunt resistor. The photocurrent
source is simply the expression of the current due to the optical generation of the charge
carriers I, the diode represents electron-hole recombination at the p-n junction, the
series resistance R; arises from the ohmic contact between the metal and semiconductor
internal resistance, and the shunt resistance R;j, accounts for the leakage current through
the cells [163]. From a mathematical point of view, this framework allows for the modeling
of current—voltage I-V as:

B e(V-IR)] VIR,
e[

where ¢ is the electron charge, kp is the Boltzmann constant, T is the absolute temperature,
and Iy and 7 are the diode saturation current and ideality factor, respectively [37]. Figure 8a
shows the I-V characteristics of the investigated silicon solar cells at 300 K and for different
light intensities, ranging from 0 (dark) to 30 mW /cm?. In this respect, a commercial cool
white light-emitting diode (LED) “KLC8 Edixeon K series” from Edison Opto was used as
light source. The relatively low values of the short-circuit current I and of the open-circuit
voltage V,. are due to the low light intensity levels used for the electrical characteriza-
tion. By measuring the same photovoltaic devices under standard test conditions with
the AM 1.5 G spectrum, the following parameters have been obtained: I, = 37.45 mA,
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Voe =581 mV, fill factor FF = 68.96%, and a power conversion efficiency 7 = 15.01% [162].
By fitting the experimental data with Equation (9), the red curves shown in Figure 8a are
obtained. A good agreement with the measured data is clearly visible. The estimated series
resistance R; is about 1 () at 300 K and decreases with the temperature and light intensity.
Ry, is almost constant in temperature and varies in the range between 2800 () and 2100 (2,
going from dark to 30 mW /cm? illumination.
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Figure 8. (a) Current—voltage characteristics of a typical investigated silicon-based device at the

temperature of 300 K and for different illumination levels. The arrow indicates increasing light
intensity. (b) Temperature dependence of the current—voltage characteristics of the solar cell measured
under dark conditions. Inset: Temperature dependence of the evaluated 7,¢s. The best fitting curves,
determined by using Equation (9), are also shown as solid red lines.

Figure 8b shows the temperature dependence of the I-V characteristics under dark
conditions, measured in the range between 280 and 340 K. The solid red lines are the best-
fitting curves obtained by using the model defined with Equation (9). A good agreement
with the data points is also evident in this case. The investigated solar cells are based on
the n*—p junction and, due to the asymmetric doping concentration, the emitter diffusion
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current is orders of magnitude lower than the base current. Therefore, it can be assumed
that the saturation current related to the diffusion of the electrons into the base is given by:

 eAntd

I =
0 NA'Teff

(10)

where 7; is the intrinsic carrier concentration of silicon (9.69 x 10° cm~3 at 300 K) [164],
Ny =14 x 10" cm 3 is the doping concentration of the base material corresponding to a
resistivity of 10 (O-cm [162], and 7,¢¢ is the effective minority carrier lifetime. The values of
T.ff, obtained from Equation (10), are shown in the inset of Figure 8b as a function of the
temperature. At 300 K, 7,7 is about 3.2 ps, in good agreement with what was measured
in [162] using a different technique.

The DC model, which applies the superposition principle in comparing the dark and
illuminated data, can be similarly used to simulate the electric noise of the photovoltaic
devices. The low-frequency dependence of the voltage-spectral density, acquired on
pristine Si-based solar cells, is shown in Figure 9 at 300 K in dark conditions and at different
light intensity values: 6 mW/cm?, 18 mW/cm?, and 30 mW/cm?. Independent from
the bias current applied and, as a consequence, from the cell differential resistance Rp, a
characteristic 1/ f noise component is visible in the form of: Sy (f) ~ K/ f7, with K as the
amplitude and the frequency exponent y ~ 1.18.
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Figure 9. Frequency dependence of the cell voltage—spectral density at 300 K and for several differen-
tial resistance Rp values, in the dark and by varying the illumination level from 6 to 30 mW/ cm?.

