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ABSTRACT

Currently, thin-film technology facilitates the production of high-efficiency solar cells at
costs that are competitive with traditional Silicon technology. However, the development
of these devices has largely overlooked the abundance of constituent elements found in the
Earth's crust. For instance, Indium, Gallium, and Tellurium, are considered rare elements,
as noted by the European Community. To address this concern, researchers are
investigating new compounds made of abundant elements, aiming to create solar cells that
are sustainable in the long term. The literature features studies on many innovative
materials including WSes, Cu2ZnSnSes, SnSez, Sb2Ses, and FeS:, which are being explored as

absorber layers in thin-film solar cells.

In particular, antimony selenide (Sb2Ses) is emerging as one of the most promising candidate
materials for use as an absorber for thin-film solar cells, thanks to its non-toxic nature and
the abundance of its constituent elements in the Earth's crust. Sb2Ses exhibits exceptional
properties, including an optimal energy gap that theoretically allows a maximum efficiency
of 33%, alongside a high absorption coefficient in the visible spectrum. In recent years,
significant advancements have been made, leading to a maximum photovoltaic conversion
efficiency (PCE) exceeding 10%. However, this is still considerably below its theoretical
limit. The limitations in PCE can be attributed to several factors, particularly the high degree
of anisotropy exhibited by this material. Key challenges include the difficulty in controlling
the growth of SbaSes grains along the crystallographic direction necessary for optimal charge
transport, the interaction and band-offset with different n-type partners depending on
whether the cell architecture is substrate- or superstrate-based, and the challenge of

achieving a back-contact that fulfills the requirements for ohmicity.

In this PhD thesis, an effort was made to the primary limiting factors affecting the ability to
surpass the photovoltaic efficiency record by examining Sb2Ses-based solar cells configured

In a superstrate arrangement.

From a crystallographic perspective, the structural characterization of Sb2Ses films revealed
that their crystalline quality and preferred orientation are significantly influenced by the
choice of window layer, which act as substrate for the Sb2Ses growth. To gain a deeper

understanding of the growth mechanism, Sb2Ses thin films were deposited via close-spaced




sublimation (CSS) onto five different window layers: CdS, CdS:F, CdSe, As2Ss, and ZnCdS.
Solar cells based on Sb:Ses, fabricated in a superstrate configuration using these various
substrates, clearly demonstrate the impact of the preferential orientation of Sb:Ses on

photovoltaic performance.

The synthesis of antimony selenide can be accomplished using various low-cost techniques
that are easily scalable for industrial applications, such as Chemical Bath Deposition, Close-
Spaced Sublimation, Vapor Transport Deposition, Rapid Thermal Evaporation, Ion Vapor
Deposition, and Radio-Frequency Magnetron Sputtering. This versatility is largely
attributed to the absence of polymorphism and a relatively low melting point (885 K).
However, once the substrate is established, the growth of Sb2Ses is significantly influenced
by its propensity to form defects and stoichiometric deviations. This thesis includes an in-
depth study on the CSS growth of SbaSes. In particular, it has been demonstrated how the
Ar counterpressure introduced into the growth chamber has a substantial impact on the

material's stoichiometry and preferred growth orientation.

Another critical factor in surpassing the 10% PCE threshold is the exploration of various
materials to achieve an ohmic contact with low resistivity, for use as a back contact. This
thesis proposes an innovative compound based on Fe, S, and O elements. Given the extreme
abundance of these elements in the Earth's crust and their non-toxicity nature, the synthesis
technique used is also straightforward. Specifically, the Fe-5-O thin film is deposited at
room temperature using radio-frequency magnetron sputtering. XRD and Raman analyses
revealed that the material is composed of two phases: FesOs in both orthorhombic and cubic
forms, and FeS in the troilite phase. This material establishes an effective ohmic contact on
the antimony selenide thin film, yielding a contact resistivity of 0.8 -cm?, as determined
from the current-voltage characteristics of fully assembled Sb2Ses-based solar cells. After
three months of monitoring the photovoltaic parameters, a negligible average variation was
observed. Another important factor, related to the CBO between the n-type window
material and antimony selenide, is the phenomenon known as the Vo deficit. Indeed,
literature reports indicate that solar cell consistently exhibit an open-circuit voltage
significantly lower than the theoretical. In this thesis, a comprehensive analysis of an Sb2Ses
solar cell in the typical superstrate configuration was conducted. By investigating of current
density-voltage characteristics as functions of temperature and wavelength, along with
capacitance-voltage measurements and admittance spectroscopy, we attribute the observed
low open-circuit voltage to the presence of a potential barrier within the absorber material

particularly near the junction interface.

il



In conclusion, this thesis presents a comprehensive investigation into the realization and
performance optimization of Sb2Ses-based solar cells. Emphasizing low-cost and scalable
techniques such as Close-Spaced Sublimation and sputtering, we explore the influence of
growth conditions, including argon counterpressure, on material stoichiometry and
preferred crystallographic orientation. The development of an innovative Fe-S-O compound
as a back contact material demonstrates significant promise, achieving an ohmic contact
with low resistivity and maintaining stable photovoltaic parameters over time.
Furthermore, our analysis reveals the critical role of the conduction band offset and the
associated Voc deficit in limiting the open-circuit voltage of Sb2Ses solar cells. By elucidating
the underlying mechanisms affecting device performance, this work contributes valuable
insights toward enhancing the efficiency of Sb2Ses-based solar technologies, paving the way

for future advancements in the field.

v



TABLE OF CONTENTS

CHAPTER 1: STATE-OF-THE-ART OF THIN-FILM PHOTOVOLTAICS......cccccccecvvirnnnrrriinnnee 1
1.1 Architecture of solar cell and SbySes deposition teChNIQUES ............ccooeeceevirceesinieiiiieese e 3
1.2 Crystallographic properties And defects .............ouiuvievieiieieiieiieeee et 11
1.3 ODTICAL PPOPEFLICS eoovvveeieeeiieeeieesciee et se ettt ste e st e s s tae e s te e sbte e sabeesbeeessteesabeeesateesataesseeesaseesnses 13
1.4 Carrier tranSPOFt PrOPEFLIES ........cccuervuereuererieeieesteeree sttt et ssee sttt sr e e re e sreesreesanesneereenneennees 14

CHAPTER 2: SPUTTERING AND CSS DEPOSITION TECHNIQUES.......cccceiiiiiiinsinenneeeennn 17
2.1 SPDUIEHITZ SYSTEIN ...ttt ettt ettt et b e s bt e he e sttt e bt bt e bt e s bt e sate st e et e enbeesbeesanesanenane 17

2.1.1  Direct current (D.C.) and radiofrequency (RF) SPUHETING .......ccccvveerveereiriiiieeieenieeieeeeeneeens 20
2.2 Close-Spaced Sublimation SYStem (CSS)....cuuuuuuiiiiiieieieesterte sttt 24

CHAPTER 3: THEORY OF THE SOLAR CELL .....uuuutitiiiiiiiiiieniiennnisenssseesssssssssessessenns 26
3.1 HOMOJUICTIONS ...ttt 26
3.2 HEIOFOJURCTIONS ..ottt s e e s e e snr e smn e s me e e saneesanes 30
3.3 Solar cell eqUIVALENT CIFCUIL ........c.covueiieiiiiiiieiieseeete ettt sttt et et be e s sare e 33
3.4 Photoelectric and photovoltaic effiCIency ..........uvvuieveeriineeiiiieiesestese sttt 37

3.4.1  PROLOCIECITIC EfICIEICY . c.uvivvieiieiieieesieesee sttt ettt ettt sttt be e s b st satesnteesbeesbaesanesanesans 37

3.4.2  PROIOVOILAIC EfICIEICY ..cuvivvieciieiieieisiee st sttt sttt ste e st sttt be e s be e st satesstessbeesaeesanesasesene 39

CHAPTER 4: FABRICATION OF Sb;Se3-BASED SOLAR CELLS .......cooovviiiiiinueeiniiinneeininnnne 42
4.1 SUBDSIFALC ...ttt ettt e h e bt e s ae e sttt e bt e bt e bt e bt sht e et e e abe e be e nheesaeesareeane 44
4.2 Transparent conductive 0Xides (TCO) ......cuucueveineeriiriiieiieesieesiee e steste st seesee e ssesnseesseens 45
4.3 WIBAOW LAYETS oottt sttt sttt s st st st e be e be e s beesatesateenbeesbaesanesanesane 49
4.4 ARLINONY SCLETIAE .....veeeiveeiiiieiieiieesie sttt sttt ettt st s te e te e s be e saeesatesabe s be e beenaeesaees 52

4.4.1  Deep levels in antimoOny SEIERIAe..................cccocueiouiiieiiiiiiiieiiesteseesteste et 59
4.5 BACK-COMIACE ..ottt sttt ettt be e st sttt ebe b e nneas 64

4.5.1  Composition and morphology 0f Fe-S-O [AYer.........uucivviivciieciiisieenieinieiseesieesieeseeseesaesse s 65

4.5.2  EleCtriCal MEASUFEIMIENLS .......cceeeeeeeieesieenieisiee ettt ettt sttt ettt sae e st et neesbeesanesane e 68

CHAPTER 5: IMPACT OF WINDOW LAYER ON STRUCTURAL PERFECTION AND

PHYSICAL PROPERTIES OF DEVICES ....ccoiiiiiiiiiiniiriiiinniesiinssssssssssssssssssssssssssssssssssssssssns 74
5.1 Antimony selenide electriCal PrOPEFLIES ..........cuovueciiiiiiieiiiee ettt 77

CHAPTER 6: INTERPRETATION OF THE Vo DEFICIT ....ccuuuueiiiiiiiiiiiiiinnneeceninnccseeeeeeennn 86

6.1 The Kink effect il the JV CUTVE .......ooeeieiiciicieieesieesee st stssste s ste e steesae s saessteesseestessreesaeesnsesane 91




6.2 CroSSOVer effect i the JV CUFVe.........cccvevceiiiiiiiieeesteesieessieessiteesieesstee s siaeesbeeesateesteesbeeesaseesanes 95
CHAPTER 7: FUTURE PERSPECTIVE AND PRELIMINARY RESULTS.....cccccccccnuumenananans 100

CHAPTER 8: CONCLUSIONS

vi



CHAPTER 1

STATE-OF-THE-ART OF THIN-FILM PHOTOVOLTAICS

An increase on renewable energy, in particular on photovoltaic, is needed due to a strong
growth in the demand of electricity, scarcity of fossil fuels, increase in their price and
increase in CO:z emissions. Currently, 63.3% of the global energy demand is met by fossil
fuels, 26.3% is obtained from renewables and 10.4% from nuclear energy. Among
renewables, the most important is hydropower (15.8%), while the solar stops at 2.7% [1].
Theoretical calculations show that 1 kWh of energy produced via photovoltaics would
reduce CO: emissions into the atmosphere by 1 ton/year compared to the same amount of
energy produced from fossil sources [2]. Moreover, the total energy worldwide needed
would be satisfied if only 0.1% of the earth's crust were covered by photovoltaic modules
with an average efficiency of 10% [2,3]. However, this estimate remains purely theoretical,
due to the difficulty of efficiently distributing the energy produced by the electrical grid.

After the discovery of the photovoltaic effect, by Becquerel in 1839, there were strong
development on the phenomenon comprehension, up to the physical model developed by
Shockley and Queisser, showing the maximum theoretical conversion efficiency that a solar
cell can achieve [4]. After that the photovoltaic (PV) technology developed strongly and,
today, there are two main generations of inorganic solar cells based on single junction:

e First generation
e Second generation

The first-generation concerns PV modules based on single-junction silicon technology, both
monocrystalline (m-Si) and polycrystalline (p-Si). These modules are the leaders of the
photovoltaic market, achieving power conversion efficiency (PCE) around 26.1%, for m-Si,
and 23.3% for p-Si [5]. The advantage of this type of solar cells lies in the fact that silicon is
a not toxic and abundant element on the Earth’s crust. Moreover, the Si-based solar cells
present a long-time stability in terms of device durability. Despite these facts, the production
costs of Si-based PV device are very high due to the purification costs for the raw material
and to the high degree of purity (9N), required to make a properly working device.
Typically, to maintain the purity of 9N, silicon lingot are grown using Czochralski method,
which is very energy-intensive and time-consuming process [6-9].

The second generation refers to thin film technology, starting from Cu2S/CdS heterojunction
and amorphous silicon [10-15]. Nowadays, the commercialized thin film PV modules based
on Cu(In, Ga)Se2 and CdTe technologies, achieve PCE of 23.4% and 22.1% respectively [16].
Despite this, their use has remained rather limited due to the presence of toxic materials
(e.g. Cd) and low availability on the earth's crust of some elements (e.g. Te, In and Ga) [17-
19].
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Indeed, the European Commission reports, strongly emphasize the procurement of
materials for photovoltaic purposes. Material can be deemed at risk for reasons [20,21]:

e economic-political: procurement of materials from non-EU countries or already
widely used in other industrial sectors;

e scarcity in the Earth's crust;

e environmental sustainability. It concerns the toxicity of the materials and the
relationship between the energy cost of extraction and purification of the raw
material.

To address these challenges, a new generation of thin film materials is currently under
investigation [22], including FeS: in pyrite phase, antimony selenide (Sb2Ses), antimony
sulphide (Sb:Ses), the mixed compounds Sbz(S, Se)s and CuSb(S or Se): as detailed in
references [23-28].

In particular, antimony and selenium exhibit significantly higher abundance, measuring at
0.201 parts per million (ppm) and 0.130 ppm, respectively. Their annual global production
stands at 110,000 tons and 3,000 tons, respectively [29].

Regarding antimony, it is 100% entirely imported from outside the European Union
rendering it a material of concern due to its reliance on imports. However, the recycling rate,
defined as “the percentage of global demand that can be satisfied through secondary raw
materials”, is around 28%, decreasing the dependence on critical materials. Thus, antimony
selenide can be considered to “approach” sustainability as indicated in [21,22].

About Sb2Ses-based solar cells, starting from 2012, they had a rapid development in terms
of device efficiency, thanks to its advantageous electro-optical properties, achieving a PCE
record of 10.57% [30]. This rapid development shows the great potential of this material for
photovoltaic purposes, even if the number of publications per year remains modest, albeit
growing (see figure 1).
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Figure 1. Number of publications (black bot and line) and the maximum PCE achieved (red dot and line) per
year [30-36]. The data related to the number of publications are taken from Clarivate search engine.

1.1 ARCHITECTURE OF SOLAR CELL AND SB2>SE3; DEPOSITION TECHNIQUES

The architecture of Sb:Ses-based solar cell can be in both substrate and superstrate

configuration, as shown in figure 2.

¥ o 3 b)
Soda Lime Glass TCO + HRL 1 -
~ TCO+HRL 2 W.L. 2
W.L. % “ %
§ HTL + metal contact | | £
HTL + metal contact v : Substrate

Figure 2. Sketch of a typical device architecture for a thin film solar cell: a) superstrate and b) substrate

configuration.
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In substrate configuration, the first layer to be deposited on the substrate is the back-contact,
typically molybdenum (Mo). Like in CIGS-based solar cells, to make an ohmic contact, a
highly conductivity p-type layer, like Mo(5/Se), is interposed between Mo and Sb:Ses
[37,38]. Different ways have been studied to form MoSe, such as:

e Selenization of Mo layer [35]
e Selenization of the complete Mo/Sb2Ses system [39-41].

After the deposition of the antimony selenide film, the following layer is a n-type window
layer (WL) with which Sb2Ses forms the p/n heterojunction. The last layer is the front contact,
formed by a high resistivity layer (HRL), typically zinc oxide (ZnO), and a transparent
conductive oxide (TCO), like ITO (In20s:5n), AZO (ZnO:Al) or FTO (S5nOz:F). A HRL is
needed to prevent the diffusion of dopant atoms, coming from TCO, inside the p/n hetero-
junction and to mitigate the risk of short circuit in case of pinholes in the window layer. The
substrate configuration advantage is that the substrate could be opaque, like ceramics or
flexible metallic and polymeric foils since the light passes through the TCO.

A reverse scenario is observed in the superstrate configuration. In fact, in this configuration
the substrate needs to be transparent to the visible portion of the solar spectrum and
normally soda-lime glass is used. The first step is the deposition of TCO’s and HRL,
followed by the active WL and Sb:Ses layers, which form the heterojunction. The last
material, deposited on top of antimony selenide, is the back contact or hole transport layer
(HTL). Several HTLs, both organic and inorganic, such as Spiro-OMeTAD [42], P3HT [43],
Fe-S-O [44], NiOx« [45] and WOs«[46] have been tested.
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Figure 3. Behaviour of the short circuit current (black line and dot) and PCE (red line and dot) of the Sb2Ses-
based solar cell in superstrate configuration, using different HTLs.

In Figure 3, the graph shows the trend of the photocurrent and the PCE as a function of the
back-contact material under consideration. Correlating the two parameters, it is evident that
for cells in superstrate configuration, the best back-contact is based on WOs«. However, the
photovoltaic parameters, especially Js, mainly depend on the p/n junction and not only on
the ability of a specific material to extract the photogenerated charges. For a more detailed
comparison, it would be necessary to take into account the phenomenon of recombination
at the junction interface and grain boundary recombination. These two phenomena vary
significantly depending on the technique used to grow Sb:Ses and the window layer, so this
comparison remains purely qualitative.

Both in substrate and superstrate configuration, the most common WL used is cadmium
sulphide (CdS) with which a record PCE of 10.57% was achieved in superstrate
configuration [30]. The conduction band offset (CBO) in the CdS/Sb2Ses heterojunction plays
a crucial role for the proper functioning of the device. However, for CdS, this aspect remains
still unclear [47-49]. Adding a specific quantity of zinc into the CdS crystal lattice, to form
the CdxZni~S compound, it becomes feasible to finely adjust the conduction band alignment
with Sb2Ses.This adjustment helps to minimize the interface defects as much as possible [50].
Recently, cadmium-free window layers, such as ZnO, Zni1«MgxO, SnO: and TiO>, have been
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tested, and the final devices reach efficiencies of 5.93%, 4.45%, 4.76% and 7.62% respectively
[51-54]. In particular, it is reported that the CBO between TiO: and Sb:Ses is flat [49,55,56],
which represents the best condition for a heterostructure.

