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Abstract

Kesterite Cu2ZnSnSs (CZTS), having the Earth-abundant and environment-benign constituents, and stable
structure, is regarded as a promising thin-film photovoltaic material. However, the current power conversion
efficiency (PCE) of CZTS solar cells is far below the commercialization-viable level. One of the main issues
restricting the efficiency is the severe Shockley-Read-Hall (SRH) recombination at the highly defective CdS-
buffer/CZTS-absorber heterointerface and within the CZTS absorber layer, giving rise to a large open circuit
voltage (Voc) deficit. This thesis aims to mitigate the SRH recombination within the CdS/CZTS heterojunction
by novel post-deposition treatment technologies to facilitate the passivation of the local defects.

Firstly, the ultrathin intermediate stannic oxide (SnO) layer was introduced at the CZTS/CdS heterointerface
via a solution method. The employment of this layer enabled the effective passivation of the heterointerface,
resulting in higher Voc, fill factor (FF) and thus PCE. Secondly, we applied our in-house developed moisture-
assisted post-deposition annealing (MAPDA) treatment to modify the heterojunction by manipulating the trace
element distributions. This technology enabled Na and K depletion in the CZTS film, which, in turn, facilitated
the spontaneous Cd diffusion during the chemical bath deposition process for CdS buffer layer, driving a
significant improvement in device performance. The heterojunction modification is attributed to the
remarkable mitigation of local deep-level defect and the creation of the preferrable shallow acceptor copper
vacancies. Peak efficiency at 9.40 % was obtained using the combined MAPDA and heterojunction air
annealing (HJA) treatments, which further optimized the elemental distributions within the heterojunction
region. Finally, the nanoscale optoelectronic characterization techniques, including Kelvin probe force
microscopy (KPFM) and conductive-atomic force microscopy (C-AFM) were applied to investigate the impact
of excess Na and K at the CZTS surface. The significant enhancement of quasi-Fermi level splitting and
effective alleviation of SRH recombination through the combined MAPDA and HJA treatments were also
revealed by surface photovoltage (SPV) analysis through KPFM.

These technologies with first-hand novelty explore new defect passivation routes in kesterite solar cells, which
can also be widely applied to other thin-film solar cells.
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Abstract

Kesterite Cu2ZnSnSs (CZTS), having the Earth-abundant and environment-benign
constituents, and stable structure, is regarded as a promising thin-film photovoltaic material.
However, the current power conversion efficiency (PCE) of CZTS solar cells is far below the
commercialization-viable level. One of the main issues restricting the efficiency is the severe
Shockley-Read-Hall (SRH) recombination at the highly defective CdS-buffer/CZTS-absorber
heterointerface and within the CZTS absorber layer, giving rise to a large open circuit voltage
(Voc) deficit. This thesis aims to mitigate the SRH recombination within the CdS/CZTS
heterojunction by novel post-deposition treatment technologies to facilitate the passivation of

the local defects.

Firstly, the ultrathin intermediate stannic oxide (SnO>) layer was introduced at the CZTS/CdS
heterointerface via a solution method. The employment of this layer enabled the effective
passivation of the heterointerface, resulting in higher Voc, fill factor (FF) and thus PCE.
Secondly, we applied our in-house developed moisture-assisted post-deposition annealing
(MAPDA) treatment to modify the heterojunction by manipulating the trace element
distributions. This technology enabled Na and K depletion in the CZTS film, which, in turn,
facilitated the spontaneous Cd diffusion during the chemical bath deposition process for CdS
buffer layer, driving a significant improvement in device performance. The heterojunction
modification is attributed to the remarkable mitigation of local deep-level defect and the
creation of the preferrable shallow acceptor copper vacancies. Peak efficiency at 9.40 % was
obtained using the combined MAPDA and heterojunction air annealing (HJA) treatments,
which further optimized the elemental distributions within the heterojunction region. Finally,

the nanoscale optoelectronic characterization techniques, including Kelvin probe force
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microscopy (KPFM) and conductive-atomic force microscopy (C-AFM) were applied to
investigate the impact of excess Na and K at the CZTS surface. The significant enhancement
of quasi-Fermi level splitting and effective alleviation of SRH recombination through the
combined MAPDA and HJA treatments were also revealed by surface photovoltage (SPV)

analysis through KPFM.

These technologies with first-hand novelty explore new defect passivation routes in kesterite

solar cells, which can also be widely applied to other thin-film solar cells.
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Chapter 1

Introduction

1.1 Global Warming —the Common Enemy of Human Being

It has just entered 2021 and the news about the global-scale pandemics, extreme weathers and
natural disasters bombarded people’s visions in the recent years. Date back to the beginning
of January 2020, the plane | took descended into Sydney airport through layers of thick
smoke which generated from the abnormally intense bushfires, swept across the entire
Australia and lasted for months. One of the main causes is the continuous drought and
increase in average temperature induced by climate change globally, * as well as the impacts
from the EI Nifio event 2 which is intensified by the global warming 3. Between 2019 — 2020,
massive forests — the “lung” of the Earth, burned worldwide: tropical rainforests in Amazon,
Congo and Queensland, boreal taiga forests in North America and Siberia. Again, the global

warming is one of the major factors contributing to these extreme events.

Lenton et al., proposed a concept of “tipping points” * to describe large-scale subsystems of
the Earth system that can be changed, under certain conditions, into a qualitatively different
state by small perturbations °. The examples of the typical tipping points are shown in Figure
1.1 & The loss of these forests is included as the tipping points, which alters their role from
carbon sinks to carbon sources, accelerating the emission of gigaton- (Gt-) scale of CO2 — a
type of greenhouse gas — into the atmosphere. Additionally, considerably large volume of
greenhouse gases, including CO2 and CHg, is releasing from the thawing of permafrost across
the Arctic region where the rise of temperature is at least twice as quickly as the global

average °. Ice melting in Arctic regions, particular in the Amundsen Sea embayment of West
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Antarctica and Greenland ’ where the tipping points are approached or even passed, can
substantially raise the sea level and threaten the living conditions of the low-lying population
centres and the archipelagoes countries. As depicted in Figure 1.1, most of the tipping points
are interrelated ©. The melting of Greenland and the arctic-sea ice ejects freshwater into the
Atlantic Ocean, slowing down the Atlantic circulation which alters the regional climates,
such as the destabilization of the West African monsoon and thereby triggering the expansion
of Sahara Desert. Moreover, the shallow-water coral bleaching in massive area is another
heart-breaking vision, which | witnessed myself at the end of 2018 in Agincourt Reef, a pearl
in the Great Barrier Reef. It is only the tip of the iceberg that more than half of the shallow-

water corals on the Reef were gone, indicating a profound loss of biodiversity.

Permafrost
Thawing

Boreal forest
Fires and pests

changing Atlantic circulation
In slowdown since 1950s
Amazon rainforest
Frequent droughts

Greenland ice sheet -—
Ice loss acceleratin i ]
9 Arctic seaice
Reduction in area

Coral reefs
Large-scale die-offs
Tipping points
— Connectivity
RAISING THE ALARM

Evidence that tipping points
are under way has mounted
in the past decade. Domino

effects have also been .
proposed. West Antarctic ice sheet
. Ice loss accelerating

Wilkes Basin,
East Antarctica
Ice loss accelerating

Figure 1.1 Examples of some critical tipping points and the interaction between these points ©.

Reproduced with permission &. © 2020 Springer Nature Limited.
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Aiming to curtail the rise in global temperatures, the Paris Agreement, as the successor of the
expired Kyoto Protocol, chartered in 2015 set a long-term temperature goal that maintains the
global average temperature well below 2 °C above pre-industrial levels, and pursues the rise
within 1.5 °C 8. According to the recent report from the Intergovernmental Panel on Climate
Change (IPCC) °1°, the carbon emissions must be curbed by at least 49% of the levels in
2017 by another decade and the carbon neutrality must be achieved by 2050. To achieve this
goal, only 500 Gt of CO2 can be emitted ®. However, big fractions of emission budget are
inevitable from the dieback of Amazon and boreal forests (~ 200 Gt !, without consideration
of the dieback from other large forests) and the thaw of permafrost (~100 Gt !, without
consideration of CHs emission from deep permafrost or undersea hydrates). In addition to
above 40 Gt global emission per year, the remaining budget could be erased already °.
Therefore, international action must be taken immediately to save the Earth — our home

planet.