As previously defined, starting from Equation (4), the variance of the voltage-noise
signal is [121,123]:
e (1) _ (1)
Var|V] :/ df-Sy = K2 " Jmin (11)
f min f (1 - r)/)
where the frequency interval [ fyin, fmax] = [1,100,000] Hz is given by the experimental band-
width. The Var[V] is characterized by a quadratic dependence on Rp at all illumination
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and temperature conditions, as shown in Figure 10 at 300 K. This gives a clear indication
that the dominant noise sources in the photovoltaic system are current fluctuations, whose
amplitude is calculated as: Var[I] = Var[V]/Rp? [121].

4F B T=300K - Dark
@ T=300K - LightIntensity =6 mW/cm?
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Figure 10. Dependence of the voltage fluctuations” amplitude on the differential resistance at
room temperature and different illumination levels: dark (black squares), 6 mW/ cm? (blue circles),
18 mW/cm? (green diamonds), and 30 mW/ cm? (yellow stars). The solid red lines are parabolic
best-fitting curves.

The origin of these random current fluctuations responsible for the flicker noise must
be related to the trapping and to the recombination processes, involving defects in the
p-type base material and the charge carriers [142-144]. Accordingly, it can be assumed
that these mechanisms modulate the number of free carriers, generating noise fluctuations
due to the number fluctuations instead of the mobility fluctuations [121]. Moreover, the
possibility of selecting different light intensities gives a further opportunity to modulate
the density of the trapped minority charge carriers in the solar cell, also influencing the
noise amplitude Var[I]. It is well-known that trapping and recombination centers are
active in solar cells based on p-type boron doped Cz-5i base material, where the charge
carrier transport is strongly influenced by the formation of the boron-oxygen-related
defect (BO) [165,166].

In this framework, it follows that:

Var(l] = Var[lyay] + Var [Iph] (12)

where, under dark conditions, the trapping and recombination processes give origin to a
dark background noise Var|I;,,«], which is constant and independent of the bias condition.
Meanwhile, by increasing the light intensity, the amplitude of the current fluctuations
Var {Iph} initially increases by increasing the light intensity and then saturates (see the
blue data points in Figure 11 as a function of the generated photocurrent I, at 300 K).

More specifically, the quantity Var {I ph:| can be expressed in terms of the two contributions,

trapping (green curve in Figure 11) and recombination (grey curve in Figure 11), and,
therefore, Equation (12) can be rewritten as [101,167]:

Ly, Lyy
P +A2.#

Var[I] = Var[ljy] + Az N2 L\ 2
(1 + I,”g’Lt) (1 + ﬁ)
0

(13)
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Figure 11. Photocurrent dependence of the current fluctuation amplitude at a temperature of
300 K. The best fitting curve with Equation (13) is shown as solid red line. The solid grey line
and the solid green line represent the trapping-related and the recombination-related noise fluctua-
tion contributions, respectively.

In Equation (13), I(lfght allows for the estimation of the threshold photocurrent at which
the noise level is almost saturated (see the red curve in Figure 11 for details) and 14 takes
into account the influence of the cross-section values of the recombination centers, while
A1 and A; are the amplitudes of the current fluctuations expressed related to the trapping
and recombination mechanisms, respectively [168].

From the best values of the fitting coefficients of Equation (13), it is possible to
compute the most important defect states parameters, such as: the density of the trap-
ping centers Nt ~ Aj, the density of the recombination centers Ngry ~ Aj, the sym-
metric ratio k ~ 1/14, and the energy depth of the traps below the conduction band
AEN ~In (1 / Iélght> [101]. By measuring the photo-induced noise fluctuations at different
temperatures, the defect state’s temperature dependence can be studied. In particular, the
orange squares in Figure 12 show that the symmetric ratio k remains constant at a value
of about 10.8, up to a temperature of 310 K; after that, a reduction with the increase of the
temperature is observed. Moreover, the trap’s energy depth AEy is characterized by an
average value of ~0.40 eV around 300 K (see the blue circles in Figure 12 for details). These

experimental findings are in good agreement with what was observed in the presence of
metastable BO defects [154].