The crystalline quality of Sb2Ses strongly influences the photovoltaic parameters of the solar

cell. The growth and crystallinity of the material is strongly influenced by the material on

which it grows, and on the deposition technique used [57]. To grow high quality Sb:Ses,

several physical and chemical deposition techniques have been tested:

Pulsed laser deposition (PLD): Pulsed Laser Deposition (PLD) represents a technique
used to deposit thin films. It involves high-energy laser pulses to evaporate or
sublimate material from a target surface into a vacuum chamber [58].The vapor is
then condensed onto a substrate, forming a few micrometers thick thin film. This
technique offers several key advantages: first, it produces a film with the same
composition of the surface of the target material. Second, PLD facilitates the
deposition of numerous materials under various gas atmospheres and under wide
range of gas pressures. By capitalizing on the stoichiometric deposition capability of
PLD, along with the ability of conducting deposition at elevated temperatures,
superstrate solar cells have been successfully developed. These solar cells, realized
with the FTO/SnO2/CdS/Sb:Ses/Au layer stacks, were achieved by depositing both the
active layers, CdS and Sb2Ses with this technique. Notably, the Sb:Ses layer was
deposited at 500°C, resulting in superstrate solar cells exhibiting a PCE of
approximately 4.4% [59]. A closely related deposition technique is Pulsed Electron
Deposition (PED), where a high-power electron beam replaces the laser beam in the
PLD deposition system. PED is particularly advantageous for depositing films with
stoichiometric equivalence to the target material, even at low deposition
temperatures, such as 200°C. Utilizing PED, an intriguing bifacial solar cell with a
PCE of about 3% was successfully fabricated [60]. Bifacial solar cells were first
studied in the 1960s, and unlike traditional single-sided solar cells, they can absorb
photons from both the front and back sides to utilize diffused light and light reflected
from reflective surfaces such as snow or sand. Therefore, bifacial cells have the
potential to increase the power density of the photovoltaic module [61].
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e Electron-Beam Gun (EBG): This high-vacuum deposition technique involves a
crucible kept cold by a cooling system and whose content is subjected to
bombardment by an energetic electron beam, which is controlled by electromagnetic
lens. By adjusting the energy and intensity of the electron beam, the deposition rate
of the film can be finely regulated. Incorporating a rotating heating substrate holder
in the deposition system, this technique ensures excellent thickness and
stoichiometric uniformity. The deposition of Sb2Ses occurs by heating the substrate
to a maximum temperature (Ts) of 300°C, beyond which the material starts re-
evaporating. Films deposited using this technique at temperatures below Ts = 300°C
exhibit Sb-rich stoichiometries, although the bombardment with energetic electrons
helps maintaining the initial Sb2Ses stoichiometry. Therefore, thermal treatments in a
Se-controlled atmosphere are essential for EBG-deposited Sb:Ses films. With this
approach, Sb:Ses-based solar cells fabricated in a substrate configuration
(SLG/Mo0/Sb2Se3/CdS/ZnO) demonstrate a power conversion efficiency (PCE) just
over 4% [62].

e Thermal evaporation (TE): By containing the evaporation or sublimation material
within a crucible, directly heated through the Joule effect or indirectly with IR lamps,
it becomes possible to adjust the deposition rate by controlling the heating
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temperature of the container. This method, akin to EBG high-vacuum deposition,
yields Sb2Ses thin films with the desired morphology and crystalline structure. Given
that the deposition occurs under high-vacuum conditions, the temperature of the
depositing Sb2Ses film must not exceed 300°C, similar to the EBG scenario. The
crucible, kept at a high temperature, requires avoiding any direct chemical
interaction with the material inside. For this purpose, alumina, graphite, quartz, or
refractory metals such as tungsten, molybdenum, and tantalum are normally utilized
as crucible materials. Employing the TE technique, solar cells have been fabricated in
a substrate configuration (Ag/ITO/ZnO/CdS/Sb2Ses/Mo/glass), demonstrating a PCE
of approximately 4.2% [63].

M <«{— Substrate \
- >
Q (o] B L.
© © v
Qo [RINN] N
° g <« Vaporized material ] \'.E_J.’ ——, 4— Electron beam
o \.& l-'\'JII
(33 ° | Powder material and crucible | |F4_ Electron gun
@/4__
Magnet
M ] Heating system 1 v
1y [ b )
To vacuum pump a) To vacuum pump

Figure 5. Working principle of a) thermal evaporation and b) electron beam gun.

Vapor transport deposition (VID): A vapor transport process used for depositing a
compound in the form of a thin film employs a saturated carrier gas carrying the
compound, in the gas phase, from the source to the substrate kept at a lower
temperature than that of the source. This creates a locally supersaturated condition,
enabling the subsequent film growth. In contrast to the rapid thermal evaporation
process (RTE), where the substrate and crucible are kept at a fixed distance and very
close one to each other, the Vapor Transport Deposition (VID) technique allows for
adjustable substrate temperature and distance between the source and substrate. This
flexibility enables better control of the atomic species in the vapor phase, promoting
the growth of highly oriented Sb:Ses films with improved crystallinity and reduced
defect density [64]. Sb2Ses films deposited using the VID method have enabled the
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creation of a superstrate solar cell (ITO/CdS/Sb:Ses/Au) for the first time,
demonstrating a power conversion efficiency (PCE) of 7.6% [65].

b)

Heating system
a ® ® ® ® ® ® Heating halogen lamp

\ Glass/TCO/CAS 7
Sb,Se; vapour ——— pump i
—) i
' Sb.Se, powder
Pl

RODRDR DN RAOLOLALOLOLVTNLNLOTO0AN

Graphite support Heating halogen lamp

Substrate and crucible holder

Crucible and powder source

Figure 6. Working principle of vapour transport deposition (VID) and b) Close-Spaced sublimation (CSS).

e Spin coating (SC): The spin-coating technique is employed to create uniform thin
films with thicknesses ranging from micrometers to nanometers. The substrate is
mounted on a mandrel that rotates the sample, causing centrifugal force to push the
liquid solution containing the material to be deposited outward radially. The key
factors ensuring flat deposition are viscous force and surface tension, which
determine the substrate surface's wettability. Eventually, the thin film forms through
the evaporation of solvents present in the deposition solution. Superstrate solar cells
comprising FTO/CdS/Sb:Ses/Spiro-OMeTAD/Au, fabricated with a spin-coated
SbaSes film doped with Te, achieved a noteworthy power conversion efficiency (PCE)
of around 5.5% [66]. This efficiency level is remarkable for a solution-processed solar
cell.
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Figure 7. Schematic representation of the spin coating working system.

A summary of the maximum PCE for different deposition techniques is reported in tablel.

Table 1. Maximum PCE for each technique used to grow Sb2Ses. Abbreviations of deposition techniques:
Close-Spaced sublimation (CSS); Radio-Frequency Magnetron sputtering (REMSP); Pulsed laser deposition
(PLD); vapor transport deposition (VID); thermal evaporation (TE); electron beam gun (EBG); spin coating

(SC).

Deposition | configuration | Architecture of the solar cell PCE Ref.

technique [%]

CSS substrate Mo/MoSe2/Sb2Ses/i- 9.2 [35]
Zn0O/ZnO:Al/Ag

RFMSP substrate Mo/Sb2Ses/CdS/ITO/Ag 5.52 [67]

PLD superstrate FTO/SnO2/CdS/Sb2Ses/Au 4.4 [59]

VTD superstrate ITO/CdS/Sb2Ses/Au 7.6 [65]

TE substrate Mo/Sb25Ses/CdS/ZnO/ITO/Ag 4.2 [63]

EBG substrate Mo/Sb2Ses/CdS/ZnO/ITO 4 [62]

SC superstrate | FTO/CdS/Sb:Ses/Spiro- 5.5 [66]
OMeTAD/Au
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CHAPTER 1

The deposition techniques associated to RFMSP and CSS will be more comprehensively
discussed in a separate chapter, as they are used in this work.

1.2 CRYSTALLOGRAPHIC PROPERTIES AND DEFECTS

Antimony selenide crystallizes in orthorhombic structure related to the space group Pbnm
(a=11.62 A; b =11.77 A; c =3.962 A) or Pnma (a = 11.7938 A; b = 3.9858 A; c = 11.6478 A)
[68,69]. The only difference lies in the Miller indexes permutation [70], as can be seen in
figure 8.

Figure 8. Representation of Sb2Ses crystal structure considering as space group a) Pnma and b) Pbnm. The
images were generated with VESTA tool 3.5.8 [71].

The peculiarity of this material lies in its structure, which is often described as a one-
dimensional semiconductor. In fact, Sb2Ses structure consists of repeated chains of Se-Sb-Se
(ribbons) oriented along the vertical axis (c-axis). These chains are held together by van der
Waals (vdW) forces between adjacent selenium atoms, along the (010) planes [68]. Instead,
the units of [SbiSes]n inside the ribbon are formed by strong bonds between Sb and Se atoms
(see figure 9b) [72]. The anisotropic behaviour of the bonds is reflected in the optical and
electrical properties of antimony selenide films that also depend on the growth techniques
used, because the preferential orientation of Sb:Ses grains is very sensitive to the deposition
technique [57].
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Figure 9. a) The non-equivalent positions of the Sb (brown dots) and Se (green dots) atoms considering the
Pbnm space group. b) The ribbon-like structure of Sb2Ses. The dotted black line represents the van der Waals
bonds between Se atoms belonging to two different ribbons.

As reported in figure 9a, there exist two distinct positions for antimony and three for
selenium atoms in this configuration. Sba) atoms exhibit a six-coordination pattern,
involving one Se@) and two Se() atoms at shorter distances, along with one Se) and two Seq)
atoms at longer distances. This arrangement results in a noticeably distorted octahedron
around Sbq), characterized by three longer and three shorter Sb-Se distances. On the other
hand, Sb atoms adopt a seven-coordinated structure, featuring one Se) and two Se@) atoms
at shorter distances, two Se) atoms at a medium distance, and finally, two See) atoms at
longer distances. Sb) sits at the centre of a rectangle formed by two Seq) and two Se) atoms,
constituting the base of a tetragonal pyramid. The pyramid's vertex is marked by another
Seq) atom. Two such pyramids around Sbe) are interconnected via Se atoms, creating a
double polyhedron. This double polyhedron is further linked to two octahedrons around
Sba) through Se) atoms [73].

From DFT calculations, a large number of point defects in antimony selenide are observed,
in particular a lot of interstitial defects, five types of antisites (Sesv1, Sesbz, Sbse1, Sbse2 and Sbses)
and five types of vacancies (Vsbi, Vsbz, Vse1, Vsez and Vses).

In general, there are two limit conditions that influence the defectivity of Sb2Ses that are
related to the ratio Sb/Se.

Selenium vacancies (Vse) are considered detrimental to the Sb2Ses-based solar cells, because
they act as deep donor defects, reducing the number of free holes [74-78], while the
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antimony vacancies (Vsb) role is debated because is reported that can act as deep or shallow
acceptor [79,80].

The antisites formation is related to the amphoteric nature of Sb that can substitute Se into
the crystal structure. The behaviour of antisites Sbse remains still unclear because they can
act as acceptor or donor levels, in particular deep donor levels in Se-poor condition (Sb/Se
> 0.66) [76,81].

In general, other defects that can affect the performance of a thin film solar cell are
recombination centres at grain boundaries [82,83].

1.3 OPTICAL PROPERTIES

The properties of antimony selenide are strongly dependent on the deposition technique
used, on the crystalline quality and on the stoichiometric composition. First-principles
calculations based on DFT, confirmed by experiments, shown that Sb2Ses is a semiconductor
with a direct and indirect energy gap of 1.17 eV and 1.03 eV respectively [77,84-88]. In
general, a direct transition from the valence band (VB) to the conduction band (CB) is
statistically more probable, compared to an indirect transition which must be mediated by
a lattice phonon with appropriate energy. In the case of Sb2Ses, the small difference between
the values of the direct and indirect band gap suggests a high probability of achieving a
direct transition. Consequently, antimony selenide can be regarded as a direct gap
semiconductor, with Eg = 1.17 eV. This statement is supported by a high absorption
coefficient value in the visible region of the solar spectrum (a > 10° cm™), which is
characteristic of direct gap semiconductors [78]. Additionally, these properties enable the
absorption of all visible light in a relative thin layer of Sb2Ses (~ 800 nm).
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Figure 10. Representation of Shockley-Queisser limit for Sb2Ses in terms of a) energy conversion efficiency, b)
short-circuit current (black line) and open-circuit voltage (red line).

In figure 10 the maximum limits of efficiency, open-circuit voltage (Voc) and short circuit
current (Jsc) are reported as a function of the energy gap of the absorber material and the
theory was developed by Shockley and Queisser [4]. The discussion sets a thermodynamic
limit on the photovoltaic parameters that a single junction solar cell can reach. In particular,
the antimony selenide energy gap is within the maximum of the efficiency curve (figure 10a)
with a theoretical efficiency, photovoltage (Voc) and photocurrent (Jsc) of 33.3%, 0.9 V and
41.4 mA/cm?respectively.

The experimental V.. record obtained for Sb2Ses-based solar cell is 509 mV [89], far from the
theoretical estimates for this material. As discussed in the previous paragraphs, this
discrepancy could essentially be due to a non-correct CBO alignment between Sb2Ses and
the window layer material, creating a high number of interface states, that acts as
recombination centres. Moreover, the Voc loss is associated to Shockley-Read-Hall (SRH)
recombination [90].

1.4 CARRIER TRANSPORT PROPERTIES

Antimony selenide exhibits a naturally weak p-type conductivity, with a low concentration
of hole density (p ~ 2 - 10** cm™3) [49,91].

The natural p-type conductivity is attributed to Vs» [92], but also native detrimental defects
are presents, such as selenium vacancies and antisites.

In particular, Vs acts as hole killer, affecting the free hole concentration because they are
deep donor levels [41,74,75,77,78].
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The nature of Sbse defects is still unclear as they exhibit properties of both acceptor or donor
levels. The behavior depends on whether the Sb:Ses film is selenium-rich or selenium-poor.
Additionally, it is noted that Ses» does not significantly reduce the weak p-type conduction,
even when it is considered a deep donor defect [57]. The electrical properties of antimony
selenide reflect its anisotropic structure. In fact, it is reported that the conduction mechanism
is favoured when the Sb2Ses grains are grown along the [001] orientations, the same of the
ribbons [93]. It has been calculated that the hole mobility (uy) varies as a function of the a-,
b- and c directions [94]. In particular, along the [100] direction, the mobility is in the range
between 0.7 cm?V-'s? and 1.2 cm?V-!s? [27,94,95], in accordance with the variable range
hopping conduction mechanism [96], found by Chen et al [94]. On the other hand, when the
holes transport happens along the same direction of the ribbon axis, the mobility increases
of an order of magnitude (u, ~ 9 cm?*V~1s™1), probably because strong covalent bonds are
presents (In a covalent bond, there is a strong overlap of the wave functions localized on the
individual atoms, allowing charges to be effectively shared among neighbouring atoms,
enabling efficient charge transport.) between the Sb and Se atoms, as reported in literature
[96-98].

As a consequence, for PV applications the Sb2Ses preferential growth orientation is along the
planes (h, k, 1# 0), parallel to the ribbon axis, because the recombination processes between
two adjacent ribbons decrease, as the charge transport occurs within a single ribbon and not
between different ribbons. By first principles calculations, in order to understand the
relaxation of the Sb:Ses surface, it has been seen that the termination related to surfaces
parallel to the [001] direction did not require the breaking of the Sb-Se bonds [95]. In fact, it
is reported that if the grains grow along the aforementioned planes, the grain boundaries
are benign, being intrinsically passivated since they are considered dandling bonds free as
they exhibit the (h, k, 0) planes [33].

Instead, the mobility of electrons is estimated to be about (10 + 17) cm?V~1s™! [34,94]. The
electron mobility has been calculated on p-type antimony selenide, where electrons are the
minority carriers, making it difficult to estimate their mobility while considering the
material's anisotropy. Therefore, it is only possible to obtain an estimate by assuming that
the grains of Sb2Ses are oriented in the favourable condition for charge transport, namely
parallel to the axis of the ribbons.

The anisotropy in the conduction mechanism also affects the antimony selenide resistivity.
In fact, a classic planar measurement, such as the transmission line method (TLM) technique
[99], fails because the current need to pass through adjacent ribbons providing an excessive
overestimation (p ~ 3 - 10°> Qcm). However, by exploiting the vertical configuration of the
solar cell, through the current-voltage (IV) characteristic, it is possible to estimate the
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resistivity of the Sb2Ses with electrical conduction parallel to the ribbon axis, which is p ~
2.3-10* Qcm, an order of magnitude lower compared with the resistivity measured
exploiting a planar technique [100]. A more detailed discussion will be presented in chapter
4, specifically in a paragraph related to the back-contact problem. To enhance the number
of free holes in Sb2Ses a p-type doping strategy is needed.

In general, the elements of group IV of the periodic table, such as Sn and Pb, have been
considered as potential extrinsic atoms capable of providing a p-type doping in antimony
selenide [81]. Experimentally, from Hall effect measurements at room temperature (RT)
introducing 0.1at% of Sn into the crystalline lattice of Sb2Ses, under Se-rich conditions, a
notable increase in hole density and a drastic reduction in resistivity was found [101]. The
doping is attributed to the replacement of Sb atoms with Sn atoms (Snsv), which forms an
acceptor level located approximately 0.24 eV above the valence band maximum [76].

As regards lead doping, it has been found out that, in Se-rich conditions, it can replace
antimony both in site 1 (Pbse1) and in site 2 (Pbss2), generating two different acceptor levels
which, compared to the top of the valence band, are located at 0.19 eV and 0.15 eV
respectively. Hall effect measurements show an increasing of the free carrier density,
increasing the atomic percentage of Pb atoms inside Sb2Ses, with a maximum value about
10 cm® [102].
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SPUTTERING AND CSS DEPOSITION TECHNIQUES

This chapter outlines the two primary thin film deposition techniques used at Thifilab to
build the Sb:Ses-based solar cell.

2.1 SPUTTERING SYSTEM

The sputtering technique exploits a bombardment of a source material, known as the target,
to generate a gas of energetic particles via a purely physical process. This is why it falls
under the category of physical vapor deposition (PVD) techniques. The phenomenon of
sputtering occurs whenever a particle with enough energy impacts the surface of a material
in order to dislodge an atom from it. Typically, noble gas ions are used for bombardment,
as they readily interact with the surrounding matter, thus preventing contamination during
the deposition process. If during the inelastic scattering process, the ions energy is adequate
to break the bonds of the surface target atoms and simultaneously conserving the energy
and momentum transferred from the ionized gas particles to the surface atoms of the target,
the latter is extracted. This process is schematically shown in figure 11 [103].