1.2 The Energy from the Sun

In order to meet the 1.5 °C target, Grubler et al. 12 proposed a global scenario, so called “Low
Energy Demand” and updated new structures of world energy by demand and by resource, as
respectively shown in Figure 1.2a-b. The figures were plotted using the historical data by
2014, projection until 2050 through this model and post 2050 via a simplified scenario model.
Based on this projection, electricity demand will be dominant in the global energy
consumptions, and solar energy will be the major energy resource by 2050. In contrast to the
limited sources of fossil fuels, which originated from the sediments of primeval lifeforms,
photons — the gift from the Sun — delivers sustainable energy without restrictions in

geography, pollution and green-house gas emissions.
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Figure 1.2 a. Final energy shares by fuel. b. Primary energy shares by resource. Constructed
via the collection of historical data to 2014 (darkest tint), the Low Energy Demand scenario

to 2015 (lighter tint), and simplified scenario extended to 2100 (lightest tint). *2 Reproduced

with permission 12, © 2021 Springer Nature Limited.
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Photovoltaic (PV) is the most promising sector in solar energy for electricity-generation
purpose, which has made great strides in recent decades. As Figure 1.3a illustrated, the global
installation and annual market grow exponentially, predicting the global installation of 19.8
TWp by 2050. This projection was proposed based on the assumption of ~20% (31 PWh) of
global primary demand fulfilled by PV %3, which is adopted in the report of International
Technology Roadmap for Photovoltaic 2020 (ITRPV 2020) 4. Figure 1.3b 4 presents the
learning curve for module price as a function of cumulative shipments. It shows the reduction
in the average selling price according to the learning rate of 23.5% as every doubling of
cumulative PV module shipment, in consideration of the period from 1976 to 2019. After the
end of long-period Si shortage due to the mass production of crystalline silicon (c-Si) PV in
China in 2006, the learning rate increases to 40% from this year onward *. The cost
reduction relies on both of the rapid improvement in conversion efficiencies of solar cells and
growing economies of scale in this rapidly expanding market, decreasing the levelized
electricity-generation cost to as low as 0.027 — 0.036 USD/kWh ®°, significantly lower than
that of coal at 0.05 — 0.13 USD/kWh. Such low cost is thus promoting the dominance of PV
in the global energy market, paving the pathway to fulfill the goal of zero net carbon

emission by 2050.
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2 Global PV Installation and corresponding PV market
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Figure 1.3 a. Annual PV market and corresponding cumulated global installation in 35 years
from 2015, including the consideration of replacements after 25 years 3. b. Learning curve of
module spot market price as a function of cumulative PV module shipments from 1976 to

2019. Each spot represents a single year from this range. The calculated learning rates for the
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overall period and 2006 to 2019 are marked by straight lines. 1* Reproduced with permission

14

1.3 The Opportunities of Thin Film Solar Cells

Although Si modules dominates the present PV market (> 95% of global market ), some of
the critical, emerging, high-value markets are underserved or overlooked by the rigid Si
modules including aerospace, unmanned aerial vehicles (UAV), micro-integrated products,
portable charging, as well as vehicle- (VIPV) and building-integrated photovoltaics (BIPV).
Beyond the value of cost, efficiency, and reliability for the standard Si modules, flexibility
and portability as two additional value propositions are critical in these booming markets,

which can be quantified via specific power with the unit of watts per kilogram ',

The emergence of thin film modules has filled the market vacancies with high potential in
lower cost, lightweight/high specific power applications. For instance, thin film chalcopyrite
Cu(In,Ga)Se2 (CIGS) grown on flexible stainless steel '8 or polyimide substrates *2° can be
applied in BIPV, transportation and flexible charging applications. Although technologies
based on group I11-V elements, with high specific power, have been widely employed in
aerospace, their annual production is still far below GW scale. In contrast, both CdTe and
CIGS, being forerunners in thin film technologies, have reached GW-scale annual production
17 Figure 1.4 a&b '’ reveal the learning curves for the thin film technologies, in comparison
with Si. Through examining the historic experience curve in Figure 1.4a, thin-film PV
technologies require lower costs at equivalent volumes relative to Si PV. As seen in Figure
1.4b, ~ 8 billion USD was required to reach 1 GW for Si PV, while the costs in CdTe and

CIGS were around 1 billion USD. Analysis through combining these two figures, reduction
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of the cost to 1 USD/W costed 155 billion USD for Si PV, but 2 billion and 0.4 billion would

consume for CdTe and CIGS technologies, respectively.
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Figure 1.4 Learning curves for GW-scale PV technologies. a. Historic experience curve of
module production costs from Solar PV Market Research (SPV), First Solar costs from

quarterly reports, and total market average selling price (ASP) as a function of global
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cumulative shipments. 1’ b. Integrated experience curve of integrated ASP or cost as a
function of cumulative shipments. The occurrence of 1 GW of cumulative shipments is
denoted in the dashed vertical line. !’ Reproduced with permission . © 2021 Springer

Nature Limited.

Possessing the advantages of flexibility, high specific power, compatibility of wide variety of
substrates makes the thin film technologies practicable in BIPV (tiles, facades, windows, etc.),
VIPV, and product-integrated PV (PIPV, such as bus canopy, wearable products 2), as well
as portable charging and micro-integrated products (e.g., used in Internet of Things (loT)).
Furthermore, due to the colour tunability through controlling the optical interference from the
thickness of the top layers 2, thin film technologies can also be employed in PV applications

with aesthetic requirements.

1.4 Kesterite Cu,ZnSnS, (CZTS) Photovoltaics — a Promising Thin Film

Technology

Previous section introduced the advantages of thin film solar cells in general. CdTe and CIGS
photovoltaics, as forerunners in thin-film fields, have reached the conversion efficiency
beyond 22 and 23 %, respectively 224, However, the terawatt-scale demand would not be
satisfied due to the limitations of these champion thin film photovoltaics in the toxicity of Cd
and the scarcity of Te and In in the Earth’s Crust 2°. Among a wide range of alternative thin
film candidates, kesterite Cu2ZnSnS4 (CZTYS), as a derivative from CIGS semiconductor, is of

particular interest due to the following preferential features:

9|Page



1. Favourable direct band gap (Eg) of ~1.5 eV with high absorption coefficient beyond
10* cm* 26, which is suitable as a top cell with lower Eq semiconductor (such as Si) as
bottom cell in tandem cell application.

2. Abundancy of constituent elements in the Earth’s Crust (Cu: 25 ppm, Zn: 71 ppm, Sn:
5.5 ppm %, S: 260 ppm 28, much larger than 0.05 ppm In 2° exploited in CIGS solar
cells).

3. Non-toxic element constituents.

4. Durability of physical properties.

5. Eg can be tuned by alloying with extrinsic elements, such as Ag ?°, Cd *, Ge 3!, Se *,

etc.

In terms of the raw material cost, CZTS is only ~ 20% of CIGS and ~ 5% of CdTe . If
considering the ultrathin thickness (~ 800 nm) of CZTS used in PV devices, the material cost
will be much lower. Additionally, the adoptable commercialized CIGS modules 3* will

further reduce the manufacture cost of the CZTS counterpart.