12 0.50
1M1+
10+
) 40.45
9 N O/ \e —
o %
X 8l 0/ ~
-4
7+ o/ I'|<J1
" 10.40
6l |
5L symmetric ratio k
-@-traps energy depth AE, =
0.35

280 290 300 310 320 330 340
T(K)

Figure 12. Temperature dependence of the symmetric ratio (orange squares and left y-axis) and of the
energy depth of the traps, referred to conduction-band minimum E¢ (blue circles and right y-axis).
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Considering that solar cells are usually exposed to various kinds of radiation in a
working environment, very comprehensive investigations need to be performed to develop
efficient photovoltaic devices able to operate in conditions of increased radiation. In this
respect, the sensitive and versatile noise spectroscopy technique could be used for real-time
monitoring of solar cell degradation. In order to verify such potentialities, a comparison
between non-irradiated and irradiated samples has been carried out by estimating the effect
of the damage through the evaluation of the noise parameters. The degradation effects were
artificially induced on the devices with proton irradiation, carried out at the ISL of the Hahn-
Meitner-Institut in Berlin (Germany), at a proton energy of 65 MeV in air. A homogeneous
defect distribution with this energy value has been verified by using a SRIM (Stopping
and Range of Ions in Matter) code [169]. The samples were irradiated with three different
proton fluences: 2 x 10!! protons/cm?, 1 x 102 protons/cm?, and 5 x 10'? protons /cm?.
Specific information can be found in [162]. It is well known that the internal parameters
of solar cells, such as series and parallel resistances, are strongly influenced by external
factors [163]. As could be expected, the interaction of radiation with the material produces
effective changes in the material itself. In particular, due to the presence of lattice defects,
dislocations, and impurities, after silicon is irradiated, both the surface recombination
velocity and the density of the surface states are modified [170]. These effects usually
lead to a decrease in the photogenerated current density. Degradation of photovoltaic
devices, artificially induced by radiation, can be also detected by measurements of the
series resistance R;, showing an abrupt increase with proton irradiation. The increase of R
negatively affects other output characteristics of solar cells, such as fill factor and efficiency.

In the presence of radiation, the behavior of the parameters extracted from the DC
electric transport investigation can be related to the cell noise level. In particular, from the
best fitting procedure achieved by applying Equation (13), it is possible to compute the
values of N7 for different proton fluences and, therefore, as a function of 7. The behavior
shown in Figure 13 gives a direct indication of the presence of degradation processes of
the photovoltaic device, since the total number of active traps, which contribute to the
enhancement of the noise signal, increases with the decrease of the power conversion
efficiency. These experimental findings demonstrate that the effect of radiation exposure
and the subsequent damage of silicon solar cells can be clearly identified by monitoring the
evolution of microscopic parameters extracted from electric noise analysis. Moreover, it is
clearly evident that the major disturbance of the structure and of the transport mechanisms
that leads to a noise enhancement occurs at the beginning of radiation exposure.

- -&_solar cell efficiency 7 | 36 & ~&~traps density N,
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Figure 13. The power conversion efficiency (blue circles), extracted from the analysis of the DC
experimental data taken at 300 K, is shown as a function of the proton fluence in the left panel (a).
The density of the trapping centers at room temperature (green diamonds) is shown as a function of
the solar cell efficiency in the right panel (b). The solid lines are guides for the eyes.
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4.2. Physical Modeling and Real-Time Monitoring of Organic Solar Cells through Electric Noise