Atoms that compound taget

Sputtered atom Sputtered atom

I . Ionized noble gas atom

Figure 11. Schematic illustration of the sputtering physical process.

17



CHAPTER 2

Within the system, a discharge (plasma) is established in a rarefied noble gas, exploiting the
avalanche effect induced by ionization. The initiation of the discharge is intricately tied to
the partial pressure of the working gas and the separation distance between the electrodes.
This relationship is depicted by Paschen's law, illustrated in the graph shown in the figure
12. When the product of the pressure (p) and electrode separation distance (d) is low, the
ionization process is not sustained. Conversely, for high values of the p-d product, elevated
breakdown potential (Vs) values are required to sustain the discharge.
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Figure 12. Comparison of Paschen curves for the most common gases used in sputtering systems.

However, in the intermediate zone of the p-d product, the breakdown voltage to be applied
is relatively low and the minimum voltage required for the plasma ignition, is lower if gas
argon is used. Furthermore, argon ions possess sufficient mass to have a high probability of
conserving, energy and momentum during collision, thereby inducing the sputtering
phenomenon. Consequently, argon is commonly employed as an inert gas inside the
sputtering chamber. The sputtering yield (Y), defined as [104]:

Y = number of particles emitted/ number of incident particles (2-1)

varies as a function of the energy of the incident ion and four different trends can be

observed, as reported in figure 13.
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Figure 13. Sputtering yield as function of the ion energy, in eV [104].

In the energy range between 30 and 50 eV the yield is nearly zero, representing the threshold
energy required for the sputtering phenomenon to occur. This threshold energy is
equivalent to the bond energy of the atoms comprising the surface of the target within a
thickness that depends on the material. Moreover, this threshold varies depending on the
energy of the incident ion and the temperature of the target surface. In the intermediate
range (see inset in figure 13), between 50 and 1000 eV, the energies of the incident ions are
adequate to initiate the sputtering. During this process the energy is transferred to the atoms
on the surface of the substrate, and if energy and momentum are simultaneously conserved
during the collision, one or more atoms are removed from the target surface (see figure 11).
This energy regime is characterized by peculiar properties:

e The sputtering yield increases linearly with the energy of the incident ion;

e The sputtering yield depends on the material constituting the target;

e Increasing the angle of incidence of the ion with respect to the normal results in an
increased yield for many materials;

¢ Increasing the ionic current there is a linear increase in atoms sputtered.

By increasing the energy, we enter a regime where the sputtering yield is higher, but it
becomes technologically unfeasible to work with such high energy levels. In fact, the
sputtering yield does not increase linearly with the ion’s energy, as not all the energy
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transferred to the surface of the target is utilized for the sputtering phenomenon; a portion
is dissipated in the form of heat. Indeed, the target is always water-cooled to dissipate heat
away from it. However, at high energies, the heat transfer is not efficient enough, resulting
in target damage or evaporation of atomic species directly from the surface of the target.
Finally, when the energy of the ion approaches 50 KeV the sputtering yield diminishes
significantly. At this energy level, the ion has enough energy to penetrate into the material
and transfer its energy away from the surface, causing damage to the surface of the target
or implantation of the ion itself. Another crucial factor influencing sputtering yield is the
partial pressure of gas within the chamber. Observing the trend of the sputtering yield as a
function of the partial pressure of gas, as depicted in figure 14, we note that at low pressures
there are insufficient atoms to sustain the discharge. Conversely, at high pressures, the
probability of collisions between ions and sputtered atoms is very high. In both cases the
sputtering yield is very low, which indicates the necessity to work under intermediate

conditions.
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Figure 14. Sputtering yield as function of the deposition rate. The image is adapted from [105].

2.1.1 Direct current (D.C.) and radiofrequency (RF) sputtering

In the D.C. sputtering configuration an anode and cathode are positioned within a vacuum
chamber, to which a potential difference is applied. This bias causes argon ions to migrate
through the discharge towards the target (cathode) triggering the sputtering phenomenon.
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In addition, aside from removing atoms, electrons, known as secondary electrons, are
emitted from the surface. These electrons migrate within the discharge, and have a high
probability of impacting with an argon atom thereby ionizing it. Consequently, the
secondary electrons play a crucial role in sustaining the discharge. A schematic
representation of this process is depicted in figure 15.

Sputtered target atoms

Substrate holder @ Ar* ions

1
1
I
1
@ Aratoms |
I
1
1
@ Secondary electrons |

1

Substrate

—

\D,C, power supply

—

Target material

Cooling water

Figure 15. Schematic representation of D.C. sputtering system. The image is adapted from [106].

This configuration, in direct current, is suitable for depositing thin films of conductive
materials. When sputtered atoms come from targets made of insulating or semiconductor
materials, they are unable to exchange the charges accumulated during the bombardment.
As aresult, alayer of positive charges forms on the surface of the target hindering the arrival
of additional argon ions. To grow thin films of insulating or semiconducting materials, it is
necessary to apply a radiofrequency power. This is because, after a half-period, there is a
reversal of the polarity of the two electrodes. As a result, the sputtering balance becomes
zero, since what was deposited on the substrate in the first half-period is sputtered out in
the following half-period. Furthermore, during the first half-cycle, there is a high electronic
current at the anode, while in the second half-cycle only a small ionic current flow due to
the different mobility values (figure 16a). However, by decoupling the electrodes with a
suitable capacitor, no net current can pass through the capacitor by definition.
Consequently, the potential spontaneously adapts to the system in such a way that there is
only for a short period (about 1% of the period) polarity inversion of (figure 16b). During
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this short period, electrons discharge the target, but the more massive argon ions are unable
to travel the reverse direction. As a result, deposition occurs on one electrode, while on the
other, decoupled from the capacitor, sputtering action takes place.
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Figure 16. RF supply a) without and b) with an appropriate capacitor that decouples the circuit. The images
are reprinted from [105].

Traditional sputtering systems, both DC and RF, present various issues, one of which is the
limited number of ionizing collisions with secondary electrons. These electrons, after
colliding with an argon atom, migrate along the discharge towards the anode. To overcome
this inconvenience, and therefore increase the deposition rate, it is necessary to boost the
power of the power supply, thereby effectively increasing the number of secondary
electrons impacting the substrate. This results in excessive heating of the substrate, and since
the secondary electrons are highly energetic, counter-sputtering action may occur from the
substrate due to secondary electron bombardment. Furthermore, under these conditions,
the plasma is not uniform, leading to sputtering of the target even on the edges, eroding
them, and exposing the deposition to pollution phenomena. This is due toa sputtering action
on the target support, typically made of copper. To address these issues, permanent
magnets are introduced beneath the target to ensure that magnetic field lines are as parallel
to the target surface as possible. This configuration enhances the ionization efficiency of
argon atoms near the magnetic field lines, as the secondary electrons will be confined
around these lines executing a helical motion. Indeed, the sputtering phenomenon becomes
more efficient in the areas limited by the field lines, thereby eliminating the problem of
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partial exposure of the edges. However, leveraging this technology, as depicted in figure
17a, does not result in uniform erosion of the target, leading to material waste. In Figure
17b, a typical industrial target with cylindrical symmetry is depicted. The cylindrical target
is hollow in order to be supported by a rotating pin, which enables uniform erosion of the
target, allowing the utilization of 95% of the material comprising the target. This helps to
reduce waste associated with material usage.

PEAMANENT
MAGNETS

Figure 17. (a) Non-uniform erosion profile of the target. (b) Cylindrical rotating target in which all the
constituent material could be sputtered.

Another configuration is reactive sputtering, which enables the growth of thin films of
compounds from metal targets, by introducing a partial pressure of argon and reactive gas
(typically in molecular form) into the working chamber. Inside the sputtering chamber, the
presence of the plasma provides sufficient energy to break apart the molecules. If the atoms
are in proximity of the cathode, they can be struck by secondary electrons, which ionize the
reactive gas atoms. These ions migrate along the discharge towards the target, chemically
bonding with the atoms of the target itself forming a new material ready to be sputtered.
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Figure 18. a) schematic representation of the reactive sputtering system. The image is taken from [103]; b)
deposition rate vs oxygen partial pressure in the case of SnOz-xcompound, starting from a pure Sn target [107].

As shown in figure 18b, at low partial pressure values of reactive gas, the probability of
ionizing a reactive gas is low, resulting in only the material constituting the target being
affected. As the partial pressure increases, so does the probability of ionization.
Consequently, reactive gas atoms chemically bond with the surface of the target forming a
compound. This compound is subsequently sputtered by argon ions and deposited layer-
by-layer onto the substrate.

2.2 CLOSE-SPACED SUBLIMATION SYSTEM (CSS)

CSS is a deposition technique that bases on the phenomenon of sublimation. The system
comprises a vacuum chamber containing a crucible with a solid source composed of
compact Sb2Ses and the substrate, placed at a distance of approximately 5 mm from each
other. Both the crucible and the substrate are heated using halogen lamps and their
temperature are controlled using two thermocouples. The substrate holder and source
holder are both made of graphite. A photograph of the CSS system used in this work is
reported in figure 19.
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Figure 19. Photograph of the CSS system used in the thin film laboratory of University of Parma.

An inert gas, typically argon, is circulated within the vacuum chamber for the purpose of
creating a counterpressure on the substrate during the growth, to reduce the vapor pressure
of the more volatile element. This enables depositions at significantly higher temperatures
than those achievable with more traditional vacuum-based techniques.

improving the uniformity of the deposited film. As atoms sublimate from the crucible,
they undergo many collision events with the inert gas, before reaching the substrate.
Consequently, they lose energy along the way and are adsorbed onto the substrate under
conditions of minimum energy. Some of the main advantages of this technique compared
to other thin film deposition method include improved crystalline quality of the thin film
with an average increase of the grain size. During the deposition of Sb2Ses layer on top of
the CdS/ZnCdS films, beneficial intermixing between these two layers begins to occur,
minimizing the lattice mismatch and consequently reducing interface defects. Thanks to
the excellent uniformity of the deposition, and the high deposition rate (several pm/min)
this technique is particularly suitable for industrial upscaling.
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THEORY OF THE SOLAR CELL

The photovoltaic cell is a device capable of converting incident light power into electrical
energy. Its operating principle is based on the photovoltaic effect, which arises from the
combination of two phenomena: the internal photoelectric effect and the diode effect.

In a semiconductor, the internal photoelectric effect occurs whenever a photon strikes a
semiconductor material with energy greater than the band gap energy (Es). E; is defined as
the range of forbidden energies between the maximum of the valence band (VB) and the
minimum of the conduction band (CB). When the energy of the photon (hv) is greater than
the energy gap (E;), the photon is absorbed by the semiconductor, promoting an electron
from the bound state in the VB to a free state, described by a plane wave, in the CB. This
process generates an electron-hole pair (e/h*) with an average lifetime t after which the
electron decays back into the valence band and recombines with the hole. This
recombination process emits a photon with energy hv = E;. However, when the e/h* pair is
generated in a region where a strong electric field is present, the photo-generated charges
are drifted towards the external contacts, producing a current flow.

In a diode, the intrinsic electric field is provided by constructing the p-n junction. This
structure is formed by putting into intimate contact a semiconductor with an excess of
electrons (called n-type doped semiconductor) and another semiconductor with an excess
of holes (called p-type doped semiconductor). There are two types of p-n junctions:

* Homojunctions: when the n-type doped material is the same as the p-type doped material

* Heterojunctions: when the two materials p and n are different.

3.1 HOMOJUNCTIONS

One can imagine that the p-n junction is created by bringing a p-type crystal into contact
with an n-type one. In the two regions, the carrier densities are different, and a diffusion
current arises, consisting of holes diffusing from the p-region to the n-region and electrons
diffusing from the n-region to the p-region. The holes that transit into the n-region rapidly
recombine with the electrons, which in this region represent the majority carriers. Similarly,
the electrons crossing the junction recombine with the holes in the p-region. These
recombinations result in a decrease of free charges carriers in a thin region on both sides of
the junction surface, called depletion region. In the depletion region, there are fixed charges
unbalanced by mobile charges carriers. Indeed, there are donor atoms that have donated an
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electron, becoming a positive fixed ion, and acceptor atoms that have acquired an electron,
becoming a negative fixed ion. For this reason, the depletion region is also called the space-
charge region (SCR). The fixed charges give rise to an electric field (E) that opposes the
diffusion current. Between the sections at the ends of the depletion region, there is a
difference in the electrical potential ¢s: called built-in potential, that hinders the movement
of holes toward the n-region and electrons toward the p-region. The height of the potential
barrier depends on the material, the doping concentration and temperature.

Depletion region
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Figure 20. Schematic representation of the p-n junction.

We assume that the junction is abrupt and that the dividing line between the p-doped region
and the n-doped region is placed at x = 0. We further assume that at equilibrium the fixed
charges not balanced by mobile charges have a spatial density described by a step function,

as represented in figure 21.
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Figure 21. Profile of charge density, electric field and potential as a function of position x.

Denoting No and Na as the concentration of donor and acceptor atoms, respectively, and
similarly xp and x» as the lengths of the depleted regions in the x-direction in the p-region
and the n-region, respectively, it is possible to calculate the width of the depletion region W
= Xp + xn by using the one-dimensional Poisson's equation:

o) _  px)
axz €

(3-1)

In the hypothesis of depletion and with boundary conditions according to which the electric
tield in the neutral regions is zero, meaning the potential is constant, we obtain:
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2
( 2 a‘zg") =0 (x<-—x,andx > xy)
9°®d(x) _ eNg _ )
o0z = o (—xp <x<0) (3-2)
’®(x) _  eNp
oz = 0<x<x)

integrating the Poisson equation once and using the boundary conditions ¢(-xp) = ¢p and
$(xn) = dn, we obtain

E(—xp) = - (Z_j)_xp =0

(3-3)
oD
Ea)=~(3;) =0
That becomes:
E,(x) = —%(x+xp) —x, <x<0
eNp (3-4)
En(x)=T(x—xn) 0<x<x,

Whose behaviour is reported in figure 21.

By imposing the continuity of the electric field at x = 0, E,(0) = E;,(0), one obtains the so-
called charge neutrality equation:

Nax, = NpX,, (3-5)

which shows that the depletion region is greater in the less doped region. Integrating once
more the expression of the electric field it is obtained:

d>p(x)=2%NA(x+xp)2+CDp —x, <x<0
(3-6)
(Ibn(x)=(I>n—iND(xn—x)2 0<x<x,

which describes the potential as a function of x. Also in this case, by imposing the continuity
of the potential at x =0, ®,(0) = ®,(0), one obtains the junction barrier height:

D, — D, = by = 2% (N,x2 + Npx2) (3-7)

By inserting the charge neutrality equation into the expression for ®p;, the width of the
depleted regions in the n-type and p-type regions is obtained:
_( ZECDBIND )1/2
P~ \eNa(Na+Np)

_ ( ZECDBINA )1/2
™~ \eNp(N4+Np)

(3-8)

The overall amplitude of the depletion region becomes:
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W = xp + X, = (ZECDBI(NA+ND))

eNaNp (3-9)

The junction towel-described by two relatively conductive regions (neutral regions)
separated by a highly resistive depletion region of width W. A structure of this type can be
likened to a parallel flat face capacitor with plates separated by distance W. The specific
geometric capacitance (capacitance per unit area) can be written as:

€
C= (3-10)

Substituting the explicit expression of W into the equation and considering a biased junction
applying a potential V, one obtains:

L _ 2Watlp) g, ) (3-11)

c? eeNy4Np

3.2 HETEROJUNCTIONS

A p-njunction is defined as a heterojunction when two semiconductors with different
energy gap, electron affinity, and permittivity are brought into contact. To form a high-

quality heterojunction, several requirements are necessary, namely:

e The thermal expansion coefficients of the two semiconductors must be similar;

e The lattice mismatch of the two semiconductors should be as small as possible. In
fact, a lattice mismatch greater than 1% at the heterojunction interface results in
interface states that act as traps, or recombination centres that can accumulate
charges or annihilate them, in both cases reducing the photogenerated current
[108];

e Comparable electron affinities. Differences in the electron affinities of the two
materials cause a discontinuity at the interface of the energy bands, leading to a cliff
or a spike.

The simplest model to describe a heterostructure is the Anderson model, as it predicts the
absence of interface states [109].

We start to consider the energetic structure for the two different semiconductors with
energy gaps Eg1 and Eg2 and electron affinity x1 and x2, as reported in figure 22a. For
photovoltaics purposes, it is crucial that the energy gap of the n-type material (Eg1), which
acts as window layer, is higher than the energy gap of the p-type material (Eg2). When
these two semiconductors are directly put in contact, the Fermi energy needs to be equal,

30



CHAPTER 3

resulting in a bending of the energy bands (figure 22b). If we denote AE; = y; — x, and
AE, = ()(1 + Egl) — ()(2 + Egz), it is possible to determine the total built-in potential ®p; as:

Gpr =1 — Py = Vg — Vo = Egp — (Ef - Evz) - (Ec1 - Ef) +X2— X1 (3-12)
And so
Va=Eg, — (Ef — Eyz) — (Ecy — Ef) + AE¢c = Vygy + AEy (3-13)

As a function of the doping concentration, it is possible to observe two different
behaviours in the conduction band:

o (liff-like structure: when the junction is p*-n;
e Spike-like structure: when the junction is p-n*.

n-type p-type
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Figure 22. Band diagram of a) two isolate semiconductor, p-type and n-type. b) band diagram of the
heterostructure.
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The depletion region and capacitance are determined by solving the Poisson equation, like
in the homojunction case:

1/2

C = [ qNp1NAz2€1€2

3-14
2(e1Np1+€;N 42(Pp1V) ( )

2N g2€162(Pp1=V) 1/2

% = |
p qNp1(e1Np1+€2N 42)

(3-15)
2Np1€16;(Pp;—-V) 1/2

qN 42(€1Np1+€2N 42)

v =

In thin-film solar cells, light initially impacts the material with the wider band gap, before
being absorbed in the p-type material. In the operating region of the solar cell, which
correspond to the fourth quadrant of the current-voltage (IV) characteristic, the electric field
at the junction pushes the photogenerated holes to the positive contact and the electrons to
the negative one. Assuming there is a spike-like structure in the conduction band, if it is
sufficiently narrow, electrons can easily pass through via the tunnelling effect without loss
of photocurrent. In the first quadrant of the current-voltage characteristic, we are above the
open circuit voltage (Voc), and it is the external power supply that provides a potential
difference by delivering positive charges that migrate to the negative terminal and negative
charges that migrate to the positive one. In this condition, due to band bending, the holes
pushed into the n-type region by the applied potential, encounter an energy barrier,
accumulating at the interface. In the first quadrant, Ohm's law applies, and thus the current
is a function of the number of trapped holes and the number of electrons extracted from the
positive pole. In this way, the system is no longer neutral but positively charged. To
maintain charge neutrality, the external power supply delivers a number of electrons equal
to the sum of the number of holes extracted at the negative contact and those trapped. The
presence of holes trapped by the energy barrier can cause recombination with some
electrons from the conduction band.