1.5 Thesis Objectives — Healing the Heterojunction

The biggest obstacle to push kesterite CZTS into the market entry is the poor conversion
efficiency, at 11.01% %, significantly lags behind that of champion chalcopyrite solar cell at
23.35 % 2% Among the deficiencies of device performance parameters, the open circuit
voltage (Voc) deficit (defined as E¢/q — Voc) is the main factor restricting the improvement of

conversion efficiency.
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To elucidate the deficiency in Voc, Gunawan et al., revealed that kesterite solar cells suffer
from strong recombination loss at the buffer/absorber heterointerface, using the temperature-
dependent Voc measurement 3. Figure 1.5 3 shows the linear relation of Voc and
temperature (T) 3 for CIGS (denoted as CIGS-A) and CZTSSe cells. The CZTSSe cells with
two different Eq were used, marked as CZTSSe-A (1.05 eV) and CZTSSe-B (1.21 eV). In
contrast to the CIGS counterpart, both CZTSSe cells have significantly lower Ea relative to
their Eg, indicating that the recombination mechanism is strongly influenced by the

recombination at the buffer/absorber heterointerface . This gives rise to the large Voc deficit.

——————
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12— CZTSSe-B U7
e—— CIGS-A [ 1]
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Figure 1.5 Voc as a function of temperature. The activation energy Ea of the recombination
process is derived from the intercept of Voc axis by the linear extrapolation to 0 K. CZTSSe
cells have lower Ea than their Eq (those of CZTSSe-A and CZTSSe-B are 1.05 and 1.21 eV,
respectively.) In contrast, the value is equivalent to Eg (1.14 eV) for CIGS-A cell. The inset
shows the plot of ideality factor A as a function of temperature. *® Reproduced with

permission 6. © 2021 AIP Publishing LLC.
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The motivation of this thesis is to develop innovative post-deposition treatment methods at
the as-formed CZTS surface to “cure” the CdS buffer/CZTS absorber heterointerface and the
heterojunction. These treatments after the formation of CZTS films are defect-oriented, and
thus providing effective outcomes through targetedly removing/deactivating the

imperfections presented in the as-formed CZTS surface or within the heterojunction region.

1.6 Thesis Outline

This thesis is comprised of 7 chapters. In Chapter 1, the global issues that motivate this
research in PV are presented. The advantages of thin film PV, particularly kesterite CZTS

materials are introduced, followed by the objectives and outline of this thesis.

Chapter 2 begins with the introduction of properties of kesterite compounds and reaction
equilibrium, deep into the loss mechanisms and the related approaches, providing a
justification for the research objectives in this thesis. This is followed by the introduction of

device fabrication applied in this thesis.

In Chapter 3, an ultrathin stannic oxide (SnO) intermediate layer was applied to passivate the
CZTS/CdS heterointerface. The effectiveness of passivation was evidenced by
photoluminescence characterization. This treatment results in an improvement of conversion

efficiency from 6.82 to 8.47 %, with the major contribution from Voc and FF improvement.

Chapter 4 introduces a novel post-annealing method — moisture-assisted post-deposition

annealing (MAPDA) to modify the heterojunction through controllable reduction in Na
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density within CZTS layer, and in turn facilitating the spontaneous Cd diffusion during the
CdS deposition at 70 °C. The modified elemental distributions significantly reduce the
density of deep-level defects at the heterointerface, create preferrable shallow acceptor

defects and promote the conversion efficiency to 8.67 %.

In Chapter 5, a champion efficiency of 9.40 % was obtained using a follow-up heterojunction
annealing (HJA) in the air at 150 °C, showing further modified elemental distributions,
particularly strengthened Cd diffusion and replenishment of sacrificed Na induced by
MAPDA. Significant alleviation of SRH recombination was observed at the heterojunction
region of the combined MAPDA- and HJA-cells. Furthermore, CdS changes due to these

post-annealing treatments are discussed.

Chapter 6 provides in-depth analyses of the promising MAPDA and HJA treatments with the
aid of nanoscale optoelectronic characterization techniques. Kelvin probe force microscopy
(KPFM) and conductive-atomic force microscopy (C-AFM) measurements are used to study
the optoelectronic properties of CZTS surface with excessive Na and K. We utilized the
KPFM-based surface photovoltage (SPV) measurement for investigating the nanoscale Voc
change due to MAPDA and HJA and provided the nanoscale Voc maps. SPV measurement at
low photon injection was also conducted for revealing the excellent effects of SRH
recombination mitigation. Eventually, we exploited the light intensity-dependent SPV
measurement to explore the optoelectronic variations of the CdS layer due to these post-

annealing treatments.
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In Chapter 7, the conclusions drawn from this work and their implications and contributions

to photovoltaics are presented, followed by suggestions and outlooks for the future work.
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Chapter 2

Backgrounds

2.1 Properties of Kesterite Compounds

2.1.1 Structure of Kesterite Compounds

Kesterite quaternary compound is one of the various categories of chalcogenide family, in the
formula of Cu,M'""MVChVl;, where M and M"Y are divalent (zZn, Cd, Mn, Fe, Co, Ni) and
tetravalent metals (Sn, Ge, Si), respectively, and Ch represents a chalcogen (S, Se, Te) *. The
formation of the quaternary compound can be regarded as the result of sequential cation
mutation through maintaining the overall neutral charge, according to the theory developed
by Goodman 2 and Pamplin 2. Figure 2.1a displays the evolution of quaternary kesterite
compound CZTS from the binary ZnS and the ternary CIS compounds. The derivation of
these structures is shown in Figure 2.1b *. The cation mutations upon the zinc-blend binary
I1-VI semiconductor can generate two possible structures with the lowest energies — the
chalcopyrite structure and the CuAu structure, dependent on the group | and Il atoms
ordering. In contrast to the parent binary compound, with the aid of enhanced structural and
chemical freedom, the ternary semiconductors possess more flexible properties, exhibiting a
much lower band gap (Eg) which is favourable for photovoltaic application. Based on the
rule of charge neutrality and structures with the lowest energies, a ternary semiconductor can
have three possible structures: kesterite (derived from chalcopyrite structure), stannite and
PMCA (generated from CuAu structure). First-principles calculations revealed by Chen et al.
® that the kesterite structure has lower energy than the stannite structure, with a binding
energy difference at around 3 meV/atom ©. The experimental evidence also confirmed the

kesterite structure of CZTS films via X-ray diffraction (XRD) results, showing the diffraction
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peaks at (112), (200), (220/204), (312/116), (002), (008), (101), (103), (105), (110), (211),

(213), (224) and (332) while (112) is the preferred orientation, which is commonly observed
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Figure 2.1 a. Evolution of quaternary kesterite from binary to ternary and quaternary
semiconductors . b. The crystal structures of the corresponding multinary
semiconductors with lowest formation energies %. Reproduced with permission . © 1999-

2021 John Wiley & Sons, Inc.

2.1.2 Band Structure and Properties from the First-Principles Modeling

The band structure of kesterite CZTS shown in Figure 2.2a-b 2 calculated via the all-
electron and full-potential linearized augmented plane wave (FP-LAPW) method 24, using
the generalized gradient approximation (GGA) plus an onsite Coulomb interaction Ugq for the
Cu-d states 3, the full band parameterization and the parabolic band approximation. Like

CIGSe, CZTS is a direct-gap semiconductor with E4 at around 1.5 eV **7 In contrast to the
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most semiconductors, no coupling between the lowest conduction band (CB) in CZTS and
the other nearest bands occurs at the Brillouin Zone (BZ) edge, due to the low crystalline
symmetry. This results in a relatively flat band dispersion at the bottommost CB and thereby
yields small indirect Eg (2.2 and 1.7 eV for the CBM at the (0,1,0) = (0,0,1) and (1,1,2) =
(1,1,0) BZ edge, respectively). The direct Eq is also small for k-points away from the I'-point
due to a relatively flat valence band maximum (VBM) accompanied with relatively flat
lowest CB, indicating a higher density of states (DOS) present near the band edges which
could enhance the optical absorption. However, it may limit the electronic transport due to
relatively larger effective electron and hole masses in the vicinity of I'-point, compared to

CIGSe compounds 28,

3 P .
g: | = )

ok Y 2 -
ci

Kesterite B
1| Cu,ZnSnS, 5+6(1) -

Energy (eV)

Wave vector (217/a) Wave vector (217/a)

Figure 2.2 The electronic band structure of kesterite CZTS along four symmetry directions,
referring to the valence band maximum (dashed lines). The spin-orbit interaction is
considered, but the index of valence bands (v1 as topmost valence band, v2, and v3) and the
lowest conduction band (cl) refers to spin-independent bands. Energy bands in solid and
dotted lines are obtained from the generalized gradient approximation/full-potential

linearized augmented plane wave calculations and the parabolic band approximation,
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respectively. The results shown in the open circles are derived from the full band

parameterization. >'3 Reproduced with permission 3. © 1999-2021 John Wiley & Sons, Inc.