As fluctuation spectroscopy is a well-known tool for the non-destructive analysis of
the transport processes in several systems, it can be used profitably to evaluate the solar
cells” performances, especially in the case of innovative devices based on organic materials.
These types of compounds are very sensitive to external perturbations, such as temperature
variation and fabrication technology. In particular, the samples investigated herein have
an active layer formed by a bulk heterojunction between P3HT and PCBM, dissolved in a
mixture of ortho-dichlorobenzene and 1,2,3,4-tetrahydronaphtalene. All the preparation
details are reported elsewhere [60]. From the electrical point of view, such a design of
the active layer can be regarded as an RC sub-circuit at low frequencies, as evidenced
by several studies of the polymer solar cell admittance [171,172]. The same circuit, from
the noise point of view, can be modeled as a parallel connection between a fluctuating
resistance Ry (t) and a capacitance Cy. In Figure 14a, this scheme is shown. The resistance
Ry is the sum of a small fluctuating random function and of the recombination resistance
Ryec of electrons and holes [173], defined in terms of the forward voltage Vr and of the
DC bias current (Ryec = dVp/dl;.) without the contribution of the device series resistance
Rs [174]. The capacitance Cy is the sum of the chemical capacitance C, and the series of
two capacitances Cgjepng and Cpegor.pss, related to the dielectric contribution of the active
layer and the hole transport layer [99]. Since the noise measurements are performed with
an active bias of the samples, the equivalent circuital representation in Figure 14a has to
take into account the presence of an input DC current source, followed by an RC low pass
filter to reduce externally generated noise.
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Figure 14. The noise measurement setup, consisting of the current source with the RC filter (dashed
blue box) and the sample equivalent circuit (dashed orange box), is shown in the upper panel (a). The
voltage—spectral traces, at 300 K and different bias current values, are shown in the lower panel (b)
for a typical investigated organic photovoltaic device. The solid red lines are the best fitting curves
obtained by using Equation (14).
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The physical model described here gives an expression for the voltage—spectral
density as [99]:
— E R%ec'léc
fru+ (F1£)°

where 7 is the frequency exponent close to 1 and fx = (27CyRyec) " is a cutoff frequency.
Equation (14) indicates that the main contribution to the measured voltage-noise V}, is
generated from the parallel R,C, connection, resulting in a dominant 1/ f dependence
below fy and in a 1/ f3 dependence at higher frequencies. The best fitting curves obtained
by using Equation (14) are shown in Figure 14b as solid red lines, confirming a good
agreement with the experimental data acquired at different values of DC bias (10 pA
and 50 pA, green and blue traces, respectively). As evident, the system background
noise at 0 pA (black trace in Figure 14b) is negligible, being more than two orders of
magnitude lower.

The fitting procedure with Equation (14) allows an estimation of C, from f, and
knowing the series of Cpj,;,g and Cpegor.pss (9.2 nF -cm 2, in the case considered here), which
is usually obtained from the device size [175]. Given Cy,, it is possible to extract the electron
density of states (DOS) at a fixed position of the Fermi level as: g(E) = Cyt’le’2 (t being
the active layer thickness and e the electron charge) [176,177]. Moreover, by computing
Ryec from the current-voltage characteristics, the electron lifetime can be calculated as:
Ty = RrecCy [99,171]. All these parameters are reported in Table 1 for a typical investigated
organic photovoltaic device, at room temperature and for different energy values E (i.e.,
E = e-Vf). The data indicate: (I) an opposite behavior of C, and Ry as a function
of E, essentially due to the storage of minority carriers in the active layer of the solar
cell by increasing the forward voltage; (II) an electron lifetime ranging between 0.6 and
0.85 ms, in agreement with the results obtained by using alternative techniques, such
as impedance spectroscopy and photo-induced absorption [86,178]; and (III) a DOS that
follows a Gaussian distribution, from which it is possible to evaluate the disorder parameter
oy, directly related to the solar cell performance [99,176].

Sv(f) (14)

Table 1. Characteristic solar cell parameters extracted from noise analysis at room temperature.

E(eV)1 Cy (nF-cm™2) g=DOS (eV-1.em—3) Rrec (kQ-cm?) Tn (ms)
0.58 79.5 3.47 x 1016 10.63 0.845
0.74 175 5.46 x 1016 478 0.836
0.83 267 8.33 x 1016 3.04 0.811
0.88 297.3 9.28 x 1016 2.36 0.702
0.92 314 9.80 x 1016 1.93 0.606

! The energetic scale values are calculated from the forward voltage as: E = e-Vf.