This situation is typical in thin-film heterojunction solar cells, and this phenomenon is
observed in the IV characteristic through a kink in the first quadrant, indicating a decrease
in photocurrent [110]. A more detailed explanation will be presented in the chapter 6,
specifically for antimony selenide-based solar cells.
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Figure 23. Schematic representation of the recombination phenomena at the accumulation hole layer when V
> VOC.

3.3 SOLAR CELL EQUIVALENT CIRCUIT

A solar cell can be schematized with an equivalent circuit like the one shown in figure 24,
where the diode represents the ideal junction and the electric generator represents the
current generated under illumination (Jph). Rsh indicates the losses that can occur due to a
short-circuit in the cell junction, while Rs represents the series resistance given by two
contributions: resistance of the materials and resistance of the ohmic contacts. Finally, Rt
represents the load applied to the cell terminals.
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Figure 24. Equivalent circuit of a real solar cell.

Applying the first Kirchhoff's law to the node D, one obtains:
JontJ=Jp 2] =Jp = Jpn (3-16)

In this way, one obtains the current-voltage (IV) characteristic of the real solar cell, which is
the expression relating the output current to the voltage across the cell terminals for each
value of generated photocurrent:

=1 [exp (M) - 1] — Jon (3-17)

nKT

In the case of an ideal homojunction solar cell, it is known that the series resistance is zero
and the diode ideality factor isn = 1.

= [exp (1%) - 1] — Jon (3-18)

The figure 25 shows the J-V characteristic of a silicon-based solar cell under various lighting
conditions.
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Figure 25. Current-Voltage (IV) characteristic of a Silicon cell under various illumination levels. By
convention the real characteristic is shown in the first quadrant, i.e. the current values collected experimentally
in the fourth quadrant are multiplied by -1.

From figure 25, it is possible to define the fundamental photovoltaic parameters of the solar
cell:

e The intersection of the characteristic curve with the current axis, ie., V = 0,
corresponds to the current called short-circuit current indicated by Jsc;

e The intersection of the characteristic curve with the voltage axis, i.e. ] 0,
corresponds to the open-circuit voltage indicated by Voc;

e DPwu indicates the maximum power point, i.e., the power delivered by the solar cell
corresponding to the coordinates Ju and Vm, where Pwm is the product Py = Jm x V.

e In general, a solar cell is a device when exposed to sufficiently energetic light: There
exists a potential difference Vs across its terminals;

e It generates an electric current at its output is proportional to the intensity of the
incident radiation;

e There is an electrical power Pout at the terminals of the cell proportional to the

incident luminous power, when Rs and Rsh are near the ideality.

The photovoltaic conversion efficiency of a solar cell can be defined as:
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1 = Pout / Pinc (3-19)
where Pout is the power output of the solar cell and Pinc is the incident luminous power.

The maximum power generated by a solar cell in the ideal case would be:
P=]-V=Vm—V [exp (nq—ll’T) - 1] (3-20)

In the hypothesis that Jpn >> Jo, calculating the derivative of the output power with respect
to the potential, we obtain:

]ph

Jo(1+yVa) (3-21)

gg::]bh-+]0__]b(l»+'YVM)€yVM =0 _>eYVM ~

Having set y = q/nKT.

This expression cannot be solved analytically, but it is still possible to calculate the analytical
expression of the maximum power. By writing the expression of the current corresponding
to the value Vv, we obtain:

Jpn JpnYVMm
I = Jon = Joe¥"M = — —2—=E

(3-22)
1+yVm 1+yVm

Remembering that the maximum power is given by the product of the maximum current
and the maximum voltage, the expression is derived:

%
Pu = Jor Ve = ViJpn 710 (3-23)

The efficiency, being the ratio between the maximum output power and the incident light
power, can be rewritten as 1 = (JuVwm)/Pinc. Multiplying the numerator and denominator by
the Jsc -Voc product introduces a new parameter, called fill factor (FF), defined as

74
FF = (3-24)
]SCVOC

The efficiency can be rewritten in terms of fill factor as
77 — FF ]SPCVOC ( 3_25)
inc
As shown in Figure 26, the product Js«Voc represents the area of the minimum rectangle that
circumscribes the characteristic, and Jm "Vm represents the area of the maximum rectangle
inscribed within the JV curve. Therefore, the Fill Factor is the ratio between the areas of these
two rectangles.
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Figure 26. Geometrical representation of fill factor.

3.4 PHOTOELECTRIC AND PHOTOVOLTAIC EFFICIENCY

3.4.1 Photoelectric efficiency

The spectrum of solar radiation exhibits the emission characteristics of a black body and is
well described by Planck's formula, outside the atmosphere, considering a temperature on
the surface of the Sun of 5760 K.

1.62:1079-C4-A75

exo(3)-1 0

I(A,T) =

where the constant 1.62 - 10 accounts for the attenuation factor of radiation for the Earth-
Sun distance and the loss due to the Earth's albedo, T represents the absolute temperature,
and the constants C1 and Cz are C; = 2mhc? = 3.7419 - 1072 Wem? and C, = % =

1.4388 cmK.

Knowing that the energy of the electron can be written as E, = hv — E, then, defining the
characteristic wavelength of the semiconductor as 1; = hc/E,, the relation defining the

energy of the electron can be rewritten in terms of this wavelength.
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Ee=hc[

1 1

A

Ag

(3-27)

This relation shows that the internal photoelectric effect occurs for photons with
wavelengths shorter than As.
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Figure 27. Blackbody spectrum (green line), AM1.5 and AMO solar spectrum (blue and red line respectively).

In the solar spectrum shown in Figure 27, let's consider an infinitesimal interval of width
between A and A+dA, and calculate the number of photons that cross the unit area per unit
time.

aa 1
deh == IAH == Ell/ldﬂ (3-28)

Considering a photon with a wavelength above the threshold for internal photoelectric
effect, the number of photons just calculated corresponds to an equal number of electrons
and holes each requiring an energy equal to Eg to be brought into the conduction band or

the valence band. Therefore, the energy expenditure for creating the electron-hole pair will
be:

o) 1 rA
Iy = Eg [, ANy (2 < 2y) = ™ J? (D AdA (3-29)
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The photoelectric efficiency is defined as the ratio:

Ig,  1/Ag [}9 (022

o =7 = T a (550

3.4.2  Photovoltaic efficiency

If we denote by dNph(E > Eg) the number of photons per second present in the infinitesimal
element of the solar spectrum between A and A+dA with energy greater then Eg, the
photocurrent will be expressed by the charge of the electron multiplied by this number,
further multiplied by a factor Q, less than one, representing the external quantum
efficiency.

dJpn = QqdN,,(E > E;) (3-31)

This efficiency is defined as the fraction of electrons that are effectively collected at the
electrodes compared to the number of photogenerated electrons. Considering the
expression for dN,, already found:

dNyy = =13 AdA (3-32)

Substituting dN,j, into the equation for Jpn and integrating up to the semiconductor gap
wavelength gives:

A
Jon = hi Jy £ Qi AdA (3-33)

C

In the ideal case where all the photogenerated charges are collected in the external circuit
(Q=1), the efficiency turns out to be:

]h—yVM 2
%4 PRy r+1 1 1%
=]MM_ YVMm+l _ YVMm q Glldl

= (3-34)
Pinc Pinc Pinc YVm+1 hc”0

n

To explicitly evaluate the maximum power Vyu, it is necessary to utilize the empirical
expression:

1
Vi = Voo — ;IH(VVM) (3-35)

In general, in thin film solar cells the quantity iln(yVM) is negligible compared to Ve.. In

particular, in our Sb2Ses-based solar cells this quantity is about 0.02 V, considering Vm equal
to 0.06 V and Vo 0.5 V.

Furthermore, remembering that we consider n =1 and Jpn >> Jo, we obtain:

39



CHAPTER 3

Vy = Voo = nqﬂln []]Loh + 1] = %ln (]]";Oh) = % [ln(]ph) —In(Jy)] (3-36)

The reverse current Jo is defined as an unwanted signal in a photodetector in the absence of
light, resulting from thermally excited electrons or leakage currents in the junction region,
and it is expressed as

Eg
Jo = Ce BkT (3-37)
Where B is a numeric factor between 1 and 2 that depends on which type of junction is under
consideration and the constant C =1.6 *10° A/cm?.

By explicitly expressing Jon and Jo in the expression for Vm, we obtain a representation of the
maximum efficiency as a function of the energy gap value of the semiconductors used to
manufacture the solar cells, considering B =1.

~ Eg _ KT KTy [4 (Es
Vy = i InC + - In [hc Js Ql,lxld)l] (3-38)
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Figure 28. Comparison of the photoelectric and photovoltaic efficiency trends.

The two curves in figure 28, represent the photoelectric efficiency and the photovoltaic
efficiency. It is noted that the maximum efficiency value decreases, going from 47% in the
photoelectric efficiency curve to 30% in the photovoltaic efficiency curve. Furthermore,
there is a clear shift of the maximum point to higher E; values. In the photoelectric efficiency
curve, the point of maximum efficiency corresponds to an energy gap of 1.1 eV, namely
silicon. Instead, the maximum of the photovoltaic efficiency curve is about 1.45 eV, which
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well fits the energy gap of GaAs and CdTe. The maximum efficiency of silicon-based cells
is comparable to the theoretical one obtained with the model just described, reaching the

maximum limits of its technology.
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FABRICATION OF SB>SE3;-BASED SOLAR CELLS

The SbzSes-based solar cell studied in the frame of this PhD thesis is in superstrate
configuration, with the stratigraphy shown in the figure 29.

Back-contactFe-S-O + Au (200 + 100 nm)

n-type window layer Growth direction

Y
A\

Front contact; ITO +Zn0 (900+120 nm)

4

SLG

Figure 29. Sketch of the Sb2Ses-based solar cell in superstrate configuration.

All layers, except for Sb2Ses, are grown by magnetron sputtering using DC power supply
(Back-contact and ITO) or RF power supply (window layer and ZnO). To determine the
main photovoltaic parameters of solar cells, a voltage-current density (J-V) characteristic
measurement is performed using a continuous LOT-Oriel solar simulator (Oriel, Irvine, CA,
USA), equipped with an air mass AM1.5G filter. The solar simulator is equipped with a 600
W Xenon lamp (Oriel, Irvine, CA, USA) that can produce a light power density of 1 kW/m?.
To ensure accuracy, a calibrated pyranometer was used as a reference, and the
measurements were taken at a standard temperature of 298 K.

Before performing the J-V measurement, the solar cell undergoes a treatment known light
soaking (LS). This process, lasts about one hour and involves illuminating the cell from the
front contact side using an intense light source, typically halogen lamp, to achieve a surface
temperature of around 80°C. Experimental evidence has shown that this enhances the
photovoltaic parameters in thin film solar cells, although the underlying mechanisms are
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not yet fully understood. It is believed that this treatment facilitates the filling of electron
traps located at the heterojunction interface while simultaneously passivating bulk defects
within the absorber material, which can serve as channels for reverse current transport [111].
An example is illustrated in figure 30, which shows the J-V characteristic of our Sb2Ses-based
solar cell, both before and after the light soaking treatment.
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Figure 30. Comparison of the J-V characteristic before (black dots) and after (red dots) the LS.

The main photovoltaic parameters are summarized in Table 2. Following the light soaking
treatment, there was a significant variation in the fill factor and power conversion efficiency
(PCE), with increases of 21% and 19%, respectively.

Table 2. Main photovoltaic parameters of the Sb2Ses-based solar cell before and after the LS treatment.

Before LS After LS
Voc [mV] 534 500
Jsc [mA/cm?] 25.5 26.2
F.F. 0.43 0.52
PCE [%] 5.68 6.77
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4.1 SUBSTRATE

The choice of the substrate on which the solar cell layers are deposited is of great
importance. Historically, high-efficiency thin-film solar cells have been deposited on rigid
glass substrate. This substrate must exhibit great optical transmission in the visible range
because the solar photons have to penetrate the substrate, to reach the active layers of the
cell. The glass substrate used is “Soda Lime Glass” (SLG), which is characterized by a
sufficiently high softening point (between 790 and 800 K) to allow heat treatments for the
deposited materials. Furthermore, it is characterized by high availability on the market and
allows for cost-effective final device fabrication. However, commercial glasses contain iron
impurities, which reduce the natural transmission of light, therefore for photovoltaic
purposes it is advisable to use SLG with a low content of iron impurities as a substrate, such
as iron-free SLG.

In addition to SLG, polymeric materials were also tested as substrates. For example, Kapton
polyimide, exhibits suitable optical properties. However, it has rather modest processing
temperatures (around 720 K), compared to SLG glass.

100 T
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§
£ 40 1
&
= T —Polyimide (7 pm)
20 + —SLG (3.3 mm)
4 —Iron-free (3.3 mm)
0 o ——+————+——+—F+—+—
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Wavelength (nm)

Figure 31. Transmittance spectra of Polyimide (green line), SLG (purple line) and SLG-iron free (red line).
The figure is taken from [15].
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Furthermore, as shown in figure 31, even if it has good optical transmittance properties, it
is still lower compared with SLG.

Cleaning the SLG substrate is the first critical step for a good performance of the solar cell,
as it must guarantee good adhesion of the films on the glass surface. Initially, the glass,
measuring 1 inch? is mechanically washed using absorbent paper soaked in a solution of
60% acetone (CHsCOCHs) and 40% isopropyl alcohol (CHsCH(OH)CHs) in order to remove
the macroscopic impurities presents on the glass surface. Afterward, glass undergoes a
plasma etching process in an oxidizing environment for ten minutes. The machine
maintains a vacuum of approximately 510! mbar inside, while external air is introduced
into the chamber, to generate a plasma. Oxygen ions within the plasma bombard the
substrate, oxidizing any remaining organic residues on the glass surface.

At the end of the whole process, the glass surface is cleaned and suitable to be used as a
substrate for the subsequent thin films deposition that gives the complete Sb2Ses-based solar
cell.

4.2 TRANSPARENT CONDUCTIVE OXIDES (TCQO)

In thin film solar cells, it is crucial to use front contacts that are transparent (with optical
transparency of approximately 90%, see figure 32a) to the visible part of the solar spectrum
while being conductive at the same time. The low resistivity requirement is essential to
collect the photogenerated carriers without introducing series resistances into the device. In
general, materials that are transparent to the visible component of the solar spectrum have
an energy gap greater than 3 eV. Therefore, in principle, it is challenging to achieve both
conductivity and transparency in these materials, given the difficulty in doping them.
Among these wide band gap semiconductors, only oxides are considered for this purpose,
as they can be doped to the point of degeneracy. Above a certain threshold of embedded
dopant atoms, bands of energy levels in the forbidden band energy may form. This energy
band, if close enough, can merge with the conduction band. In this case the electrons can
pass from the donor level to the conduction band with energies comparable to the thermal
ones. This causes a shift of the Fermi energy within the conduction band, resulting in an
electrical conductivity comparable to metals. A Fermi level shifted to energies greater than
the minimum of the conduction band and all the energy levels below the Fermi level are
occupied by electrons, describes the degeneracy condition. Moreover, in this scenario, the
energy gap is really increased being in this scenario equal to the energy difference between
the top of the valence band and the first free energy level within the donor band. This

45



CHAPTER 4

phenomenon is known as the Burstein-Moss effect. If, as shown in the figure 32b, AE is
defined as the difference in energy between the bottom of the conduction band and the

Fermi level and Ejy is the original energy gap, then the apparent energy gap will be:

EST = E, + AE (4-1)
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Figure 32. a) Transmittance spectra of the most common TCOs used [15]. b) Schematic representation of the
band model of a degenerate semiconductor.

A typical TCO that exploits this phenomenon is indium tin oxide (ITO), with a typical
absorption in the near-infrared region due to free charges. This material exhibits an energy
gap of about 3.5 eV and high transparency in the visible region. The ITO prepared in our
laboratory is obtained by reactive DC magnetron sputtering. The sputtering gas is a mixture
of Ar and O2 with an oxygen flux fixed at 2.5% of the total. The power density incident on
the target is 1.75 W/cm? that permits a deposition rate of about 11 A/s.

The target material is composed of 90% In:0s and 10% SnO:, which allows tin atoms to
replace indium atoms, creating a sufficiently dense band of donor levels in order to exploit
the Burstein-Moss effect and obtaining a free carrier concentration of about 102 cm- [112].

During the deposition, the substrate is heated at 500 °C, in order to promote good
crystallinity, which leads an enlargement of the grains size. This increase in grain size

enhances carrier mobility, consequently, reducing the resistivity of ITO, as demonstrated by
Ray et al. [113].

Using these parameters, we obtain an ITO thin film with a resistivity about 2:10* Qcm, with
a thickness of 900 nm.
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Figure 33. ITO transmittance spectra with (blue line) and without (red line) zirconium inclusions. The image
is adapted from [114].

As shown in figure 33, transparency of the material decreases down to 70%, for wavelengths
greater than 825 nm, resulting in absorption of part of the photons intended for the absorber
material. This phenomenon occurs because the electrons in the impurity bands are not only
thermally activated, but also promoted to the conduction band by photons with near-
infrared (NIR) energy. To overcome this problem, ITO can be doped with a small amount
of high permittivity oxides, such as ZrO: or HfO, to shift the plasma frequency to longer
wavelengths. This optimization allows for optimal transmittance in the NIR, without the
absorption phenomenon by free carriers. Importantly, this doping method does not alter the
concentration or the mobility of the charge carriers, resulting in no change in TCO
resistivity. To prevent the diffusion of In and Sn atoms from the TCO layer, during the
growth of the subsequent layers, which could create preferential metallic path for current
flow and cause a short circuit in the solar cell. It is necessary to mechanically isolate ITO
from the other layers. This is achieved by introducing a high resistivity layer (HRL),
typically ZnO. Zinc oxide is a semiconductor belonging to II-VI group that crystallize in
hexagonal Wurtzite structure. It has an energy gap about 3.3 eV and exhibits an optical
transparency near 90% in the visible and NIR region (see figure 32a, green line). The n-type
conductivity of ZnO is attributed to deviations in stoichiometry during growth and is
dependent on the oxygen concentration within the crystalline structure (see figure 34). In
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particular, the electrical properties are governed by the presence of oxygen vacancies (Vo)
and interstitial sites of zinc (Zni), both of which act as donor defects.
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Figure 34. Trend of ZnO resistivity as a function of the partial pressure of oxygen in the chamber during the
growth. The image is adapted from [115].