The flat valence bands (VBs) at around -1 eV are contributed to the Cu d-like bands, as
shown in the atom-resolved DOS distributions of kesterite CZTS (Figure 2.3). The
distributions are calculated by the GWo method with partial self-consistency and frequency-
dependence 2. The significance relies on the broad energy range of the VBs for the
hybridization between Cu 3d'° and S 3p* bands and thereby determining the DOS near the
VBM, partially affected by the other cations Zn-p and Sn-sp bonding with the anion S-p
bands. As the DOS distributions shown, the lowest CB is determined by the antibonding
states of Sn-s and S-p states. As abovementioned, the bottommost CB of CZTS does not
involve degeneration with other closest CBs, resulting in more localized energy bands.
Therefore, the Eg can be easily tuned through shifting the Sn-determined CBM by alloying Sn

sites with other group-1V elements (such as Ge %21,
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Figure 1.3 a. Schematic illustration of the band edges in CZTS 3. b. Atomic- and angular-
momentum resolved density of state distributions of kesterite CZTS 2. Reproduced with

permission 3. © 1999-2021 John Wiley & Sons, Inc.

As a p-type semiconductor, the doping of CZTS stems from the large density of Cu-related
states. Vcu and Cuzn are generally considered as the major doping contributors in p-type
kesterite absorbers, according to the First-principles calculations 222, while Cuz, has a
deeper energy level than that of Vc, 2. However, the formation energy of Vcy (~ 0.57 eV) is
much larger than that of Cuz, in kesterite absorbers (~ 0.01 eV) 24, which is reported in a
wide composition range 2. Therefore, Cuz, is believed to be the dominant defect contributing

to the doping level 2428,

2.1.3 Optical Properties from the First-Principles Modeling

The optical absorption coefficient can be directedly derived from the complex dielectric

function (i.e. g5(w) = & (w) + ig,(w)) by using the equation
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where c is light speed and the expressions of the real part (ef‘ﬁ (w)) and the imaginary part

(sg‘ﬁ(w)) of the dielectric functions are not mentioned here for brevity ?°. The average
absorption coefficient profiles for the kesterite and the stannite CZTS and CZTSe are
presented in Figure 2.4a-b 1213, Since the absorption is dependent on the dielectric response
and the latter is also affected by the joint DOS, some local features in the absorption
coefficient curves can be related to the DOS peaks mentioned above. For instance, the peaks
at around 3.25 and 2.50 eV, as illustrated as black dotted lines in Figure 2.4a, corresponds to
the DOS peaks (Figure 2.3b) induced by Sn-s and chalcogen-p, respectively 3. The
absorption coefficient for high energy photons among all four compounds is similar,
considering the Eq difference at around 0.5 eV. A close-up of absorption coefficient near-Egq
was plotted in Figure 2.4b where the energy scale is shifted by hw — E;. CZTS has a higher
absorption coefficient than CZTSe, which could be related to the relatively flat bands at the
I'-points. Furthermore, the intrinsic absorption in CZTS nearly doubles that in GaAs and
ZnSe. Such strong absorption in CZTS enables over 90% of incident light (regardless of

reflection loss) absorbed by 1-2 pm CZTS absorber .
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Reproduced with permission 3. © 1999-2021 John Wiley & Sons, Inc.

2.2 Kesterite Reaction Equilibrium

Different reaction routes of kesterite films during sulfurization or selenization have been
reported based on the deposition techniques and precursor compositions 3137, This thesis only
involves the compound precursors through a sputtering process for pure sulfide CZTS
semiconductors. The relevant reaction equilibrium in this thesis could take the following

reaction route as a reference :

350°C
CuZS + Sl’lSZ — Cqun53 (22)
500 °C
Cu,SnS; 4+ ZnS — Cu,ZnSnS, (2.3)
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2.3 Loss Mechanisms and the Relevant Approaches

2.3.1 Voc Deficit — the Major Bottleneck of Kesterite Solar Cell Development

Through comparing the device performance of the champion kesterite solar cells with the
champion chalcogenide solar cells, such as CdTe, CIGSSe solar cells, and other forerunners
in thin-film photovoltaics 3, it is not hard to observe that the large Voc deficit, expressed as
Eg — Voc/q (where g is the unit charge), is the most significant limitation in the current
kesterite solar cells. Considering the Shockley-Queisser (SQ) limit of the CZTS solar cell
with Eq of 1.5 eV, the SQ limits for Voc, Jsc and FF are 1210 mV, 29 mA/cm? and 91 %,
respectively *°, whereas these parameters of the current 11 % champion CZTS device only
reached 730 mV, 21.7 mA/cm? and 69.3 %, respectively *°, equivalent to 60.3 %, 74.8 % and
76.2 % of the corresponding SQ limit values. Our simulation results ** based on baseline
device with PCE ~ 7 % demonstrate that VVoc loss at the interfaces is the main culprit of such

large Voc deficit, occupying more than 50 % of overall Voc loss.

The deficit in Voc is believed primarily arisen from the severe Shockley-Reed-Hall (SRH)
recombination associated with the unfavourable defects 42 at the heterointerface, the space
charge region, the neutral charge region and the detrimental band alignment at CZTS/CdS
heterointerface 3%, To date, zero-, two-, and three-dimensional defects have been intensively
studied in the literature, including point defects, heterointerfaces and grain boundaries, voids
and secondary phases, respectively. The defects involved in this thesis are discussed in this
section. The detrimental band alignment at the heterointerface is included in section 2.3.3.

Strategies to address the issues arisen from the detrimental defects are introduced accordingly.
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2.3.2 Zero-Dimensional Defects

Zero-dimensional defects, or point defects, are formed through the disturbance of a crystal
structure at isolated sites (including vacancies, interstitials, and anti-sites) or aggregation into
isolated defect clusters. In terms of a quaternary compound, kesterite compounds involve
more intrinsic lattice defects relative to those of binary and ternary compounds which have
been well studied, including vacancies (Vcu, Vzn, Vsn and Vs), interstitials (Cui, Zni, Sn; and
Si), antisites (Cuzn, Zncu, Znsn, Shzn, Cusn, etc.) As mentioned hereinbefore, the doping
concentration and electrical conductivity are believed mainly contributed by Cuz,, while the
formation energies and ionization energy levels of other acceptor-like defects are relatively
higher. Additionally, all donor-like defects have relatively high formation energy. However,
as shown in Figure 2.5a, the donor-like defects (Zncu, Snzn, Vs, etc.) can be ionized and
decrease the formation energy to a lower value when the Fermi level is close to VBM. When
considering the optimal compositions with Cu depletion and Zn enrichment, the formation
energies of Vcu and Znsy are decreased while those of Cuz, and Snzn are, in turn, increased.
Znsn, as a deep acceptor (Figure 2.5b), is unfavourable in kesterite photovoltaic devices. Vs
was regarded as deep donor-like states. If Vs forms accompanied with S loss during the
sulfurization process, the oxidization of S would result in the reduction of Sn (Sn** — Sn?*) 4
and therefore yielding more Sn?* related defects. Based on the first-principles calculation
performed by Walsh et al. 3, the charge of Vs can be nullified through obtaining electrons
from the reduction of Sn, resulting in a donor level lying below the VBM. Whereas it, in turn,
can be excited to charged Vs donors through capturing holes and creating deep donor defects
within the Eg, providing an efficient nonradiative recombination channel within the CZTS
layer, together with the reduced Sn?*-related defects. Above that, Snz, deep donor has also
been identified as the origin of persistent electron trapping/de-trapping in kesterite sulfide