It is clear that electric noise spectroscopy gives an informative picture of the device
quality, but these measurements are also sensitive to structural changes of the material. To
this end, voltage-noise analysis was performed after thermal stress, artificially induced
on the organic cells by increasing the operating temperature up to 340 K. Indeed, it is
well-known that heating is one of the most important external effects that can accelerate
the degradation rate of the organic photoactive compound [21,179]. In particular, in
the case of the PBHT:PCBM heterojunction, the temperature increase may induce phase
separation between the two layers, leading to a vertical structure detrimental for cell
efficiency [180,181]. An indication of the formation of such an undesirable structure can be
obtained by studying the current-voltage characteristics of the organic solar cells in terms
of the classical Schottky—Richardson emission law [37]. From this theoretical model, it is
possible to reproduce the temperature dependence of the barrier energy A at the metal-blend
interface, whose behavior is shown in Figure 15 (upper panel) for a typical investigated
device. During the first thermal cycle up to 337 K, the A parameter for the pristine sample
is characterized by a clear enhancement, which becomes more evident after cooling to room
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temperature and the subsequent second thermal cycle (indicated in Figure 15 as the aged
state). An explanation of this effect on A can be attributed to the thermal stress, which may

induce a non-reversible modification of the blend morphology [182] and, consequently, a
band discontinuity A [13].
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Figure 15. Temperature (top x-axis) and time (bottom x -axis) evolutions of the band discontinuity A
at the interface between the metal contact and the blend (upper panel), and of the noise level (lower
panel). The squares and circles refer to the first (pristine state—green region) and the second (aged
state—red region) thermal cycles, respectively. The yellow region corresponds to device breakdown
(red point).

While the nature of the active layer modification due to temperature can be revealed
through DC analysis, the consequences on the intrinsic properties of the solar cell, such
as the charge carrier mobility, have to be determined by the sensitive noise experiments.
In more detail, from Equation (14), that is the flicker noise component, it is possible to
evaluate the noise level K by fitting the measured voltage—noise traces. The temperature
dependence of such a noise level is shown in Figure 15 (lower panel) as a function of
the time elapsed between the subsequent measurements. The existence of a noise peak,
typical of structural changes [137,183,184], is evident at 337 K, giving a strong indication in
favour of the occurrence of a non-reversible process, which takes place between the first
and second thermal cycle. Moreover, an abrupt decrease of K, more than two orders of
magnitude, is found when the device goes from the pristine to the aged state. The questions



Energies 2023, 16, 1296

24 of 37

are whether the photovoltaic performances and how the electric transport properties are
negatively influenced by the thermal stress.

In order to answer the questions raised, a direct evaluation of the electron mo-
bility u can be made through voltage—noise investigations. In particular, from [185]
and [93] it follows: ek

icker
= Sst‘;ermal X eI;B’II:; (15)
vV n

where S{,l icker derives directly from Equation (14), S 3‘”’"”1 = 4kgTRyec is the well-known
Johnson noise contribution, and F = Vi /t is the applied electric field (being ¢ the active
layer thickness). The mobility values obtained from Equation (15) are shown in Figure 16
as a function of temperature and of the forward voltage, in the pristine and aged states,
respectively. A marked reduction of y is clearly seen, as driven by the thermal stress. The
results of Figure 16 are the direct consequence of the noise level reduction observed in
Figure 15 and evidence of the fact that degradation phenomena are occurring in the solar
cell. As widely reported in the literature, a low charge carrier mobility detrimentally affects
the power conversion efficiency [168,186].
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Figure 16. The electron mobility, extracted by noise analysis, is shown as a function of temperature
and the square root of the forward voltage. A clear reduction of y is evident between the pristine
(green diamonds) and aged (yellow circles) samples, respectively. An exponential dependence on
VI}/ 2 is observed at all the investigated temperatures.

Noting the logarithmic ordinate axis in Figure 16, an exponential y-dependence on
Vé/ 2 (equivalently, on F1/2) can be observed, which allows an interpretation in terms of
the Poole-Frenkel effect [37,93]. By using this model, the zero-field mobility o and the
Gill energy Eg;j; can be extracted. The experimental data reported in Table 2 for a typical
investigated PBHT:PCBM device show an increase of yy with temperature during every
single thermal cycle, usually attributed to thermally-activated processes. In parallel, a
strong reduction is found for aged samples. Moreover, the increase of Egj;; between the
first and the second thermal cycle (see Table 2 for details) gives a further confirmation on
the occurrence of a non-reversible change in the active layer, as well as in the interface,
under the action of rapid temperature variation.
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Table 2. Temperature and time evolutions of the zero-field mobility yg and of the Gill energy Egjy;,
whose values are determined from the Poole-Frenkel model applied to the electric field dependence

of mobility.