Here, ZnO is deposited starting from a Zn metal target using reactive RF magnetron system,
using a power density of 1.56 W/cm?, that provides a deposition rate about (2.2) A/s. The
substrate is heated at about 400 °C to promote a good crystalline quality.

The sputtering gas is a mixture of argon and oxygen, with an oxygen flux 15% of the total.
This oxygen content allows us to obtain a ZnO film with a resistivity about 10° Qcm, with a
thickness of 120 nm.

Another reason for introducing ZnO as a buffer layer is to prevent direct contact between
ITO and the absorber material through the thin layer of the window material, which may
contain pinholes. This avoids short-circuiting the solar cell.
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4.3 WINDOW LAYERS

The window layer (WL) serves as substrate on which the p-type absorber material is grown,
in this case Sb2Ses, and thus acts as the n-partner in forming the p/n heterojunction. As the
name suggests, the window layer needs to be, as transparent as possible, to the visible light
and must exhibit n-type conductivity.

In this study, five different WL materials were tested to assess their impact on the
preferential grain orientations of the antimony selenide and their correlation with key
photovoltaic parameters, such as Voc and Js.. All WL materials were grown through RF
magnetron sputtering, maintaining an Ar pressure about 5 x 10" Pa. The only deviation was
observed in sample B, where reactive sputtering was utilized, introducing a pressure of
CHFs gas at 5 x 10® Pa into the chamber. Table 3 provides details of the deposition
parameters for each window layer.

Table 3. Deposition RF sputtering parameters for each window layer.

WL  material  and | Substrate Power Deposition | Thickness | Sample
working atmosphere temperature | density rate [nm] name
[°C] [W/cm?] [nm/s]

CdS (Ar) 250 0.7 0.40 300 A

CdS (Ar + CHFs) 250 0.9 0.40 300 B

CdS + CdSe (Ar) 250 0.7and 0.6 | 040 and 0.44 |300+50 |C

CdS + As2Ss (Ar) 250 0.7and 0.6 | 040and 0.24 |300+50 |D

CdS + Zno1sCdossS (Ar) | 250 0.7 and 0.8 | 0.40 and 0.40 | 60 + 30 E

In sample A cadmium sulphide (CdS) was utilized., CdS is known for its direct energy gap
of 2.42 eV and crystallize in a hexagonal structure [116]. It is worth noting that CdS is a
popular choice for window layer in high-efficiency thin-film solar cells. Furthermore, the
CdS/Sb:Ses heterostructure is a good reference point, because the current PCE record for
Sb2Ses-based solar cell was achieved using CdS as the WL [15,35,117]. However, a major
challenge with this structure is the significant lattice mismatch between CdS and SbzSes. In
fact, with a CdS lattice parameter of acys = 4.14 A[118] and assuming antimony selenide
grows in the preferred orientation (parallel to the (002) planes), we have to consider the b =
3.99 A axis [57]. The lattice mismatch is around 3.7%, and it is calculated using the equation
[119]:
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A lattice mismatch exceeding 1% introduces a significant number of interfaces states
adversely affecting the device performance. Simulations suggest that this mismatch can be
minimized introducing a double buffer layer composed by ZnS and CdS, aiming to reduce
interface states and enhance device functionality [120].To enhance the chemical stability of
CdS, during its deposition, CHFs gas is introduced into the sputtering chamber. The plasma
discharge within the sputtering has adequate energy to dissociate the CHFs molecule
releasing fluorine ions. These being electronegative, naturally migrate towards the positive
electrode (substrate), where they react with cadmium to form CdF: This compound
segregates within the CdS grain boundaries, effectively passivating them as an insulating
material [121].

Furthermore, the highly energetic fluorine ions, accelerated by the electric field inside the
glow discharge, can impact the surface of the growing CdS film dislodging the less tightly
bound sulphur and cadmium atoms. This process helps to prevent the formation of
unwanted stoichiometric excesses resulting in a CdS film with improved optical
transparency (as shown in figure 35) and structural properties.
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Figure 35. Transmittance spectrum of CdS in the presence and absence of CHFs. The image is taken from
[121].

The sample B is characterized by CdS:F as window layer exhibiting a direct energy gap of
2.85 eV and crystallizing in hexagonal structure [122].
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In the Sb2Ses composition, selenium has a higher vapour pressure compared to antimony.
Consequently, during the antimony selenide deposition selenium vacancies are generated.
As reported in the previous chapter, these Vs act as deep donor levels, influencing the
transport of the charge carriers in the solar cell. In sample C, CdSe was introduced to interact
with Sb2Ses during the growth, aiming to fill the selenium vacancies by utilizing Se diffusion
from CdSe. From crystal structure standpoint, CdSe has an energy gap of 1.74 eV and
crystallizes in a hexagonal crystal structure [123]. Ensuring a good crystalline quality of the
absorber layer is crucial for reducing lattice defects and controlling the preferential
orientation of the crystalline grains. One potential approach is to use arsenic sulphide
(As2Ss) to exploit the quasi-rheotaxy effect during the Sb2Ses growth [124,125].

In the quasi-rheotaxy approach, the surface layer of a material essentially behaves like a
liquid, albeit at temperatures up to 30% lower than the material melting point.
Consequently, the material maintains its structural integrity without undergoing full
melting but giving the appearance of molten surface layers. This phenomenon enhances the
mobility of adsorbed atoms allowing them to form clusters on the surface. The increased
mobility of these clusters facilitates coalescence and orientation, thereby promoting the
growth of large crystalline grains [126,127]. This effect is particularly pronounced in glassy
systems like As2Ss [128]. Quasi-rheotaxy retains the advantages of traditional rheotaxy,
which involves thin film growth on liquid surfaces, while avoiding its primary drawback,
the formation of undesired droplets.

Arsenic sulphide crystalizes in a monoclinic crystal structure exhibiting an energy gap of
2.35eV [129].

In the last sample (sample E) cadmium sulphide with a 15at% zinc content its crystal
structure was tested as the WL. The system CdS-ZnS follow the Vegard’s law [130,131],
where the energy gap of CdS increases linearly with the zinc content. An optimal
concentration of 15 at% Zn has been determined to maximize transparency and achieve a
window layer resistivity suitable for photovoltaic applications. To accurately estimate the
real energy gap and the percentage of zinc inside the target material a UV-VIS spectroscopy
measurement were performed on a thin film of ZnCdS deposited on glass. To extract these
quantities one can make use of a Tauc plot reported in[132]:

(ahv)? = B(hv — E;) (4-3)

Where «a is the absorption coefficient, v is the frequency of incident photons, Eg is the energy
gap and B is a constant. The exponent 2 is utilized because ZnCdS is a direct energy gap
semiconductor. For indirect energy gap semiconductor an exponent 2 is typically used. The
theory behind this equation assumes that the energy hv of the photon is slightly higher than
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Eg. In this case, transitions from VB to CB involve states near the band edges, which results
in a parabolic dispersion law.
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Figure 36. Tauc plot of (a) ZnCdS and (b) CdS thin films on glass. Data processed based on UV-VIS
spectroscopy measurements.

A linear fit on the data represented in figure 36, allow us to determine an energy gap equal
to E; = (2.67 £0.01) eV and E; = (2.48 £ 0.01) eV for ZnCdS and CdS respectively.
Considering a tabulated energy gap of and Eg? = 3.6 eV for ZnS [133,134], we determined
a Zn content of about (17 + 2)%, assuming the validity of Vegard law. The thicknesses of
these films were fine-tuned to minimize absorption of blue light, such as with Eg (2.42
eV), and to prevent, as much as possible, the formation of pinholes that could disrupt the
behaviour of the p-n junction.

4.4 ANTIMONY SELENIDE

Antimony selenide serves as the absorber layer and must exhibit excellent crystalline quality
and an appropriate grain size to minimize the number of crystalline defects and grain
boundaries, which can adversely affect the device's performance. Consequently, the
technique used for its growth is the CSS.

To achieve optimal growth conditions, a study was conducted by varying the partial
pressure of argon in the growth chamber (from 0.01 mbar to 1 mbar), while maintaining a
constant substrate temperature 360 °C and a constant deposition rate. To maintain a
constant deposition rate at different Ar counterpressures, the crucible temperature was
adjusted accordingly. In all cases, the antimony selenide was deposited on the preceding
layers of the solar cell, specifically SLG/ITO+ZnO/CdS+ZnCdS.
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Figure 37. SEM image of Sb2Ses grown under different Ar counterpressure of a) 0.01 mbar, b) 0.1 mbar, c)
0.5 mbar and d) 1 mbar.

In figures 37a, b, ¢, d display the SEM images of the Sb:Ses surfaces how casing the effects
of different Ar counterpressure during the growth of antimony selenide. The images
indicate that morphology of the antimony selenide is significantly influenced by the amount
of argon present in the chamber during growth. However, in all cases, the grain size is
appropriate for photovoltaic purposes, ranging between 4 and 7 pm.
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Figure 38. a) ratio of atomic percentage (at%) between Sb and obtained from EDX measurements with the red
line representing the linear fit; b) Raman spectra of antimony selenide under different Ar counterpressure
during growth; c¢) The Raman shift of the principal peak as a function of Ar counterpressure.

Additionally, different argon counterpressures enable control over the stoichiometry of the
Sb2Ses film, as shown in figure 38a. The Sb/Se ratio exhibits a linear trend on a log-log scale
decreasing with increasing Ar pressure. At low counterpressures, the Sb2Ses film shows an
excess of antimony, while at higher Ar counterpressures, it becomes selenium-rich. These
measurements were conducted using SEM with an EDX probe. Notably, Seebeck effect
measurements reveal that even the antimony-rich film exhibits p-type conductivity, which
can be attributed to the presence of excess metallic antimony within the Sb2Ses crystalline
lattice.

The Raman measurements, displayed in figure 38b, were performed using a 532 nm
excitation laser. By comparing the experimental peaks with established data from the
literature, we can identify the presence of a peak at 154.4 cm’, the main peak at 191.5 cm’,
and another peak at 212.8 cm™ [135]. Notably, the main peak is asymmetrical, resulting from
the convolution of the peak at 184.7 cm™ and the peak at 191.5 cm™.
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Figure 38b illustrates various graphs demonstrating a shift in the Raman peak position.
Following the deconvolution shown figure 38c, it is observed that the main peak shifts to
higher Raman shift values as the Ar pressure increases. This result aligns with the EDX
results, as a higher argon content enriches the Sb2Ses film in Se, thereby enhancing its p-type
conductivity. In fact, a rightward shift in the Raman signal towards higher values, indicates
an increase in p-type doping [136]. In literature is reported that antimony selenide
evaporates congruently, releasing Sbs and Se2 molecules from the crucible, as demonstrated
by thermodynamic calculations [137,138]. The experimental results reveal that when Sbs and
Se2 molecules reach the substrate, at temperature of 360 °C and a fixed deposition rate of
about 8.3 nm/s, antimony evaporates more readily than selenium as the Ar pressure in the
growth chamber increases. Conversely, by reducing the Ar pressure, the Sb/Se ratio
approaches stoichiometry, ultimately resulting in a condition of Sb excess at an Ar pressure
of around 102 mbar.
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Figure 39. XRD spectra of Sb2Ses grown at different Ar counterpressures.

The XRD measurements, shown in figure 39, were carried out to assess the impact of Ar
pressure on the preferential growth plane of Sb2Ses crystalline grains. The XRD graphs
reveal a notably intense peak at a 20 angle of 21.99°. This peak was not observed in our
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previous work [91], where antimony selenide was grown on the CdS+ZnCdS system.
Therefore, it is reasonable to hypothesize arises from the contribution of the underlying
layers beneath the Sb:Ses. To validate this hypothesis, a deconvolution operation was
performed on this asymmetric peak using a Voigt profile, considering two distinct peaks.
As illustrated in figure 40, the ratio between the cumulative curve (blue line) and the peak
represented by the green curve remains nearly constant across all four samples, suggesting
that it likely arises from the underlying layers on which Sb:Ses has grown. On the other
hand, the second peak, depicted by the red curve, shows significant variation among the
different samples. When compared to the reference card JCPDS 15-0861, this peak is
attributed to the (220) crystalline plane of antimony selenide. In all cases, the deconvolution

process yielded an R? value of 0.999.
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Figure 40. Focus of the antimony selenide XRD spectra near the 21.99° peak. A deconvolution process is

shown.

To identify the predominant crystal plane relative to the others, a figure of merit, known as

the texture coefficient (TC) can be defined [139]
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TCppy = Inki/Iohkt .100 (4-4)

Z?:l Ihikili/IOhikili

Here Inu represents the experimental peak intensity related to the selected plane, Iowa is the
intensity of the same plane reported in the reference card and n is the total number of the
selected crystalline planes.

This equation is well documented in [140] and assumes that the intensity of the diffraction
AD

peaks of a sample, when measured at a Bragg angle 6, is given by:/, = 2
Where A represents the intensity of the incident beam, D is the intensity of the diffracted
beam per unit of length and u is X-ray absorption coefficient of the material. It is important
to note that the intensity of Io is independent of the Bragg angle. The quantity D can be
expressed as a product of three factors:

(66)2
4

D = F%*(hkDp(a, B,v) (4-5)

Where p(a, B,7) denotes the total volume fraction of the sample oriented along a specific 66
angle and F?(hkl) is the structure factor that represents the discrepancy between the
theoretical crystallographic model and the experimental results obtained from XRD

measurements.

Thus, the quantity Io (for a specific hkl plane) can be rewritten, incorporating a parameter B
that accounts for any imperfections of the crystalline structure and remains constant for each
peak corresponding to the same sample, as follows:

lo =22 p(a, B, y) 225 F2 (hk) (46

4

Considering the % quantity as a constant, we can define a parameter C. For a thin film with
randomly oriented grains, the intensity is given by:

I'(hkl) = C'F?(hkl) (4-7)
The intensity ratio between a sample with grains exhibiting preferential orientation and one

with randomly oriented grains is found to be:
I(hk) _ C
I' (hkl) —c p(a' .B' )/) (4'8)
Furthermore, the ratio between the constants C and C’ can be neglected under the
assumption that the sum of p(«,3,v) over all orientations equals one. Consequently, the ratio
of the sum of intensities for a specific number of reflections from oriented and random
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samples is exactly equal to C/C’. Thus, we exactly obtain the formula for the texture
coefficient:

I(hkl) I (hkl
p(alﬁly) = ( ) . ( )

YI(hkl) I (hkl) (4-9)
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Figure 41. TC evaluation of the XRD patterns for the Sb2Ses films growth under different Ar counterpressures:
a) 0.01 mbar, b) 0.1 mbar, c) 0.5 mbar, d) 1 mbar.

In figures 41a, b, ¢, and d, the results of the texture coefficient calculation are shown, with a
minimum threshold of 10% used to classify a crystallographic plane as non-negligible. At
low Ar pressures, the preferential growth plane is the (002) plane, which corresponds to the
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[001] direction, which is favourable for charge transport within a single ribbon. At an argon
pressure of 0.1 mbar, the (002) plane continues to be the preferential plane, alongside the
(hk1) planes. As the argon pressure increases, the Sb2Ses grains exhibit a tendency to orient
more randomly particularly at 0.5 mbar. This trend culminates at 1 mbar, where the only
preferential crystallographic plane is the (220) plane. The (hk0) planes, which grow
perpendicular to the ribbon axis, impede efficient charge transport, since photogenerated
charges must traverse two adjacent ribbons, connected by weak van der Waals bonds.
Consequently, the transport mechanism becomes hopping-like.

In conclusion the optimal condition for growing antimony selenide is to introduce an Ar
counterpressure of 0.1 mbar in the deposition chamber. This setting facilitates the growth of
a nearly stoichiometric with grains oriented perpendicular to the substrate.

4.4.1 Deep levels in antimony selenide

To detect and characterize the deep levels of the Sb2Ses in the depletion region admittance
spectroscopy measurement were performed under both dark and illumination conditions
varying the temperature in the range between 193 K and 353 K 20 K steps.

In general, to experimentally determine the characteristics of a deep level, it is essential to
alter the occupancy state and observe the variation of an appropriate physical quantity over
time. A space charge region is characterized by curved band profiles, allowing the deep
center level to intersected the Fermi level. This intersection enables the alteration of the
occupancy state of the center by applying an external electric field. Specifically, admittance
is a complex quantity, expressed as: Y = G +1iS, where the real part G represents conductance,
and the imaginary part S represents susceptance. If S > 0, the system exhibits capacitive
behaviour, which can be expressed as C = S/w, where w is the angular frequency of the
applied voltage. Each variation in the reverse voltage dVr corresponds to a change in the
space charge d0(x), and these two variations are related through the expression:

[0 9)

ESVR = f

o X6p(x)dx (4-10)

In this equation, the left-hand side represents the product of permittivity € and the
variation in reverse voltage OVr. The integral on the right-hand side quantifies the
variation of the center of mass of the space charge. In particular, a variation dVr induces a
change in the space charge near the edge of the depletion region (W) as well as a variation
due to the position X, where the trap occupancy level intersects with the quasi-Fermi level
Fe. this intersection locally results in a change in the charge state of the trap.

Thus, the previous integral can be rewritten as follows:
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€6Vg = fooo x6pr(x)dx + fooo x6py (x)dx (4-11)

In this expression, the first integral accounts for the variation in the charge due to the traps
(00t1(x)), while the second integral represents the variation in the charge at the depletion
region edge (0ow(x)). In admittance measurement, the reverse voltage oscillates with
small-amplitude sinusoidal variations, so §py, (x) to be non-zero only near x = W.
Similarly, 6 pr(x) is non-zero only in the vicinity of .

The two previous integrals can be approximated as follows:
fooo x8pr(x)dx ~ x fom Spr(x)dx = x6Q7 (4-12)
And
fooo x6py (x)dx ~ W fooo Spw(x)dx = W8Qy, (4-13)
where §Qr and §Qy, have the dimensions of charge per unit area.
In this way, the integral became:
€6Vy = x6Qr + WéQy, (4-14)

The temporal evolution of the charge §Q; can be expressed as:

06Qr _

= —@8Qr + g6Vy (4-15)

Here —@&Qr represents the exponential relaxation of the charge when §Vj, is set to zero, and
g6Vy is proportional to the perturbation of the reverse voltage. The frequency @ is the
inverse of the characteristic relaxation time, which varies for each individual trap.