CZTS devices *.
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Figure 2.5 a. The variation in formation energy of point defects in CZTS as a function of the
Fermi energy at the chemical potential point P near which all intrinsic defects have positive
formation energies and the chemical potentials of Cu, Zn and Sn are -0.20 eV, -1.23 eV and -
0.50 eV, respectively, as included in this citation 24, also found in Figure 2.10. 2 The most
stable charge state is included at the same Fermi energy. Open and solid circles represent
acceptor and donor states, respectively. b. The intrinsic defect ionization levels in CZTS Eg,
where the acceptor and the donor levels marked in red and blue bars, with the initial and final
charge states labelled in parentheses. 2° Reproduced with permission 2%, © 1999-2021 John

Wiley & Sons, Inc.
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The charged defects can be partially compensated through the formation of neutral defect
clusters due to Coulomb attraction between the acceptor- and the donor-like point defects.
Among the likely formed defect clusters, [Cuzn + Zncy] has the lowest formation energy
(Figure 2.6a), leading to a high population and thereby inducing the partial disorder of Cu
and Zn on cation sites 2. High concentration of [Cuz, + Zncy] clusters were used to be
considered as the source of band tailing 2. However, the impact of these clusters on the band
structure is weak (Figure 2.6b), which can be regarded as benign defect clusters. In contrast,
the formation of clusters of [Cusn + Sncy], [ZNnsn + Snzn], [SNzn + Vzn], [Shzn + 2Vcy] and
[Snzn + 2Cuzn] are detrimental and significantly decrease the Eg. If the off-stoichiometric
compositions with Zn enrichment and Cu depletion are applied, these defects could be limited.
Instead, both [Vcu + Zncy] and [Znsn + 2Zncy] antisite pairs have decreased formation energy,

which are favourable within the CZTS layer without large impacts on the band structure 2.
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Figure 2.6 a. The calculated formation energy of point defects and defect clusters in a

relatively low ionization energy in CZTS as a function of the chemical potential along the
boundary surrounding the stable CZTS phase region presented in this citation 23 and also
found in Figure 2.10. The states of acceptor, donor and neutral clusters are marked in open,
solid, and straight lines, respectively. b. The calculated band shifts of conduction (green) and
valence (red) bands arisen from different defect clusters in CZTS where the defect density
used as one defect cluster in per 128-atom supercell. 25 Reproduced with permission . ©

1999-2021 John Wiley & Sons, Inc.
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The band tailing problem is considered as one of the major factor limiting the Voc
improvement #2. The schematic diagram in Figure 2.7a shows the formation of band tails
within CZTS materials. Under the condition with high defect density, the impurity band
merges with the valence band maximum and thus reducing the Eq. As shown in Figure 2.7b,
the cause of band tailing can originate from either the electrostatic potential fluctuation
induced by high defect density with a high degree of compensation but without strong
impacts on the Eg, or the Eg fluctuation arisen from crystalline or compositional
inhomogeneities #’, or the E4 fluctuation caused by a high density of the defect clusters as
mentioned above. Rey et al. found that the Eg fluctuation is the cause of the band-edge
fluctuation, with the aid of temperature- and excitation-dependent photoluminescence
technique “8. The Cu-Zn disorder was considered as the main source of the large band tailing.
However, the increased Cu-Zn disorder obtained from the heat treatment did not reveal any
differences in band tailing *6. Instead, the prevention of the formation of those defect clusters
which have large impacts on the Eg, as abovementioned, is critical to reducing the band

tailing.

31|Page



Valence band Conduction band

~

( IO
Acceptor level
S 3p/Cu3d ﬂ By [ Sn8s/Znds) | IHH
J/
=

>

mlmpurity band /_\ $'$.$‘

(@ JResss

( 1 OO
Tail states

(L W J I

Electron Binding Energy

Isolated
defect

Above
dilute limit

Density of States

Ensemble
of defects

b

Bandgap Electrostatic
fluctuation potent|'a|
fluctuation
o9 Yopt

bsorption

a

?
a
=

v
<

—T
‘—
emission
bsorption ?
R —
emission

Position
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defects broadening to an impurity band with the increased defect density, until the formation
of tail states in the presence of sufficiently high defect density. ° b. Schematics of bandgap
fluctuation and electrostatic potential fluctuation. *> Reproduced with permission %42, © 2021

American Chemical Society, © 2021 AIP Publishing LLC.

Approaches for reducing the band tailing have been widely reported through elemental
substitution by extrinsic isovalent elements into CZTS layers, such as Cu by Ag *°, Zn by Cd
%L and Ba 2 as well as Sn by Ge 95354, Furthermore, the suppression of detrimental intrinsic

defects and defect clusters was achieved by controlling the oxidation states of cations (Cu and
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Sn) during the growth of CZTSe films by using a soft-selenization process 28, Relying on this

approach, the current champion efficiency at 12.5 % of the CZTSe solar cell was obtained.

2.3.3 Two-Dimensional Defects

It has been reported that significant SRH recombination occurs at the CdS/CZTS
heterointerface regions, through temperature-dependent Voc measurement, revealing lower
activation energy (Es) at 0 K than the Eq of CZTS absorber layer %%, The large SRH
recombination at the heterointerface was induced by the intensive undercoordinated atoms
(dangling bonds) originated from the surface relaxation of both CZTS and CdS films, the
lattice mismatch between these layers (~7 % mismatch), and by the unfavourable band
alignment 84, The heterointerface or surface recombination losses can be reduced using two
different passivation strategies °® — chemical passivation and field-effect passivation, where
the former aims to reduce the interface defect density induced by dangling bonds, and the
latter is used to reduce the free carrier concentration at the interface region via a built-in
electric field. Most post-treatments used for passivation of CZTS/CdS heterointerface can be
considered as the mixed passivation strategies. For instance, Cd incorporation within the
heterojunction not only reduces the defect density, but also optimizes the band alignment at
the heterojunction “°. Besides the field-effect passivation effect, the application of the atomic-
layer-deposited (ALD) Al.Os passivation layer can facilitate Na diffusion at the
heterointerface, which also plays a critical role to passivate the local defects via a built-in

field *7.
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Figure 2.8 Schematics of the recombination mechanisms of photo-generated electrons at two
types of conduction band offset (CBO) at absorber/buffer heterointerface: “cliff”-like and
“spike”-like CBOs are demonstrated in the left- and right-hand sides, respectively. 8

Reproduced with permission 8. © Royal Society of Chemistry 2021.

In pure sulfide CZTS solar cells, the “cliff’-like conduction band offset (CBO) formed by
bringing CZTS and CdS with relatively higher electron affinity together 164%%°, This type of
CBO gives rise to a significantly large SRH recombination rate °, as depicted in Figure 2.8 8.
High potential barrier (> 0.4 eV) % resulted from a “spike”-like CBO also strengthens the
interface recombination due to the weaker charge separation. To tackle this problem,
alternative buffer layers, such as Zn1.«CdyS ! and ZnSnO 524 with smaller electron affinity,
were applied to replace the conventional CdS buffer, demonstrating the significant reduction
of Voc deficit. Furthermore, the band alignment at the heterojunction region can also be
modified through elemental grading (such as Ag grading at the front) 55" or Cd alloying