TK)! Time (min) o (cm?.v-1.5-1) Eginl (meV)
300 0 2.68 x 107° 46.88
310 10 6.02 x 107 46.97
320 20 112 x 1076 46.98
330 30 22.9 x 107° 47.02
337 breakdown 1
300 50 1.27 x 1077 64.99
310 60 241 x 1077 64.95
320 70 520 x 1077 65.08
330 80 544 x 1077 65.13

! Thermal stress produces the device breakdown, that is the transition from the pristine to aged states.

Recent studies have revealed the possibility to realize more stable and performant
polymer:fullerene solar cells by preparing blends with the addition of a high boiling point
solvent [187,188]. In particular, it has been described that the substitution of the reference
solvent 1,2-dichlorobenzene (0DCB) with one of the same type along with the addition of
1,2,3,4-tetrahydronaphthalene (THN) produces photovoltaic devices with a more efficient
charge carrier transport in the active layer [60].

Blends prepared with oDCB+THN as a solvent have enhanced values of electron
density per unit volume and electron lifetimes [100]. This is essentially due to THN having
a higher boiling point (207 °C) than oDCB (180 °C), allowing a net separation between
P3HT and PCBM. The consequence is an enhanced ordering of P3HT, which severely limits
the charge carrier recombination mechanisms at the donor-acceptor interface. Reducing the
processes of recombination and enhancing charge collection means a better morphology of
the blend and, consequently, an improvement of the bulk heterojunction solar cell efficiency
and a reduction of the degradation rate. Overall, the use of fluctuation spectroscopy has
given very important information on the optimization of the blend structure, which is a
fundamental requirement to produce high-quality organic solar cells. In this direction,
several authors have published further experimental evidence confirming the potential of
noise spectroscopy for the fabrication of reliable and high-performing OPVs [189,190].

4.3. Material and Efficiency Characterizations of Perovskite Solar Cells by Noise Spectroscopy

The introduction of organic-inorganic hybrid perovskite materials in the fabrication
of dye-sensitized solar cells has revealed its potential to improve the power conversion
efficiency [27]. Moreover, elevated charge carrier mobilities [27], diffusion lengths of
the order of micrometers [191], and long charge carrier lifetimes [192] are very peculiar
characteristics of perovskites that can be used for the development of a new and com-
petitive photovoltaic technology, functional for terrestrial and space applications [28].
In recent years, perovskite-based solar cells have also been employed for low-power
indoor applications [193]. However, from the applicability point of view, the physical
properties that make hybrid perovskites so promising for solar energy conversion are not
completely understood [194]. In particular, how defect states” distribution impacts the
carrier recombination and device performance is still an open issue [195,196]. In this respect,
the experimental results obtained with standard characterizations, such as low-frequency
dielectric and nuclear magnetic resonance measurements, give additional information on
the carrier kinetic processes in action, but are less sensitive in revealing changes in the
structural properties of the system investigated. This last aspect is very crucial in the case
of solar cell devices based on perovskite materials, which are characterized, for example,
by a low-temperature transition from a tetragonal to an orthorhombic structure [197], not
visible from the DC analysis.