The proportionality constant g is defined as:

g=a (i%)o (4-16)

The admittance for unit of area is given by:

1 (aqu +66QW) (417)

T svg \ ot at

By solving the differential equation for §Qr with the sinusoidal perturbation §Vy =
(8Vr)oexp (iwt), and making the appropriate substitutions while separating the real
imaginary parts, one obtains:
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T R CTS ) R
In the low frequency limit (w < @), the capacitance becomes:
c(0) =%+%(1—%) (4-19)
While in the high frequency limit (w >»> @) it simplifies to:
(@) = (4-20)

Note that C(°) represents the capacitance of the depletion region.

In conclusion, the capacitance and conductance are given by the following expressions:

_ €(0)-C(=)

() = 6(w) _ [C0)=C(=)]- (/@)

1+(w/z;))2+c(oo); w  1t(0/®)? (4-21)

As shown in Figure 42, at the frequency @, the ratio % reaches a maximum value of

—C(O)_ZC(OO), while the capacitance shows a step-like behavior at @.
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Figure 42. Qualitative trends of the functions C(w) and % The image is taken from [141].
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The qualitative trends of the functions C(w) and G(w)/w are as follows:

1. Capacitance C(w): As the frequency w increases from low to high, the capacitance
C(w) transitions from its low-frequency value C(0) to its high-frequency value C().
This transition occurs in a step-like manner, with a noticeable change around the

characteristic frequency @. At low frequencies (w < @), the capacitance is close to

C(0), while at high frequencies (w > @), it approaches C(°), which corresponds to the
depletion capacitance.

2. Conductance-to-frequency ratio %w): The ratio % shows a distinct peak at the

frequency @. At w =, % reaches a maximum value of w. For frequencies

lower than ‘@, the conductance increases, while for frequencies higher than @, it
decreases.

These behaviors reflect the dynamic response of the system, with the characteristic
frequency ‘@ marking the point where both the capacitance and conductance exhibit
significant changes. In our specific case, the C-w characteristics under both light and dark
conditions, as depicted in Figures 43a and 43b, exhibit an inflection point in the capacitance
at high frequencies and elevated temperatures. This inflection point is a clear indication of
the presence of deep traps as described in reference [142].
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Figure 43. Admittance spectroscopy measurements carried out under two different conditions: a) under light
and b) in dark.
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After identifying the frequency @ at which the inflection point occurs, the activation energy

of the deep levels can be calculated using the following relationship [143]:

% = 2&, exp (—

Za
KT

)

(4-22)
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Figure 44. Plot of In(wy/T?) (unit: s~ - K~2) versus 1/KT, showing two distinct activation energies
observed under (a) light and (b) dark conditions.

As shown in figure 44a, b, two deep levels are detected at (324 + 39) meV and (183 + 23) meV
under light and dark condition respectively. It is important to note that these values are
estimates, as the C-w curves were obtained using relatively large D-factor values.
Consequently, this method does not allow for the precise determination of the trap
locations, whether in the p-type or n-type regions. Nevertheless, based on the curves in
Figures 43-44, we can infer that these energies represent the boundaries of a narrow energy
band corresponding to a trap distribution. This conclusion is further supported by the
absence of a distinct inflection point in each curve, as the gradual decrease in capacitance
suggests the overlapping influence of multiple trap levels close in energy. The presence of
this trap band may explain the detection of two different energy levels under dark and
illuminated conditions (Figure 44). This phenomenon could be attributed to the band
bending at the intermixing layer between ZnCdS and Sb:Ses. Due to the extended trap levels
and the variable Fermi and quasi-Fermi levels in both dark and illuminated conditions, only
specific energy-related fractions of the traps will be occupied. According to the literature
[81] several energy levels have been identified within the Sb2Ses energy gap, most of which
are classified as deep donors, with only a few recognized as acceptor-like defects. Among
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these, the antimony vacancy (Vsb) corresponds to an energy level located 180 meV above the
valence band edge [81,144], aligning with the lower boundary of the trap band detected by
admittance measurements (Figs. 43-44). If the Vs [81,144] defect is indeed responsible for
trapping, then the trap band is likely localized within the Sb2Ses layer.

4.5 BACK-CONTACT
A good contact must meet two key requirements: it must be ohmic and exhibit low

resistivity. A contact is considered ohmic when its current-voltage characteristic (I-V) is
linear and symmetrical over a range of potential values V centered at the origin of the axis.
For a p-type semiconductor the general rule is that the work function of the metal contact
(¢um), defined as the energy difference between the Fermi level and the vacuum level, must
be greater than or equal to the electron affinity of the semiconductor (xs.), which is the
difference between the Fermi level close to the band edges of the (doped) semiconductor
and the vacuum level. If this rule is not respected, a Schottky barrier is formed, creating a
potential difference that impedes the extraction of holes, thus failing the requirement for an
ohmic contact (figure 45). Generally, p-type semiconductors have high electron affinity,
making it difficult to form ohmic contacts with conventional metals. In particular, the
electron affinity of antimony selenide is approximately 4 eV [57], and only rare or expensive
metals such as gold, platinum, or iridium are capable of establishing ohmic contacts.

a) Metal p-TYPE SC
Vacuum level
dum C.B.
Xse = Er — Epuoto
EF
V.B

V.B. Y

Figure 45. Band diagram of p-type semiconductor and metal a) before contact formation; b) after contact
formation highlighting the two possible situations.
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Metals such as molybdenum or nickel-vanadium alloys are commonly used, along with a
thin layer of heavily doped semiconductor with a low energy gap, placed between the metal
and the absorber semiconductor. Although a Schottky barrier forms at the metal-
semiconductor interface, the presence of this layer, ensures a narrow depletion region at the
semiconductor side. This narrow depletion region allows free charge carriers to pass
through the barrier via the tunnelling effect, facilitating their extraction at the contact. As a
result, the configuration produces a linear current-voltage characteristic, satisfying the
requirements for ohmic contact.

In this study a novel back-contact structure for Sb2Ses-based solar cell, consisting of
amorphous magnetite and troilite, named Fe-S-O, is proposed. This 200 nm thick layer is
deposited on the Sb:Ses film by RF magnetron sputtering at room temperature. The
deposition process occurs under an Ar pressure of 0.5 Pa, with a power density of 3.3 W/cm?.

4.5.1 Composition and morphology of Fe-S-0 layer

Scanning electron microscopy (SEM) measurements were carried out on different areas of
the sample growth on glass, to evaluate the thin film uniformity. The SEM image (figure 46)
reveals a characteristic structure of amorphous material exhibiting a uniform and flat

morphology.

Figure 46. SEM image of the amorphous Fe-S-O structure. The film is deposited on SLG at RT [100].
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Compositionally, Energy-Dispersive X-ray (EDX) measurements indicate that the layer is
composed mainly of oxygen, sulphur and iron, as reported in the spectrum shown in figure
47.
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Figure 47. EDX spectrum of the Fe-S-O film [100].

The silicon peak, originating from the SLG substrate, is also present. Due to the high electron
beam acceleration voltage (20 keV), the substrate is also affected. The EDX spectrum was
acquired from different areas of the sample, and the average values of atomic composition

are reported in table 4.

Table 4. EDX analysis of the Fe-S-O film, related to the figure 45.

Chemical element Average at%
silicon 8+1

iron 40+ 1
oxygen 22+1
sulphur 30+1

By studying the XRD patterns, various crystalline structures were observed in the sputtered
thin films deposited at both low and high temperatures. The XRD profile of a film deposited
at RT (Figure 49a) indicates an amorphous structure. Raman spectroscopy performed on the
same film in air (Figure 48a) indicates peaks at 655 cm™ and 525 cm™ corresponding to
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magnetite (Fe;O,), while peaks at 401 cm™ and 290 cm™ correspond to the distinctive Raman
signals of hematite (Fe,Os) [145,146]. However, repeating the Raman measurement using a
gas-tight sample holder under an Ar atmosphere (Figure 48b) fails to identify any
previously observed peaks, consistent with the behaviour of amorphous compounds. The
disparity between spectra collected in air and under Ar atmosphere can be explained as
follows:

e in air, the combined effect of laser-induced heating and oxidation triggers
crystallization of the film [147];

e in Ar atmosphere, the film remains unchanged due to the absence of reactive oxygen,
resulting in a noisy spectrum characteristic of an amorphous structure. Moreover, the
defocusing of the laser beam passing through the Polystyrene window of the gas-
tight sample holder attenuates its power, thereby failing to induce film
crystallization.
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Figure 48. (a) The Raman spectrum performed with the sample in air is depicted in black, with the references
to hematite and magnetite minerals highlighted in red and blue respectively. (b) The Raman spectrum of the
same sample taken under an Argon atmosphere. (c) Raman spectrum of the sample deposited at 520°C
measured in an Argon atmosphere with the magnetite reference highlighted in blue; the peak at 1001 cm™ is
related to Polystyrene [100].
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In contrast, the XRD spectrum of a film deposited at high temperature (520 °C) (Figure 49b)
exhibits peaks corresponding to two crystalline compounds: Fe;O, in both cubic (JCPDS-00-
065-0731) and orthorhombic (JCPDS-04-007-1061) structures, and hexagonal Feq-»S (JCPDS-
00-037-0477). Raman measurements performed under Ar atmosphere reveal peaks at 661
cm! and 1001 cm™, corresponding to magnetite and Polystyrene, respectively (Figure 48c).
However, the Raman spectrum is weak and noisy, significantly different from the pattern
observed in Fig. 48b, attributed to the lower excitation power of the laser in the controlled
atmosphere setup. It's noteworthy that detecting Raman peaks of hexagonal FeuxS is
challenging even in pure samples [148]. Although Raman and XRD measurements fail to
identify the FeaS phase in amorphous films, EDX measurements suggest the presence of
iron sulfide, which is corroborated by XRD patterns of the crystalline TFs grown at high
temperature, which exhibit peaks indicative of the Fea«S phase.
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Figure 49. (a) XRD pattern illustrating the amorphous nature of the FesO, + FeS film deposited via RF
sputtering at room temperature (RT). (b) XRD pattern demonstrating preferential orientations of cubic and
orthorhombic Fe;O4 and hexagonal FeS associated with a film deposited by RF sputtering at a substrate
temperature of 520°C [100].

4.5.2 Electrical measurements

The Fe-S5-O thin film was investigated by Seebeck effect measurements. A temperature
gradient was applied between the two Au metal contacts, determining the direction of the
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electric potential based on the predominant charge carriers. In cases where electrical
conduction is predominantly governed by holes, the hotter contact exhibits a negative sign,
whereas it assumes the opposite polarity when electrons are the majority carriers. This
measurement revealed the p-type characteristics of the Fe-S-O films [149].

Measurement resistivity under dark conditions, using the van der Pauw method with gold
contacts in a temperature range from 4 K to 600 K, allowed us to identify (figure 50) two
different linear trends at high temperature: these trends corresponds to two acceptor levels
with activation energy of 0.12 eV and 0.04 eV, as evidenced by the Arrhenius plot:

p(T) = pgexp (=) (4-23)

Here E. is the activation energy required for charges to transit from the energy state inside
the energy gap to the conduction band (trap level), K is the Boltzmann constant, and T is the
absolute temperature.
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Figure 50. Arrhenius plot of natural logarithm of resistivity, expressed in (Qcm, vs 1/KT.

As reported in figure 51, transmission line method (TLM) contact geometry was
implemented on the top of the Sb:Ses layer to evaluate the ohmic behaviour of the Fe-S-
O+Au contact [100].
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Ly, =002cm Contact strips Fe-S-O + Au or Mo
Ly3 =0.04cm .

L3.4 =0.08cm
Lys =016cm

Figure 51. Here's the contact pattern for IV measurements, with the sequence numbers of the contact pads
[100].

The I-V characteristic for each pair of contacts (as shown in figure 52a), measured under
dark condition, exhibit a linear trend, indicative of the ohmic behaviour of the Sb2Ses/(Fe-S-
O + Au) system. Notably, the resistance, calculated as the inverse of the slopes of the I-V

curves, increases in accordance with the distances between the pads, aligning with our
expectations.
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Figure 52. a) The current-voltage characteristics under dark conditions vary with the distance between the
contact pairs, as depicted in Figure 50. b) The current-voltage characteristic involves injecting current between
contacts 2 and 3 while measuring the potential between them (indicated by black dots). Additionally, current
is consistently injected between contacts 2 and 3 while measuring the potential between contacts 1 and 2
(depicted by red dots) [100].

A more accurate method for determining the specific resistivity of the contacts, as an
alternative to the traditional TLM approach, employs a three-terminal TLM configuration
[150]. This method focuses exclusively on the first three contact pads of the geometry
illustrated in Figure 51, and offers insights into the dark resistivity of Sb2Ses in the direction
parallel to the substrate. Initially, current is injected into the 2-3 contact pair, and the
resulting voltage is recorded. Next, current is injected into the 2-3 contacts, while the voltage
between the 1-2 contacts is measured. In this method, we denote the semiconductor
resistance as Ry, the specific contact resistivity as p,, the distance between the pads as d and

the contact length as w. We define the in-resistance R; = ‘1/2—3 = cotgh(ayd) and the end-
23

resistance R, = 22 = Sinhzﬁ , where ay = +/Rs./p. and z, = %JRSC/[)C [151,152]. The
0

I
values of Ri and Re were determined through a linear fit of the data presented in figure 52b,
using the inverse of the slope coefficient. By combining the equations for Ri and Re, we can

extract the resistivity of antimony selenide, yielding a result of (3.05 + 0.18) -10° Qcm.

When working with polycrystalline thin films, it is crucial to approach experimental results
with cautions. Grain boundaries can significantly affect current flow, potentially hindering
charge transport due to traps or recombination centers. In our specific scenario, this concern
is particularly relevant as the SbaSes film consists of one-dimensional (SbiSes)n ribbons
aligned along the [001] direction via Sb-Se covalent bonds [72]. These ribbons are held
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together by van der Waals forces. The electrical conductivity perpendicular to the ribbon
axis is restricted to the ribbon boundaries, leading to considerably higher resistance in that
direction. This limitation is notably observed in the planar contact structure of TLM
methods, as depicted in Figure 51. A study of conductance perpendicular to the substrate
was conducted using the I-V characteristics of Sb2Ses-based solar cells, which were equipped
with a Fe-5-O film as the back contact. The vertical structure of these solar cells facilitates
transport along the ribbons, capitalizing on the favourable anisotropy of the Sb2Ses film. The
series resistance (Rs) of the solar cells was determined by performing a linear fit of the I-V
characteristic (Figure 53b) in the first quadrant of the current-voltage plane. Given the
higher electron mobility and thinner n-type layer compared to the hole mobility and
thickness of Sb2Ses (~ 4um), respectively, the contribution of the former layer to the total
resistance of the solar cell can be considered negligible [72,100,153,154].

Consequently, Rs depends solely on the resistance of the absorber and the back contact
layers. Following this approximation, Rs as a function of the different thicknesses (d) of the
Sb2Ses film (Figure 53b) can be expressed by the following relation:

Rs = Rsc + R = pscd + R (4-24)
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Figure 53. a) I-V characteristic of Sb2Ses-based solar cell before (red dots) and after (black dots) three months
of aging. b) Series resistance extrapolated from IV characteristic as a function of varying the absorber material
thickness [100].
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The specific contact resistivity value was extrapolated from the y-intercept of the linear fit
of the data shown in figure 53b yielding (0.8 + 0.2) Qcm? Furthermore, the slope allowed us
to determine the resistivity of antimony selenide, in dark condition and for electrical
conduction along the ribbons, which is (2.31 + 0.07) -10* Qcm. This value is an order of
magnitude lower compared to resistivity measured with a planar structure.

It is important to note that the IV measurements were carried out under illumination.
However, it is expected that the contributions Rsc and R. remain consistent with their values
in the dark. This expectation arises from the fact that the thickness of the Sb2Ses layer and
the distance of the back contact from the junction are significantly greater than the light
penetration depth. One of the main challenges associated with polycrystalline solar cells is
the diffusion of atoms from the metal contact. These atoms migrate within the absorber
grain boundaries and may eventually reach the p-n junction impacting the lifetime of the
device. As reported in figure 53a, the solar cell exhibits a PCE of about 5%, which is
consistent with literature values. Devices stored at room temperature and in the dark were
tested after three months, revealing minim al changes in the main photovoltaic parameters.
Specifically, there was a decrease of 0.73% in Vocand 0.15% in Js, while a slight increase of
0.12% in FF was observed.

In conclusion, a thin film of Fe-S-O can serve as an effective back-contact for Sb2Ses-based
solar cells, exhibiting favourable contact resistivity and demonstrating long- time stability.
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IMPACT OF WINDOW LAYER ON STRUCTURAL
PERFECTION AND PHYSICAL PROPERTIES OF
DEVICES

As detailed in the previous chapter, five different WLs were tested as substrates for the
SbaSes growth. The purpose was to determine which WL, through its interaction with the
growing antimony selenide, promotes preferential grain growth along the (002) plane,
perpendicular to the ribbon axis, thereby facilitating the conduction of photogenerated
charges carriers. This approach aims to establish a correlation between crystallographic
information regarding the preferential growth planes of Sb:Ses and photovoltaic
parameters, particularly Js.. From the XRD patterns of antimony selenide, reported in figure
54, we selected the most representative and intense peaks, corresponding to the (221), (301),
(211), (002), (310), (212), (041) and (141) crystal planes.
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Figure 54. XRD spectra of Sb2Ses polycrystalline thin film, grown on a) CdS, b) CdS:F, c) CdSe, d) As2Ss
and e) ZnCdS [91].

To determine predominant crystal plane we utilized the figure of merit defined by the
texture coefficient, as outlined in section 4.4.

Before presenting quantitative results of the texture coefficient, it is important to note that
experimental XRD patterns of Sb2Ses match precisely with the reference card JCPDS 15-0861.
Combining this information with the Raman spectra shown in figure 55, which displays
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three peaks at 155, 192 and 212 cm™! corresponding to Bxs and Ag Raman active vibrational
modes [135], we can confidently assert that no spurious secondary phases are presents in

any of the samples.
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Figure 55. Raman spectra of Sb2Ses grown on (a) CdS, (b) CdS:F, (c) CdSe, (d) As:Ss, and (e) ZnCdS [91].