through a heterojunction heat treatment 4063,
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Being another kind of 2D defects, grain boundaries (GB) or GB core, in terms of the narrow
definition, can be regarded as two adjoining lattices where the lattice symmetries are
interrupted in a spatial distance < 1 nm. However, the defects, disordered region, segregated
impurities, and diffused elements can spread tens of nanometers from the GB core %%, The
accumulation of charged defects at GBs results in various local potential, even in different
band bending directions when opposite charges trapped, as shown in Figure 2.9a-b.
Simulation results "t reveal that an upward band bending benefits photovoltage and a
downward bending contributes to the carrier collection, whereas the latter can increase the
recombination rate. In most thin-film forerunners, such as CIGS and CdTe semiconductors,
large downward bending at GBs is generally observed 276, even involved type inversion.
Therefore, this bending type forms minority-carrier collection channels and exhibits
enhanced carrier collection. On the other hand, the real scenario is complex that the local
chemistry change has strong impacts on the Eg near GBs. For instance, Cu-enriched GBs in
CIGS films can lift the local valence band maximum 7, resulting in poorer carrier collection
72, Xiao et al. reported the band edge positions for both CB and VB at GBs of different
kesterite materials using scanning tunnelling spectroscopy 8. The opposite bending direction
of CB and VB away from the forbidden gap was observed in Se-enriched GBs of CZTSe and
CZTSSe materials. However, detrimental inward bending was found in pure sulfide CZTS
materials, resulting in enhanced carrier recombination. Different band bending directions at
GBs of kesterite materials have been reported °7°8 which could be arisen from the
variation of local compositions by the diffusion of either intrinsic /"848 or extrinsic elements
8286 As one of the critical trace elements, Na accommodation at GBs is widely observed
408788 increasing the donor states density and thereby contributing to lower local work

function . However, different local chemical compositions may result in the accumulation
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of different types of charges, overwhelming the impacts from Na with a much lower

concentration, which could alter the bending direction.
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Figure 2.9 Electronic band diagrams in the vicinity of GBs of p-type semiconductors for a.
negative and b. positive potential barriers. Specific charge compensation mechanisms are

presented in the schematics below. & Reproduced with permission 8. © 2014 Elsevier B.V.

2.3.4 Three-Dimensional Defects

The three-dimensional defects in kesterite solar cells primarily include voids/pinholes and
secondary phases, involving the change of a crystal pattern over a finite volume. The voids
are generally believed to be the vacancy remainders from the evaporation of volatile SnS
phases from the CZTS films. The formation of such secondary phases can be induced by the

improper compositions of constitutional elements within the precursor materials, and by the
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decomposition of CZTS under improper Sz and SnS partial pressure . The decomposition of

CZTS can be expressed in the following equation %9

Cu,ZnSnS,(s) = Cu,S(s) + ZnS(s) + SnS(s) = Cu,S(s) + ZnS(s) + SnS(g) + %Sz(g)(2.4)

Apart from the self-decomposition of the CZTS films, the energetically favourable reaction
between the CZTS and the underlying Mo contact can also result in the CZTS decomposition,

as shown in the following equation **,
1 1
Cu,ZnSnS,(s) + EMO (s) = Cu,S(s) + ZnS(s) + SnS(g) + EMOSZ(g) (2.5)

Therefore, void-free and pinhole-free CZTS films can be obtained through using the optimal
compositions (Cu/Sn ~ 1.75 — 1.8 and Zn/Sn ~ 1.15 — 1.2 2392%9%) "ysing proper Sz and SnS
partial pressure during the sulfurization process and applying an intermediate barrier layer via

an interface deactivation strategy at the rear interface between CZTS and Mo %

As the phase diagram in Figure 2.10 shown, the stable phase region of CZTS against CuszS,
CuS, ZnS, SnS, SnS, and CuzSnSs is very narrow as depicted in the shaded area. Therefore,
the formation of these secondary phases seems inevitable for growing CZTS films. In
addition to the abovementioned mechanisms accompanied with SnS phases, ZnS can easily
form due to the optimal but off-stoichiometric (Zn-rich and Cu-depleted) compositions.
Using catalyzed chemical etching method %, nanoscale ZnS domains with a median
diameter of 80 nm were detected within the CZTS grains, not only as the commonly observed

at the front and the rear surfaces.
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Figure 2.10 The calculated stable chemical-potential region (in black polygon) of CZTS
phase in Zn and Sn chemical potential planes at Cu chemical potential of -0.20 eV. 224

Reproduced with permission 2. © 1999-2021 John Wiley & Sons, Inc.

The formation of these secondary phases can deteriorate the device performance in different
ways associated with the Eq of these phases. In general, the secondary phases with lower Eg
than CZTS will limit the Voc of the solar cell, such as low-Eg SnS (at 1.0 eV indirect and 1.3
eV direct 190102 Cu,SnS; (at 1.0 eV %) and highly conductive CuzS (at 1.2 eV %) phases.
By contrast, those with higher Eq are much less detrimental, such as ZnS (at 3.7 eV %)
phases, whereas the existence of too much ZnS phases can increase the series resistance, and
even worse, block the transport. Moreover, the formation of MoS, from the reaction with
sulfur or CZTS % s of importance to provide quasi-ohmic contact with high work function,
but MoS, with too many thickness yields high series resistance and thus deteriorates the

device efficiency.
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2.4 Fabrication of CZTS Solar Cells

Fabrication of kesterite absorber layers have been reported using a great variety of techniques,
including magnetron sputtering 71 evaporation °1'2 pulsed laser deposition '3,

120

hydrazine-based solution process *>14115 sol-gel process '611° spray pyrolysis 2, inkjet

121 and successive ionic layer adsorption and reaction 22122 w/ or w/o a follow-up

printing
chalcogenization process. The highest efficiencies of kesterite solar cells reported to date are
12.60 % using extremely toxic and hazardous hydrazine-based process 4 and 12.62 %
obtained employing harmless magneton sputtering *?4. Regarding pure sulfide CZTS solar

cell, which is the scope of this thesis work, we reported 11.01% champion efficiency using

hydrazine-free magneton sputtering technique “°.

Figure 2.11 shows the process flow of CZTS solar cells at the University of New South
Wales (UNSW). The key technique (approx. half of the overall processes) is the magneton
sputtering (AJA International, Inc., model ATC-2200), as a physical vapour deposition (PVD)
technique, allowing mass production of high-quality thin films. In physics, sputtering is a
phenomenon when microscopic particles are ejected from the surface of the desired solid
materials (i.e., target materials), facilitated from the bombardment by energetic particles of
the plasma (ionized Ar* used in this thesis work). The ejected micro-particles deposit on the
oppositely mounted substrate under high vacuum condition (=107 Torr). Both direct current
(DC) and radio frequency (RF) current supplies were used for metal targets and
insulator/semiconductor targets, respectively. The former can generate a high deposition rate,
and the latter can be used to eliminate the electrical breakdown and discharge arcs induced by
charge accumulation at the surface of poorly conductive targets. The addition of a magnetic

field aims to enhance the plasma-target collision rate, and thus increase the deposition rate.
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Figure 2.11 The process flow of CZTS solar cells fabricated at University of New South

Wales

The structure of the typical CZTS device fabricated in UNSW is shown in Figure 2.12. The
fabrication process starts from cleaning soda-lime glass (SLG) in hot alkaline water, followed
by deposition of Mo using DC sputtering. The conventional double Mo layers were employed:
the bottom layer has relatively higher resistivity which has matched the thermal expansion
coefficient with the underlying SLG. A bottom layer with a thickness of 200 nm was
deposited at 15 mTorr, and a 600 nm-thick top layer was coated at 1.5 mTorr, using Ar as the
working gas. An ultrathin (~2 nm) Al2Os intermediate layer was employed using RF
sputtering at 1.5 mTorr, to partially inhibit the formation of MoS, and to simultaneously