Triggered by these motivations, noise spectroscopy experiments have been performed
on perovskite solar cells composed of a methylammonium lead iodide CH3NH3Pbl; ab-
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sorber layer sandwiched between the electron and hole transport layers. All the details of
the device preparation are reported elsewhere [28,32,102]. The resulting stable and highly
reproducible solar cells had a rather high efficiency around 18% [198]. It is well-known,
however, that the photovoltaic properties are modified when the temperature is lowered.
In particular, the open-circuit voltage V, (Figure 17a) exhibits a maximum in the 140-160 K
temperature range and a minimum value close to 100 K. A less evident peak near 160 K
is also observed in the temperature dependence of the short-circuit current density Js.
(Figure 17b), and a similar minimum as V, is found at 100 K. This behavior, independent
of the light intensity, suggests the occurrence of a modification in the electrical conduction
of the perovskite devices, but no specific information can be extracted on the nature of this
phenomenon by DC measurements alone. In order to shed light on this aspect, electric
noise can be very useful.
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Figure 17. The optoelectronic properties of the investigated perovskite solar cells are experimentally
determined through the temperature dependencies: the open-circuit voltage Vi (a) and of the
short-circuit current density Jsc (b). The results are shown for three different illumination levels:
10 mW /cm? (blue squares), 20 mW/ cm? (green circles), and 30 mW / cm? (red diamonds).

As already seen for reference Si-based and polymer:fullerene solar cells, the origin
of the charge carrier fluctuations can be explained in terms of a theoretical model that
combines trapping/detrapping and recombination mechanisms. In this framework, the
frequency dependence of the voltage-noise spectrum can be described with Equation (14),
which shows the presence of a 1/ f component at low frequencies followed by a change
from a 1/f to a 1/ f2 behavior at a cutoff frequency fy. Recently, Sangwan et al. have
reported a similar trend, evidencing a knee in the noise spectra for the perovskite-based
solar cells [105]. A good agreement between the noise data and the fitting formula of
Equation (14) is clearly visible in the inset of Figure 18, where Sy, measured at a fixed bias
current of 0.02 mA and different temperatures are shown. From the best-fitting curves (solid
red lines in the inset of Figure 18), it is possible to extract the parameter fy and, consequently,
the effective lifetime coefficient 7,rr = (27 fx)fl. The temperature dependence of T,f,
analyzed with the Arrhenius equation, allows us to identify two distinct activation energies
E, of the fluctuating traps. In particular, a E; = (25.5 £ 0.5) meV in the low-temperature
region (blue curve in Figure 18) and a E; = (53 & 1) meV at high temperatures (red curve
in Figure 18) have been found. Similar behavior of 7, with similar values of E, has been
already reported for CH3NH3Pblj solar cells by using measurements from photovoltage
decay [81], and from impedance spectroscopy, which also evidences a change of the 7,¢¢
slope around [140-160] K [199]. What happens in this temperature range?
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Figure 18. The effective charge carrier lifetime, extracted by noise analysis, is shown as a function of
temperature. Two different Arrhenius plots with different activation energy values can be used to
reproduce the experimental data at low (blue curve) and at high (red curve) temperatures, respectively.
The frequency dependencies of the voltage-spectral densities, measured at 300 K (blue trace) and at
120 K (green trace) for a fixed bias current of 0.02 mA, are reported in the inset above, together with
the best-fitting curves with Equation (14).

In order to give a response to the question above, the properties of fluctuation mecha-
nisms have been correlated with the characteristic solar cell parameters of the dominant
defect centers. Therefore, the current-noise variance Var[I| has been computed and its
dependence as a function of the total current I (either DC-biased or photogenerated) is
shown in Figure 19a at different temperatures. By fixing I, the presence of a noise peak
between 140 and 160 K is clearly observed (see Figure 19b for details). This feature seems to
be intrinsically related to the perovskite material and it is not a measurement artifact, being
verified by measuring the samples in cooling (blue squares in Figure 19b) and in heating
(red circles in Figure 19b) modes.
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Figure 19. (a) The current dependence of the noise amplitude is shown in a wide temperature range,
together with the best fitting curves (black lines) obtained by using Equation (13). (b) By fixing the
bias current at a certain high saturation value (here, 2.74 mA), the noise amplitude as a function of the
temperature is characterized by an intense peak between 140 and 160 K. Equivalent measurements
were performed in cooling (blue squares) and heating (red circles) modes.
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Here, it is evident that no hysteretic effects are present in the experimental results. The
unexpected additional noise level near 160 K is essentially due to a random distribution
of microscopic phases, which are formed by a structural reorganization of the perovskite
compound. The resistance associated with these microscopic phases randomly fluctuates,
generating an excess 1/ f noise in the transition region. The latter represents the crossover
between tetragonal and orthorhombic phases of the material that, from the noise point of
view, can be identified by the change from a trapping/detrapping to a resistance fluctuation
mechanism [32,102,167].