We established a threshold of 10% to ensure that the texture coefficient value significant. All
XRD spectra exhibit the same peaks, albeit with varying intensities. Specifically, the TC
analysis in figure 56 a) reveals a preferred orientation along the (301) plane for samples A

Raman shift [cm™1]
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(WL: CdS) and C (WL: CdSe), while the (002) plane is favoured for samples B (CdS:F) and
E (ZnCdS).
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Figure 56. (a) Texture coefficient for various crystalline planes; histograms below the 10% threshold should
be considered as negative values relative to 10%; (b) Trend of the texture coefficient for the (002) plane across
different window layers [91].

Since this material crystallizes in the orthorhombic phase, with (SbsSee)n ribbons stacked
parallel in the [001] direction, this orientation is believed to facilitate charge transport.
Sample D (As:Ss), where Sb:Ses was grown utilizing the quasi-rheotaxia phenomenon,
shows a very high TCs10, which is nearly negligible in other samples except for sample C. As
illustrated in Figure 56b, growth along the [001] direction is highly dependent on the
window layer and appears to be favoured by window layers containing zinc, reaching a
maximum texture coefficient of 27% in sample E.

5.1 ANTIMONY SELENIDE ELECTRICAL PROPERTIES

Antimony selenide thin film was grown on an insulating ZnO layer to obtain an order of
magnitude of the Sb2Ses resistivity at room temperature (RT). The four-probes method was
employed which is designed to measure only the resistance of the sample by utilizing four
separate contacts for voltage and current measurements.
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Figure 57. Contact numbering scheme.

Referring to figure 57, terminals 1 and 3 are used to inject a current, while contacts 2 and 4
measure the voltage drop directly across the section of the sample where the current flows.
This configuration eliminates the resistive contribution from the wires and contacts, which
would otherwise distort the measurement. The van der Pauw method [155], used to
measure the resistivity of the material, extends the validity of the four-point technique to
samples with non-standard geometries and is based on the following assumptions:

¢ A planar sample with uniform thickness;

e Electrical contacts on the edge of the sample;
e Point-like contacts;

e Compact film without macroscopic holes.

Experimentally, by permuting the two pairs of contacts, the following is obtained:

V34 Va1

T R23,41 =
12

Ins (5-1)

R12,34 =

By applying the van der Pauw method to determine the resistivity of the material, the
following equation is obtained:

exp (—nd %) + exp (—nd %) =1 (5-2)

Where d is the thickness of the sample.
Experimentally, a van der Pauw measurement was performed at zero magnetic field and

room temperature to determine the material's resistivity. The protocol involved calculating
Ri234 as the average of all possible contact combinations: Ri234, R2134, Rss12, and Ras2. The
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same method was applied to calculate Rzs41. By numerically solving the previous equation,
a dark resistivity value of 510 Qcm was obtained for antimony selenide thin film, with an
experimental error about 10%.

The current-voltage density characteristic of the complete Sb2Ses-based solar cells are shown
in figure in figure 58.
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Figure 58. |-V characteristics of the antimony selenide-based solar cells grown on different WL [91].

From that curves are possible to extract the main photovoltaic parameters, that are reported
in table 5.

Table 5. Main photovoltaic parameters related to the solar cells shown in figure 58.

- Sample A |Sample B | Sample C Sample D Sample E
(CdS) (CdS:F) (CdSe) (As2Ss) (Zno.15Cdo.s5S)

Voc [mV] 435 478 433 593 469

Jsc [mA/cm?] | 10.5 18.9 13.6 5.2 22.4

Rsh [Qcm?] | 139 107 98 124 378

Rs [Qcm?] 15 9 16 49 8

FF [%] 45 46 43 34 43

PCE [%] 2.1 4.2 2.6 1.3 4.5
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A correlation between the texture coefficient (TC) and the photovoltaic parameters is
established by plotting Jsc against TCo corresponding to the [001] growth direction (Figure
59a). For samples B and E, which exhibit preferential growth along the [001] direction, the
current increases with the texture coefficient for the (002) plane. In contrast, other samples
exhibit lower Jsc due to a more random grain arrangement. Despite the TCu) for the CdS
window is higher than for CdSe, the photocurrent Js. is lower because it also depends on
other planes, particularly (301) (preferential for both) and (221). This indicates that achieving
a high Js,, requires more than just predominant growth of the Sb2Ses film with the (002) plane
parallel to the substrate (with [001] as the growth direction); it is also crucial to minimize

the occurrence of other growth directions in favour of [001].
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Figure 59. (a) Jsc as a function of the TCowo2 for different WLs; (b) The behaviour of texture coefficients for the
main diffraction peaks across different window layers [91].

The other photovoltaic parameters such as Voc and FF, which are strongly influenced by the
number of defects within the Sb2Ses, do not show a dependence on the TC values. To
quantify the number of defects (trap density) inside the Sb:Ses layer, the Space-Charge-
Limited Current (SCLC) method can be used. By studying the ]J-V curve, on log-log scale,
under dark conditions three different behaviours can be observed [156-159]:

e Ohmic region when ] < V
e Trap-filling-limit (TFL) region, when J o V™>2
e Child region, when J « V2
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Figure 60. Graphs of log(]) (expressed in Alcm?) vs log(V) (expressed in V) under dark conditions. The red
line represents the ohmic region, while the blue corresponds to the TFL region.

In a material containing traps, applying a higher voltage increases the injected current,
which gradually fills the empty traps. The trap density (Nt) can be calculated from the trap-
filling-limit voltage (V1) identified as the point where the ohmic and trap-filling-limit linear
tits intersect (as shown in Figure 60). This calculation is based on the following equation
[160,161]:

__ 2€€0Ver1

N
t qu

(5-3)

Where ¢ is the relative dielectric constant (assumed equal to 15.1 [162,163]), €0 is the vacuum
dielectric constant, q is the electron charge and L is the thickness of the Sb2Ses layer [164].

In all five samples, a high trap density, approximately 10*3® cm ™3 was observed within the
antimony selenide layer. This value should be compared with the density of free holes inside
SbaSes, which can be estimated using the following the relation:

0 =—=qpu G4
The resistivity is known from the previous measurement in the van der Pauw configuration,
while the hole mobility can be measured through the intersection point between the Child
and TFL regions. In the Child region, all traps are assumed to be filled, and thus the
relationship between current and voltage follows the Mott-Gurney law [157]:
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(5-5)

Where Jc and Vc are the values at the cross point between the trap-filling-limit and the Child
regions. The built-in potential ®5; must be estimated exploiting the capacitance-voltage
measurements in dark conditions. In general, the diode capacitance relative to the p-n

junction is expressed with the equation [165]:

C = constant - (1 + L)_ﬁ (5-6)

Dp

The quantity C refers to the junction capacitance, V is the applied reverse bias and {3 is a
coefficient that takes into account the relationship between C and V. This coefficient can be
determined as the slope of the linear fit by plotting the In(C) vs In(V) and, for an ideal abrupt
p-n junction with a stepped charge density profile, = V5.
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Figure 61. a) graph and linear interpolation (red line) of In(C) vs In(V) in the region of reverse bias when V
>> @p;; b) Plot of 1/C3 as a function of the applied reverse bias.

From the linear fit shown in figure 61a, the  value is found to be 1/2.94, which is very close
to 1/3. This result suggests a linear dependence of the space charge density within the space
charge region, and it is called linearly graded junction. The theory of the linearly graded
junction is derived from the solution of the Poisson equation considering the charge density

distribution inside the depletion region as reported in figure 62.
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p=Np—N, =eax (5-7)

With —Z <x <%, where W is the depletion region and «a is the impurity gradient,
2 2

expressed in cm™.

v

Figure 62. Sketch of the charge density distribution in a linearly graded junction.

By solving the Poisson equation with these constrains, the relationship between the junction
capacitance and the applied voltage is found [166,167]:

1 12(Ppi-V)
3 q(a)a3(ege)? (5-8)

Where A is the active area of the solar cell.

The relationship between 1/C? and the applied bias is shown in figure 61b, and the linear fit
in the negative bias region was used to determine the built-in potential from its intercept
with the V-axis, which measured (0.82 + 0.05) V. This measurement was carried out only on
the cell with the Cd5+ZnCdS window layer system, since this structure will be mentioned
later in this PhD thesis, as it shows the best PCE and the highest TC value related to the
(002) growth plane of Sb2Ses grains.

In this way, the hole mobility can be determined through the Mott-Gurney law, once the
intersection point between the TFL region and the Child region is known, as shown in the
figure 63.
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Figure 63. By graphing log(]) (in A/cm?) against log(V) (in V) under dark conditions, three distinct regions
can be observed, separated by dashed vertical lines.

A hole mobility values of un = 8.9 cm? V! 57! are revealed, which are consistent with the
values reported in literature for Sb2Ses grains oriented preferably along the [001] direction
[47,97]. Finally, the hole density inside the absorbing material is found to be p ~ 1.4 -
10 ¢cm™3, only one order of magnitude greater than the density of defects present in the
material. This fact strongly influences the Voc, which is why no relationship with TCo was
found. Summarizing the results of this chapter, it was observed that the preferential growth
of Sb:2Ses grains is parallel to the ribbon axis when the CdS+ZnCdS system is used as the
window layer, which is beneficial for the transport and extraction of photogenerated
charges. Furthermore, a high density of defects within the absorber material and a low
density of free holes were observed, which demonstrates the weak p-type conduction of
antimony selenide. Furthermore, to improve the photovoltaic performance of Sb2Ses-based
solar cells, it is necessary to further study and optimize the interaction between the absorber
material and the window layer (WL) to further enhance the preferential growth of grains

along the [001] direction. Additionally, it is advisable to investigate strategies for
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incorporating extrinsic atoms into the antimony selenide crystal lattice to dope p-type the

material, thereby making the numerous traps present in the material less effective.
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INTERPRETATION OF THE Voc DEFICIT

In this chapter, a detailed analysis of the Sb:Ses-based solar cell in a superstrate
configuration is presented, utilizing the J-V characteristic as a function of both temperature
and wavelength, CV measurements, and admittance spectroscopy. The aim is to clarify the
anomalies present in the J-V characteristic such as the kink point and the cross-over. As an
explanation, a theoretical model is proposed that assumes the existence of a potential barrier
at the interface between the window layer and the absorber material.

The structure of the solar cell (not to scale) under examination is shown in Figure 64a,
together with the HR-TEM cross-section image of the device constituent layers. The main

photovoltaic parameters of the J-V characteristic, depicted in figure 64b, are listed in Table
6.

0,06
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o
R
T

o
8

Current density [A/cmzl

s
0.0 02 04
Voltage [V]

Figure 64. (a) A schematic diagram of the Sb2Ses-based solar cell alongside a cross-sectional bright field (BF)
TEM image of the device; (b) current density-voltage characteristics shown in the dark (black dot) and under
solar simulator illumination with 700 W/m? AM1.5G filtered light (red dot). The inset highlights the crossover
point Vx.
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Table 6. Key photovoltaic parameters of the examined solar cell include: Vo (open circuit voltage), Vx
(crossover voltage), Jsc (short-circuit current density), FF (fill factor), PCE (power conversion efficiency), Rsn

(shunt resistance), Rs (series resistance), and n (ideality factor).

Vo [mV] 365 + 6.0 PCE [%] | 4.36 £0.3
Vi [mV] 375 + 6.0 Re  [Qcm?] | 378 £16
J«  [mA/em?] | 17.1+0.3 Rs  [Qcm?]|3.6+0.1
FF  [%] 49 +3.0 n 2.1+0.1

The series resistance and the ideality factor are extracted manipulating the J-V expression:
av nKT -1
o= T(] +Jon)  + Rs (6-1)
Where Jpn is the current related to the photogenerated carries that can be approximated by

Jse, K is Boltzmann's constant, and T is the absolute temperature.
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Figure 65. (a) Linear fit of dV/d] for determining Rs. (b) Linear fit of dJ/dV for determining Rsn. These curves
were derived from J-V measurements taken under 700 W/m?> AM1.5G solar simulator illumination at a

temperature of 298 K.

Referring to Figure 65a, by performing a linear fit around the points where V > V., the diode
ideality factor can be obtained from the slope of the regression line, while the series
resistance can be determined from the y-intercept. Instead, referring to Figure 65b, by
plotting dJ/dV vs V, the shunt resistance can be obtained through the intercept of the linear

tit in the region of experimental points around Jsc.
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q(V-JRg)
Y _ b [ L L (6-2)
dv ~ nKT Rsh

Furthermore, in the interpretation of subsequent measurements, it must be taken into
account that the interface between the p-type and the n-type materials is not an abrupt
junction because the device is a heterojunction. In fact, the lattice mismatch between Sb:Ses
and Zno15CdossS can be estimated to be around 2.63%.

The lattice parameter of ZnCdS is calculated using Vegard's law, with acqs = 4.14 A and
Azns = 3.82 A[168,169].

aznO.lsch.SSS = 0.15a2n5 + 0.85aCd5 = 4:092 A (6-3)

The lattice parameter of Sb:Ses is bgp,se, = 3.9858 A, as in our sample Sb:Ses grains
preferentially grows along the [001] direction, parallel to the growth axis [91].

A lattice mismatch greater than 1% creates numerous interface states at the junction, which
act as recombination centers and can reduce the number of carriers reaching the device
electrodes. This problem has been addressed in CdS/CdTe-based solar cells by forming an
intermixing layer that gradually adjust the lattice mismatch [170]. Similarly, in antimony
selenide-based solar cells, the incorporation of such an intermixing layer is crucial to
overcome the lattice mismatch problem.

The hypothesis on the presence of an intermixing layer between ZnCdS and Sb2Ses, based
on the experiences with the CdS/CdTe system, was experimentally confirmed by HRTEM
and EDS cross-section measurements on the complete Sb2Ses-based cell. Figure 66b displays
the EDS spectrum corresponding to the cross-section marked in green in Figure 66a.
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Figure 66. Cross-sectional HAADF TEM image with elemental EDX maps from the ZnO/CdS/ZnCdS/Sb:Ses
interface. The white box on the HAADF image indicates the area from which the integrated intensity profile,
with calculated atomic percentage, was taken. Diffusion of Se and Sb atoms into the sulfide layer is observed.
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In Figures 66¢, 66d, 66e, and 66h, interdiffusion of selenium and antimony atoms into the
sulfide layer is observed, forming an intermixing layer with an estimated thickness of about
20 nm, as indicated by the EDS profile spectrum shown in Figure 66b. Additionally, a
significant amount of oxygen (10 to 20 at.%) appears outside the ZnO layer, including in the
SbaSes layer.

A plausible explanation for this anomalous result is that the thin TEM lamella of about 30
nm, with its large free surface, tends to oxidize during sample transfer. Therefore, the
detected oxygen is probably not present in the original layers, especially not in the Sb2Ses.
After TEM investigation, the samples were placed in a vacuum (10° mbar), but the
measured oxygen content was 1.5 times higher on the second day, likely due to double
transfer, which exposed the sample to air contamination.
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Figure 67. HRTEM image from the ZnO/CdS/ZnCdS/Sb:Ses interfaces. The FFT from the marked area is
indexed as orthorhombic (space group: Pnma) Sb2Ses from the [010] projection. In the upper right corner, the
HAADF image shows the projected atomic structure of Sb2Ses. The CdS and ZnCdS layers are polycrystalline.

TEM measurements on the Sb2Ses do not show any spurious secondary phases of antimony
oxides, consistent with the results obtained in Figure 67.

6.1 THE KINK EFFECT IN THE JV CURVE

The J-V characteristic of the solar cell, shown in Figure 64b, exhibits different behaviour
under both dark and illumination conditions. Specifically, under illumination, a
pronounced bend can be observed at high voltages in the first quadrant of the J-V curve.
This behaviour can be explained by assuming the presence of an energy barrier within the
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absorber material, schematized using a two-diode-in-series model, as depicted in Figure
68a [172,173].

depletion
layer

ZnCdS

&
*

*

. + [penetration|
depht

hv

(b)

Sb,Se,

intermixing —

layer

Figure 68. (a) The solar cell model illustrates a secondary barrier diode placed in anti-series with respect to
the primary barrier diode. Ro and Ds represent the contact resistance and threshold barrier of the anti-series
diode, respectively. (b) A non-scale diagram of the proposed ZnCdS/Sb2Ses junction model highlights the
intermixing layer between ZnCdS and SbaSes, the penetration depth where 63% of the incoming light is
absorbed, and the depletion layer.

As already explained in the paragraph 3.2, in the first quadrant of the voltage-current
characteristic, the main junction is completely flattened by the power supply potential. In
this scenario, holes are extracted from the negative terminal, while electrons are extracted
from the positive terminal. The opposite occurs in the fourth quadrant, where the electric
field generated by the junction pushes the photogenerated charges in the opposite direction.
Specifically, considering the heterojunction between ZnCdS and Sb:Ses, this concept is
certainly true for electrons, but not for holes. In fact, these two materials have different band
gaps, and it has been calculated that there is a cliff-like discontinuity in the valence band
(VB), as represented in figure 69. This causes the holes to tend to accumulate at the junction
interface, on the p-side, forming a potential barrier due to the CBO between the VBs of
ZnCdS and Sb:Ses. As a result, some of the photogenerated holes, together with those
supplied by the generator, remain trapped in the Sb2Ses layer near the ZnCdS interface. The
photogenerated holes depend on the intensity and wavelength of the light illuminating the
cell, while the holes supplied by the generator depend only on the applied bias. These
trapped holes, unable to move freely, enhance recombination with electrons, leading to a
noticeable reduction in current and causing a kink in the JV characteristic curve [174]. In the
dark, this phenomenon is only slightly visible because the resistance of the materials permits
only a weaker current to flow, resulting in a lower number of trapped holes.
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Figure 69. A visual depiction of the band structure profiling at the ZnCdS/Sb2Ses interface.

To determine the height of the energy barrier, assuming that the variation of the barrier
height as a function of temperature follows a thermally activated behaviour like [175]:

?p
RsT = C ekt (6-4)

We have performed the J-V characteristics (under light conditions) as a function of
temperature.

In the above equation, Rs represents the total resistance, which includes the resistance of the
materials forming the solar cell, the contact resistances Ro, and the resistance of the
additional barrier Ds (see figure 68a). C is a constant that is independent of the temperature
(T), while @p is the barrier height. Assuming that Ro is sufficiently small compared to the
barrier resistance and therefore negligible, we consider that the temperature dependence of
Rs is mainly due to Ds, which is the circuit representation of the barrier created by the
trapped charge.