prevent the decomposition of the CZTS at the rear, thereby limiting the formation of voids
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and secondary phases %. CZTS absorbers were fabricated using the “two-step” method % —
alloy precursor deposition followed by sulfurization, which was well developed and
employed in chalcopyrite solar cells. At the initial step, the CZTS alloy precursor was
prepared by co-sputtering Cu (DC), ZnS (RF) and SnS (RF) under 1.5 mTorr. The deposition
rates were adjusted through input power to confine the off-stoichiometric compositions with
Cu/Sn ratio in a range of 1.75 — 1.80 and Zn/Sn ratio in 1.15 — 1.20. The duration was chosen
to determine precursor thickness of ~500 nm, aiming to obtain the final sulfurized CZTS film
thickness of 700 — 800 nm. Targets used in this process were 3 inch in diameter and
impurities on a scale of 99.99 % (4 N). Sulfurization, as the second step, was processed using
a Rapid Thermal Processor (RTP, AS-One 100) within combined sulphur and SnS
atmosphere at a peak temperature at 560 °C for 3 minutes. The ramping and cooling rates
were controlled at 10 and 30 °C/min, respectively. CdS buffer layer was then deposited by
chemical bath deposition (CBD) method using the precursor solution of CdSO4 (0.16 mol/L),
thiourea (1.6 mol/L) and aqueous ammonia (1.2 mol/L) at 75 °C for 7 min. After that, a thin
(~60 nm), high-resistivity intrinsic ZnO (i-ZnO) layer was fabricated via RF sputtering with a
3-inch target at 3 mTorr using a slow ramping rate to prevent the bombardment damage of
the heterojunction. An indium tin oxide (ITO) layer was deposited using a 3-inch target by
RF sputtering at 1.5 mTorr. 240 nm ITO layer was fabricated to obtain the sheet resistance
lower than 30 Q/sg. Aluminium (Al) contact was evaporated via thermal evaporation with a
height of ~2.5 um. The aspect ratio, together with the spacing, were designed in consideration
of the sheet resistance of the ITO layer and the optical loss from shading. MgF> layer with a
thickness of 91 — 100 nm was thermally evaporated to form an anti-reflection coating (ARC).
The desired thickness aims to minimize the reflection loss at 550 nm. The device finished by
mechanical scribing and indium (In) soldering to isolate the unit cells and to form the rear

contact, respectively. The defined unit cell area was ~0.23 cm?.
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Figure 2.12 Coloured cross-sectional SEM image displaying a typical structure of CZTS

device fabricated at University of New South Wales
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Chapter 3
Buffer/Absorber Heterointerface Passivation of High-Efficiency CZTS
Solar Cells Using an Ultrathin Intermediate Stannic Oxide Layer via a

Solution Method?

3.1 Introduction

As discussed in Chapter 2, the SRH recombination at the buffer/absorber heterointerface is
regarded as one of the main Vo deficit culprits in kesterite solar cells. One effective approach
of alleviating the heterointerface recombination is introducing a wide-bandgap (WBG)
dielectric layer between the buffer and the absorber layers. For kesterite solar cells, various
WBG oxide materials have been applied as the intermediate layer. The insertion of CeO2, for
instance, had been applied to CZTS solar cells and yielded higher Voc due to the reduced
lattice mismatch between the buffer and the absorber and assumed optimization of band
alignment 1. However, the loss in current strongly limits the improvement of efficiency.
Alumina (Al2Oz), as a popular passivation material, has not only been applied to passivate Si
surfaces in the manner of chemical and field-effect passivation 2, but also used as the front
heterointerface passivation layer in CIGSe 2, CZTSe # and CZTS ° solar cells. Kim et al.
deposited Al,O3 via atomic layer deposition (ALD) on top of the CZTSe film and shows
significant improvement in device performance, resulting in a peak efficiency of 11.5 % *.

However, no Al signals at the CdS/CZTS heterojunction from SIMS measurement have been

! This Chapter is partially based on:

H. Sun, K. Sun, J. Huang, C. Yan, F. Liu, J. Park, A. Pu, J. A. Stride, M. A. Green, and X. Hao, Efficiency
enhancement of kesterite Cu,ZnSnS, solar cells via solution-processed ultrathin tin oxide intermediate layer at
absorber/buffer interface, ACS Applied Energy Materials, 2017, 1, 154-160.

H. Sun, J. Huang, J. S. Yun, K. Sun, C. Yan, F. Liu, J. Park, A. Pu, J. Seidel, J. A. Stride, M. Green and X. Hao,
Solution-processed ultrathin SnO, passivation of absorber/buffer heterointerface and grain boundaries for high
efficiency kesterite Cu,ZnSnS, solar cells, 2019 IEEE 46th Photovoltaic Specialists Conference (PVSC). IEEE,
2019, 2503-2506.
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detected in the finished devices, which could be explained as the etching of Al,O3 by aqueous
ammonia during the CdS-CBD process. We also observed that no ALD-deposited Al2O3 left
after CdS deposition and, instead, the increase of H concentration at the CZTS/CdS
heterointerface has been observed °. The presence of H is believed to originate from the
exposure of the hydrogen source like trimethylaluminum (TMA, AI(CH4)3) and H2O during
the ALD process °. Later, the ALD-Al,O3 has been reported that it can be applied to the Cd-
free CZTS devices with ZnSnO buffer from our work °. The latter yielded the champion
efficiency of 10.2 % for Cd-free pure-sulfide kesterite solar cells. The kesterite widely used
and crowned as record efficiency still use CdS buffer. Therefore, the development of an
aqueous ammonia-resisted dielectric intermediate layer is important for providing an

intermediate passivation layer for the heterointerface defective CdS/CZTS solar cells.

Stannic oxide (SnOy), as another type of WBG dielectric material, has been found that can
effectively passivate the CdS/CZTSSe heterointerface and the CZTSSe GBs ’. The ALD-
SnO; was employed in SnS solar cells for giving a marked effect in interface passivation 8.
Furthermore, SnOy, was in-situ grown through annealing CZTSSe film at 375 °C in the air at
the Sn-rich grain surface (including GBs). However, SnOx at the grain surface was easily
removed during the CBD process. However, regarding our pure-sulfide CZTS film %10, the
noticeable Sn-enriched grain surface and boundaries were not yet observed. Therefore, the
SnO; formation through air annealing in our samples is difficult, and an alternative way for

the intentional deposition of the NH4sOH-resistant SnO> layer is required.

In this chapter, we successfully introduced an ultrathin dielectric SnO. intermediate layer at

the CZTS/CdS heterointerface to facilitate the local passivation, resulting in the enhanced
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minority carrier lifetime. By optimizing the thickness of this intermediate layer, 8.47 % peak
efficiency is achieved. Furthermore, parasitic absorption of CdS was found reduced due to
thinner CdS grown on the SnO-coated CZTS with a slower growth rate. The effect of the
CdS thickness is investigated with the presence of this new passivation layer at the
heterointerface. It is also revealed that employing this ultrathin layer at the CZTS/CdS
heterointerface not only provides a chemical passivation route, but also optimizes the band

alignment.

3.2 Experimental

From the literature 1%!2, SnO- had been synthesized through successive ionic layer adsorption
and reaction (SILAR) method. One of the reports 2 used aqueous ammonia as a complex
agent which has a similar concentration to that for the CdS-CBD process. In this way, a
weak-base resistant intermediate oxide layer can be obtained. The SILAR method is ideal for
fabricating ultrathin films with excellent thickness control through the number of SILAR

cycles.

In this work, the precursor solution for the SnO. nanolayer was prepared by dissolving
SnCls-5H20 (1.25 mM, AR) in deionized (DI) water. Aqueous ammonia (3 M, AR) was
added into the SnCl4 solution with constant stirring. The ionized Sn** cations associated with
ammonia to form aqueous tin-ammonia complex ions ([Sn(NHs)4]*") and to prevent the fast
precipitation of Sn(OH)4 in the solution. The sulfurized CZTS samples were dipped in the
precursor solution to absorb [Sn(NHs)4]** complex ions at the CZTS surface at room
temperature for 20 s. After air drying, the [Sn(NH3)s]**-attached samples were immersed in

90 °C-hot DI water for 5 s to possibly form Sn(OH)4 or other relevant chemicals at the CZTS
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surface. One SILAR cycle finished by ultrasonicating the air-dried Sn(OH)s-grown samples
for 20 s to remove the agglomerates of Sn(OH)s. Several SILAR cycles were repeated to
achieve the desired thickness. After the deposition, Sn(OH)s-coated samples were undergone
a 270 °Cannealing in the air for 3 min to decompose Sn(OH)a4 into SnO,. The total thickness
of SnOy, prepared from hundreds of SILAR cycles, was measured through a profiler (Veeco
Dektak 8 Advanced Development Profiler), which determines the growth rate per SILAR
cycle is approx. 0.4 nm only, while the growth rate could be underestimated. Instead, in this
Chapter, the number of the film thickness will be expressed as the number of cycles. The
details of fabrication methods for other layers presented in Chapter 2 (Section 2.4). The

device structure for the CZTS devices with SnO> passivation layer is depicted in Figure 3.1.