It is clear, however, that outside the transition region, the noise modeling is similar to
what is already described for Si-based and organic solar cells. In particular, Equation (13)
establishes a combination of trapping/detrapping related processes and charge carrier
recombination phenomena [101]. From this interpretation, it follows that the best fitting
curves, shown in Figure 19a as solid black lines, are obtained by using Equation (13), whose
parameters estimation allows us to compute the fluctuating trap density Nt. From the
temperature dependence of Nt in Figure 20a, it is noted that below 140 K, N7 remains
almost constant at ~# 2 x 10'® cm~3 for thinner devices (blue squares in Figure 20a) and
at ~ 2 x 101 em™3 for thicker devices (black circles in Figure 20a). Above 160 K, instead, a
net increase of Nt is observed and can be related to the presence of thermally-activated
atomic vacancies, a common type of point defects in perovskite structures [200,201]. The
temperature region between 140 and 160 K can be clearly identified as a transition region,
where the perovskite structural phase transformation takes place, confirming the results
obtained with the current-noise variance.
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Figure 20. (a) The temperature dependence of the fluctuating trap density is shown for perovskite
solar cells of different active layer thicknesses: 210 nm “thin” device (blue squares), 430 nm “thick”
device (black circles). (b) At room temperature (300 K), the fluctuating trap density is also reported
as a function of the power conversion efficiency for the same “thin” and “thick” devices.

A direct correlation between the density of the defect states and the power conversion
efficiency can be made by analyzing the experimental data acquired on perovskite solar
cells of different active layer thicknesses, characterized by distinct efficiency values ranging
from 8% to 11.5% at 300 K. Figure 20b shows a general decreasing dependence of Nt by
increasing 7, indicating that, as expected, the improvement of the photovoltaic performance
is realized when the number of defects is reduced. It is worth mentioning that the thick
devices, characterized by a lower defect density and then higher performance, exhibit
a lower noise amplitude contribution. This experimental result, confirmed by several
works reported in the literature [120,202-204], certifies that electric noise spectroscopy
gives information not only on the physical mechanisms and properties of the system under
test, but it is also fundamental for the photovoltaic device reliability and quality evaluation.
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5. Conclusions

In summary, a non-destructive electrical characterization technique based on low-
frequency noise spectroscopy has been implemented to describe transport processes, re-
combination mechanisms, and morphological/structural changes in different photovoltaic
technologies. In Figure 21, a flowchart describing the methodology for extracting the
parameters from the noise spectra analysis is reported.
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Figure 21. Flowchart for the modeling and parameters extraction method from noise

spectra measurement.

As evidenced, parameters describing the charge transport, recombination kinetics, and
structural and morphological changes are extracted from the noise amplitude and the shape
of the noise spectra and are correlated to the device performance through appropriate AC
modeling. For the organic solar cell, the noise analysis is very sensitive to the morphological
and structural modifications occurring in the devices during degradation. The charge
carrier lifetime and mobility have been extracted directly from the noise spectra. In pristine
and proton-degraded silicon solar cells, the difference between dark and photo-induced
noise has been evaluated by using a noise model that combines the trapping/detrapping
and the recombination mechanisms. For the perovskite-based devices, the dynamics of
the fluctuations detect the existence of a metastable state in a crossover region between
the room-temperature tetragonal and the low-temperature orthorhombic phases of the
perovskite compound. The use of noise spectroscopy reveals that, in perovskite solar cells,
the recombination kinetics is strongly influenced by the electron—phonon interactions. A
clear correlation between the morphological structure of the perovskite grains, the energy
disorder of the defect states, and the device performance is demonstrated.

Overall, it is evident that the noise experimental technique can provide, through
a specific physical modeling as shown in Figure 21, significant parameter extraction
useful for the assessment of the device performances and reliability. Therefore, it
should be considered as one of the main tools to understand physical properties of
photovoltaic technologies.
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