The barrier height was estimated to be (306 + 9) meV from the slope of the linear fit of plot
of the In(RsT) vs 1/T, reported in figure 70a [176-178].
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Figure 70. Each data point in both graphs was generated by illuminating the sample with an LQX 1000 lamp.
(a) The Arrhenius plot shows In(TRs) (in K-Q-cm?) plotted against (1/T). Each experimental value was
obtained by measuring the |-V characteristic over temperatures ranging from 196K to 353K. (b) The height of
the additional barrier to the junction is plotted against distance. Each data point was obtained using band-
pass filters centered at 650 nm, 750 nm, 850 nm, and 950 nm, and all measurements were normalized to the
same light intensity in both graphs (a) and (b).

In Figure 70b, the variation of the energy barrier as a function of incident wavelength is
reported. According to the Lambert-Beer law, the light penetration depth within the
material depends on its wavelength and therefore also on the thickness of the material
where holes accumulate [94]. The barrier height as a function of wavelength was measured
using optical band-pass filters centered at 650 nm, 750 nm, 850 nm, and 950 nm, and the J-
V curves were normalized to the same number of photons absorbed by antimony selenide.
Figure 70b illustrates the variation of ® as a function of the thickness of the illuminated
layer, i.e., the penetration depth, where 82% of the light is absorbed in a thickness equal to
two penetration depths. This result excludes the possibility that the energy barrier could be
due to the back-contact, as its value would remain constant with respect to wavelength,
hence independent, since all the light has been previously absorbed by the antimony
selenide. Secondly, the barrier due to trapped holes is maximum in the junction region near
the interface and decreases inside the absorbing material.
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6.2 CROSSOVER EFFECT IN THE JV CURVE

In an ideal solar cell, the current voltage characteristic is just a translation of the dark J-V
characteristic. In our case this is not true, as can be seen from the inset in figure 64b, due to
a crossover, that indicates a potential-dependent photocurrent [179-181].

In general, the photocurrent has a negligible dependence on the voltage V and mainly
depends strongly on the intensity of the incident light. The current flowing in the solar cell
can be described using the superposition principle [174], but considering that in our case
the photocurrent heavily depends on the applied voltage:

]L(V;g) =]DSC(V'g) +]ph(V'g) (6-5)

With g the rate of generation of photogenerated charges, V is the applied bias, Ju(V, g) is the
total current flowing, Jos(V, g) is the current that flows in the p-n junction, and Jp(V, g) is
the photogenerated current.

The net current flowing in the diode without the contribution of the light-induced
generation, considering the dark current, can be expressed as:

oV, 9) =1;(V, 9) = Jaark (6-6)

Where J;(V, g) is the current injected by the p-n junction and /4 is the current relative to
the diode in dark condition and can be considered a constant because depends minimally
on the potential.

Some information about the crossover can be found from the difference A between the
current that flows in the solar cell and the dark current of the diode:

A :]L(V'g) — Jaark = []j(V’g) _]dark] + {]ph(V' g) - ]dark} (6-7)

From the first term indicated by square bracket, we can deduce that if the current injected
by the junction also depends on illumination, then this term dominates in A, making the
crossover primarily dependent on it. Conversely, if photogeneration depends also on the
potential, then the second term (curly brackets) becomes prevailing. The difference A
reaches an equilibrium at the point Vx. In our Sb:Ses-based cell, the p-n junction acts as a
hole-blocking heterojunction due to the electron affinity of the n-type layer (ZnCdS) and the
doping level of the p-type layer (Sb:Ses). As mentioned above, this results in an
accumulation of positive charge in the p-type region of the junction, making [J; (V,g) - Jaark]
> (. This is also true when considering the intermixing layer, which reduces lattice mismatch
but does not completely resolve the valence band offset between ZnCdS and Sb2Ses. Now
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the question is whether these sentences are sufficient to explain the presence of the
crossover. First, it should be noted that the potential observed at the contacts is not the built-
in potential ®p;, but rather the potential that drops across the material and contact
resistances. We can denote this potential as Vuicto indicate that it is the potential observed
at the contacts. Second, as mentioned above, in the ZnCdS/Sb2Ses cell under moderate
forward bias, only electrons can flow through the p-type contact, while holes are partially
blocked by the barrier between the valence bands of ZnCdS and Sb2Ses. Therefore, the
photocurrent is voltage-dependent but cannot drop to zero until all electrons and holes have
reached their respective contacts. Nonetheless, the accumulation of positive charge in the
junction region under illumination implies a change in the internal electric fields. This, in
turn, causes the diode current to depend on the light-induced charge carriers generation,
affecting the point at which the photocurrent and dark current intersect. Two scenarios can
be distinguished:

1. If the doping density within the CdS + ZnCdS layer is quite low, around 10" cm?,
the electric field drops mainly in the n-type region, leaving the p-type region only
slightly depleted. This results in a relatively small accumulation of photogenerated
positive charges, thus requiring a higher potential to reach the crossover voltage,
which is typically greater than Vbi..

2. On the other hand, if the n-type region of the junction is more heavily doped than the
p-type region, the p-type region experiences greater depletion. This causes more
pronounced band bending in this region, leading to an increase in positive charge
accumulation, resulting in a crossover point lower than Vbic.

To determine which situation applies, we need to evaluate how much Vuic depends on the
series resistances of the device. Considering the series resistance values of our solar cell (Rs
= 3.6 )-cm?), the relative voltage drop (J-Rs) across the materials is not significant, especially
when the current density is very low, i.e., when the voltage is close to Vo and/or the
crossover point Vx. Therefore, Vuic is approximately equal to ®p,. In summary, the condition
where Vx < ®p; occurs due to the higher doping level in Sb2Ses compared to ZnCdS.

Figure 71a shows the variation of Voc and Vx as a function of the incident wavelength.
Measurements were conducted using bandpass filters centered at 650 nm, 750 nm, 850 nm,
and 950 nm, and the curves were then normalized to the same number of photons absorbed
by the Sb2Ses. According to the definition of V, its dependence on light (g-generation)
always shows slightly higher values than V., and their difference seems to increase with
decreasing incident wavelength, as shown in Figure 71b. The decrease in photovoltage at
longer wavelengths can be explained by the fact that carriers generated deeper in the
absorber material have to travel a longer distance to reach the electrodes, resulting in an
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amplification of recombination effects. This effect causes a reduction in Vo.. Additionally,
the graph in Figure 71a shows a non-uniform dependence of Vx on light generation.
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Figure 71. (a) Measurements of Vx and Vo were taken at different wavelengths, with all voltage values
normalized to an equal number of absorbed photons. Bandpass filters centered at 650 nm, 750 nm, 850 nm,
and 950 nm were used to select the various wavelengths. (b) AV = Vx — Ve as a function of the wavelength of
absorbed light.

As previously demonstrated, holes generated by short-wavelength light are created close to
the junction, which promotes effective charge accumulation compared to holes generated
by longer-wavelength light. This trend is consistent with the data shown in Figures 71a and
71b. In any case, the hypothesis V. < V, < ®p; is confirmed since the values of Vx tend to
deviate more from V.. in the hole generation region close to the interface.
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Figure 72. A plot of In(C) (where C is in units of F) against In(V +®p;) (where V + ®p, is in units of V) is

generated under both light and dark conditions. The experimental data is linearly fitted in the reverse bias
region where V >>®p,.

Another important analysis supporting the crossover hypothesis is the comparison of ®g,
through CV measurements under light and dark conditions. As shown in Figure 72, even
under illumination, the linearly graded junction must be considered, given the value of § =

30¢ Linearly interpolating the data presented in Figure 73a/b in the negative bias region, a

built-in potential of (0.53 + 0.05) V and (0.82 + 0.05) V is obtained under light and dark
conditions respectively. Classical theory contradicts what we just observed, since these two
values should coincide. This measurement also suggests the presence of an illumination-
related potential. In fact, adding the value of approximately 0.3 V, related to the junction
barrier due to hole accumulation, to ®p; under light, a value close to the built-in potential
under dark conditions is obtained. This confirms that the term enclosed in square brackets
on the left-hand side of the A relation is strongly influenced by the charge generation rate,

8-
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Figure 73. Graph of 1/C3 as a function of bias voltage: (a) under illumination, (b) in dark conditions.

To summarize, this chapter studied the anomalous behaviour of the solar cell with a
heterojunction between ZnCdS and Sb:Ses. The kink phenomenon is attributable to an
accumulation of holes (positive charges) in the junction region, which occurs due to an
imperfect alignment of the energy bands between the two materials forming the junction.
Conversely, the crossover could be due to a low built-in potential caused by a limited
number of holes within Sb2Ses. Finally, the CV measurements show that the junction region

is not sharp but presents a linear charge distribution.
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FUTURE PERSPECTIVE AND PRELIMINARY RESULTS

From this work it is clear that, to achieve high efficiency Sb2Ses-based solar cells need to
optimize the interactions between antimony selenide and the window layer on which it
grows, from the perspective of CBO and intermixing layer. This could reduce the high
defect density at the interface and also within the antimony selenide layer. Another issue
affecting the device's performance is the limited density of free holes within Sb2Ses, which
is only an order of magnitude higher than the defect density. This drawback can be
overcome by exploring p-type doping methods, introducing extrinsic atoms into the

crystalline matrix of antimony selenide, such as tin.

Preliminary doping studies using the diffusion of tin atoms have been performed. After
growing Sb2Ses by CSS, a thin layer of tin was deposited on it using the sputtering
technique. Tests were performed by varying the thickness of the Sn layer deposited at
different temperatures, with the aim of increasing the surface mobility of Sb2Ses atoms, in
order to facilitate the diffusion of Sn atoms inside its grains.

Table 7. Photovoltaic parameters extracted from the |-V curves in figure 74.

# Thickness |  Tsub Voc Jsc Rs Ren FF PCE
[A] [°C] [mV] | [mA/cm?] | [Qcm?] | [Qcm?] [%]
494 5 260 473 35.4 2.45 134.4 0.50 8.4
495 5 300 426 234 249 156.0 0.51 5.1
496 3 260 457 254 2.28 189.4 0.55 6.3
498 3 330 354 16.3 1.58 142.7 0.49 2.8
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Figure 74. |-V characteristics of Sb2Ses-based solar cell, varying the thickness of tin and substrate temperature.
The incident power light was 1000 W/m?. The area of the solar cells is 0.11 cm?.

Table 7 shows the photovoltaic parameters that refers to the J-V curves shown in figure 74.
The table provide evidence that small variation in the Sn layer and temperature result in
significant changes to the photovoltaic parameters. In particular, sample number 494 exhibit
a higher PCE value compared to both other doping tests and the standard cell, as shown in
the photovoltaic parameters reported in table 6.

A significant increase in Js. is evident. In general, these tests show an increase in
photocurrent, which could indicate effective p-type doping of the antimony selenide.
However, there is also a significant reduction in shunt resistance. One hypothesis to explain
the decrease in R« is that the metals potentially doping the antimony selenide exhibit a
partition coefficient between what enters the grain (contributing to effective doping) and
what remains at the grain boundary. Grain boundaries typically have very high diffusion
coefficient, allowing metal atoms to migrate easily to the junction, partially short-circuiting
it. This phenomenon is macroscopically observed as a decrease in shunt resistance.
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Figure 75. a) Plot of In(RsT) [unit: Qcm?K]vs 1/T and in red line is reported the linear fit; b) is reported the
Ve dependence on the temperature.

J-V measurements under light at different temperatures were conducted to assess whether
there was any variation in the potential barrier compared to the case studied in Chapter 6.1.
As in the previous case, the barrier height was determined from the linear fit of In(RsT) vs
1/T (figure 75a), yielding a value of (399 + 10) meV. The barrier height increased for the
Sb2Ses solar cell nominally doped with tin. This result further suggests that, at least partially,
the antimony selenide grains underwent effective p-type doping, as an increase in the
energy barrier at the heterojunction interface indicates a rise in hole density within the
antimony selenide. In fact, CBO, in this case between ZnCdS and Sb:Ses, is influenced by the
doping level, which increased in antimony selenide thin film.

Observing the variation of Voc as a function of temperature (figure 75b), no saturation of the
open-circuit voltage is noticed at low temperatures. In the presence of an energy barrier,
which acts as a reverse-biased junction relative to the main one, a decrease in Voc would
typically be expected. However, this decrease is not observed, despite the estimated increase
in the energy barrier compared to the case described in Chapter 6. This suggests that the
energy barrier has narrowed sufficiently to allow holes to pass through via tunnelling,
without being trapped at the heterojunction interface. Notably, the J-V characteristic of cell
494 does not show any kink in the first quadrant, indicating that, at a macroscopic level, the
barrier does not significantly affect the device operation.
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Furthermore, from the relationship [182,183]:
Ve %‘9 — %ln (const) (7-1)

it is also possible to determine the energy gap of antimony selenide, which is found to be
(1.15+0.01) eV.

To gain a deeper understanding of this phenomenon, further in-depth experiments are
required.

Another crucial aspect for improving the device's performance is optimizing the preferential
growth of Sb2Ses grains along the (002) plane. This can be achieved by exploring alternative
window layers (e.g. Zn(S,0), TiO2, MgO:, Cd2SnOs, and others) that are cadmium-free,
environmentally friendly, and offer greater transparency in the solar spectrum region where
antimony selenide effectively absorb photons.
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CONCLUSIONS

In this PhD thesis, antimony selenide was explored as a groundbreaking material for thin-
film solar cells that offers a promising alternative to conventional CdTe and CIGS
technologies, which rely on toxic and scarce materials. Sb2Ses stands out not only for its
environmental benefits but also for its compatibility with scalable and cost-effective
fabrication methods, such as sputtering and close-spaced sublimation. Unlike chemical-
based techniques, these deposition processes eliminate the need for hazardous solutions
and prevent chemical waste.

In recent years, the photovoltaic conversion efficiency of Sb2Ses solar cells has exceeded the
10% efficiency threshold, sparking growing optimism for the future of chalcogenide-based
solar technology. The unique sustainability and excellent physical-chemical properties of
Sb2Ses position it as a leading candidate for large-scale photovoltaic applications.

One of the most intriguing characteristics of SbaSes is its highly asymmetric crystalline
structure, defined by its quasi-1D ribbon-like configuration. This distinctive structure
optimizes electrical conduction when Sb2Ses grains align along the ribbons' growth axis (the
c-axis). However, the material growth is highly dependent on the substrate, with stronger
substrate interactions driving growth along the less favourable [100] direction. Our
experiments revealed that substrates composed of CdS+ZnCdS promote preferential grain
growth along the desirable (002) plane, corresponding to the [001] direction. Analysis of J-
V characteristics showed a clear relationship between the short-circuit current density (Js)
and the texture coefficient (TC) for the (002) plane, with Js increasing as the TCoo2 value
rises. Other window layers, however, exhibited a less favourable grain orientation, hence
negatively impacting photovoltaic performance.

While Vo and fill factor (FF) are influenced by trap density in the Sb2Ses film, preventing a
clear correlation with TCoo), our study highlights the importance of reducing defects to
improve these parameters. Additionally, the role of a hole transport layer (HTL) between
the absorber and metal contact was confirmed to be essential for long-term device stability.
By preventing metal atom diffusion and enabling the use of cost-effective metals (e.g., Mo
or Ni-V alloys) instead of gold, the HTL preserves the ohmic nature of the contact without
sacrificing performance.
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In the course of this thesis, a novel Fe-5-O layer was introduced and tested as an ohmic back
contact for Sb2Ses solar cells. This polycrystalline film, composed of cubic and orthorhombic
FesOs and hexagonal Feu~S, was deposited by RF sputtering at high temperatures. Films
deposited at room temperature were found to be amorphous. When incorporated as back
contacts, these films demonstrated linear ohmic behaviour with a contact resistivity of about
0.8 Q-cm?, a promising result for this type of solar cell.

Furthermore, our study of the heterojunction properties revealed a kink in the J-V
characteristic, explained by the presence of an energy barrier at the interface, caused by
charge accumulation due to imperfect band alignment. Furthermore, the comparison
between light and dark conditions revealed a crossover of the relevant J-V curves, indicative
of differences in built-in potential. Finally, capacitance-voltage (CV) measurements
suggested that the interface between ZnCdS and Sb:Ses is not sharp but instead shows a
linear charge distribution, possibly due to an intermixing layer that helps accommodate the
lattice mismatch between the two materials.

Considering the obtained results, several avenues can be pursued in the future to further
enhance the performance and scalability of Sb2Ses-based solar cells:

e Minimize defects and trap densities: A key challenge observed was the influence of
trap densities on photovoltaic parameters such as Vo and fill factor (FF). Future
research could focus on defect passivation strategies, such as optimizing the
deposition conditions, introducing passivating layers, or doping with elements that
reduce the density of traps in the Sb2Ses film.

e Develop advanced Window Layers: While CdS+ZnCdS proved effective in
promoting favourable grain orientation, future studies could explore new cadmium-
free, environmentally friendly window layers that provide better band alignment
and transparency. Materials like Zn(S5,0), ZnMgO, TiO, or other oxides could be
optimized to further enhance device efficiency and sustainability.

e Explore alternative back contacts: The Fe-S-O layer demonstrated promising ohmic
behaviour, but additional materials could be investigated to improve contact
resistivity and stability further. Developing back contact materials that are more cost-
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effective and offer better performance could significantly enhance the viability of
Sb2Ses solar cells for large-scale production.

e Improve band alignment at the heterojunction: The energy barrier observed at the
ZnCdS/ Sb:Ses interface highlights the importance of achieving proper band
alignment. Future work could explore different window layer/absorber
combinations, interface engineering techniques, or interfacial treatments to reduce

this barrier and prevent charge accumulation.

e Scale Up Production Methods: While this research utilized scalable fabrication
techniques like sputtering and CSS, further refinement of these processes is necessary
to improve the uniformity, reproducibility, and cost-efficiency of Sb2Ses solar cells.
Exploring alternative deposition methods that maintain high quality while being
taster and more economical would be crucial for industrial adoption.

e Investigate Stability and Durability: Long-term stability is essential for the
commercialization of any solar technology. Future work could focus on studying the
environmental stability of Sb:Ses cells, including their resistance to moisture, oxygen,
and temperature fluctuations, as well as exploring encapsulation methods to protect
the device over time.

e Enhance Efficiency Beyond 10%: Although the efficiency of Sb2Ses cells has surpassed
10%, there is significant potential for further improvement. This can be achieved
through more precise control over film thickness, grain size, and orientation, as well
as the incorporation of light-trapping structures to enhance photon absorption.

By addressing these areas, Sb2Ses could become a leading material in the next generation of
thin-film solar cells, thus offering a sustainable, efficient, and scalable solution to meet
global energy demands.
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