Figure 3.1 Schema of device structures with details of CdS/SnO2/CZTS heterojunctions (not
to scale). This figure has been published as our work in . Reproduced with permission **. ©

2021 American Chemical Society.

For film characterizations, X-ray photoelectron spectroscopy (XPS) was employed to validate

this SILAR method via an ESCALAB250Xi (Thermo Scientific, U.K.) under ultrahigh
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vacuum (< 2x10° mbar). The band gap of the SnO;, layer fabricated on the glass substrate
was determined from optical transmittance measurement via UV-vis-near-IR spectrometer
(PerkinElmer-Lambda 950). For device characterizations, time-resolved photoluminescence
(TRPL) was carried out by applying the time-correlated single photon counting technique
(MicroTime 200, PicoQuant) under laser excitation at 470 nm wavelength and 20 MHz pulse
with tunable repetition. The current density — voltage (J-V) curves were tested using a
simulator (Newport) under air mass (AM) 1.5 and one sun illumination, calibrated by a
standard silicon reference cell. External quantum efficiency (EQE) measurement was
conducted through a QEX10 spectral response system (PV Measurements, Inc.), using a
monochromatic light chopping at 120 Hz. Capacitance-voltage (C-V) measurement was
performed using an impedance analyzer at a frequency of 100 Hz and a DC bias voltage

sweeping from -1.5V t0 0.5 V.

3.3 Results and Discussion

3.3.1 Method Verification and Validation

The XPS characterization has been conducted firstly to validate the method. Three samples
were prepared for this measurement, including a SnO- layer with 10 SILAR cycles on the
CZTS film, the CZTS film only and a SnO2 layer with 100 SILAR cycles on quartz.
Regarding the SnO»-coated CZTS sample, since the detection depth for XPS measurement
can reach up to 10 nm, the signals of the underneath CZTS sample were also detected. As
Figure 3.2a shows, two distinctive binding energy peaks (in red and green) for Sn 3d° can be
seen at 486.2 and 487.4 eV, through fitting the measured XPS spectra (in blue), which has
been confirmed by the binding energies of Sn 3d® in the pure CZTS samples (Figure 3.2b)

and pure SnOx samples (Figure 3.2c), respectively. The results match the previously reported
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binding energies of Sn-S and Sn-O, respectively 416, The presence of Sn-O bonds
conclusively demonstrates the formation of SnOx at the CZTS surface. The Tauc’s plot,
shown in Figure 3.3 and derived from the transmittance measurement, determines the band
gap of this SnOx-layer (prepared from 200 SILAR cycles followed by air annealing) at 3.7 eV,
consistent with that of SnO.. It should be also noticed that the Eg of SnO> varies with
thickness by using this SILAR method *2, which indicates the Eq of SnO, with the optimal

thickness (~1-3 cycles) applied to the CZTS devices may be higher than 3.7 eV.
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Figure 3.2 XPS Spectra of a. 10-SILAR cycle SnO2 grown on CZTS absorber surface; b. As-
grown CZTS after sulfurization; c. 100-SILAR cycle SnO, grown on quartz. This figure has
been published as our previous work in 3. Reproduced with permission 3. © 2021 American

Chemical Society, however, it has been modified for this work.
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Figure 3.3 Tauc’s Plot for determining the Eq of SnO> grown by SILAR method with 200
SILAR cycles. This figure has been published as our previous work in . Reproduced with

permission 3. © 2021 American Chemical Society.

3.3.2 Effectiveness of CdS/CZTS Heterointerface Passivation

The passivation effect of this intermediate layer was supported by time-resolved
photoluminescence (TRPL) measurement. Figure 3.4 illustrates the TRPL decay curves,
where a 470 nm laser was used for the excitation of the CdS and the surface region of CZTS
layer, and the PL only beyond 550 nm (feedback from the CZTS surface) was collected by
the detector. The CZTS device with the SnO> layer shows much slower decay compared to
that without this layer. Through fitting the decay curve using the biexponential function
model fitting *’, minority carrier lifetime was obtained as 5.0 and 7.4 ns for the CZTS devices

w/o and w/ the SnO, passivation layer, respectively.

62|Page



CZTS w/ SnO:

Normalised PL Intensity (a.u.)

T=741n8
0.1 CZTS w/o SnO,
T=5.0ns
T I T I T I T I
0 5 10 15 20 25

Time (ns)

Figure 3.4 TRPL Transient of CZTS devices w/o and w/ SnO- passivation layer using 470 nm
laser. This figure has been published as our previous work in 3. Reproduced with permission

13, © 2021 American Chemical Society, however, it has been modified for this work.

3.3.3 Improvement in Device Performance

The application of the SnO. intermediate layer between CZTS and CdS vyields the
improvement of PCE from 6.82 % to 8.47 %, particularly contributed to higher Voc and FF,
as shown in Figure 3.5a. Besides, the increase of shunt resistance (Rsn), as seen in Table 3.2,
confirms this thin layer can be used as a shunt blocking layer, which contributed by
quenching the undesired current drains across shunt pathways due to pinholes 2, local small
grain size *°, high surface roughness, secondary phases, etc. Furthermore, Jsc remains stable
due to a compromise between the enhanced short-wavelength response and the weakened red
and infrared response, as presented in Figure 3.5b. The causes of such variations in optical

response are discussed in Section 3.3.5 and 3.3.6.
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Figure 3.5 a. J-V curves of CZTS devices without and with SnO> layer, b. EQE spectra of the
same devices in a. This figure has been published as our previous work in 2°. Reproduced

with permission 2°. © Copyright 2021 IEEE.

64|Page



3.3.4 Impacts of Device Performance from Different SnO, Thickness

The thickness and coverage of the SnO> layer are determined by SILAR cycles. The surface
coverage cannot be guaranteed when this layer is too thin, and thus, the passivation effect
could be limited. As demonstrated in Figure 3.6a and Table 3.1, Voc and FF increase with
SILAR cycles. However, as shown in Figure 3.7a, the excessive thickness of SnO; (8-cycle)
results in a lower PCE, caused by the decrease in Jsc and FF from larger series resistance (Rs),
although Voc is further improved due to the enhanced passivation effect. The EQE result in
Figure 3.7b shows the weakened optical response throughout the entire CdS and CZTS layers,
particularly at the heterojunction region. This could be driven by the increased Rs of the

resistive SnO; layer with a larger thickness.
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Figure 3.6 CZTS devices without and with SnO in different thickness (determined by
number of cycles) a. J-V curves, b. EQE spectra. This figure has been published as our

previous work in 3. Reproduced with permission 3. © 2021 American Chemical Society.
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Table 3.1 Summary of electric parameters of CZTS devices with different SnO> thickness.
This table has been published as our previous work in 3. Reproduced with permission 3. ©

2021 American Chemical Society.

SnO2 n Voc Jsc FF Rs RsH
thickness (%) (mV) (mA/cm?) (%) (Qcem?)  (Qcm?)
0-cycle SnO; 6.82 638 20.4 52.4 1.13 163
1-cycle SnO; 7.01 637 19.3 57.0 1.13 312
2-cycle SnO; 8.16 648 20.4 61.7 0.89 315
3-cycle SnO; 8.47 657 20.5 62.8 0.70 319
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Figure 3.7 Comparison of device performance without antireflection coating upon passivation
by SnO: by 3- and 8-SILAR cycle a. J-V curves, b. EQE spectra. This figure has been

published as our previous work in 2°. Reproduced with permission 2°. © Copyright 2021 IEEE.
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3.3.5 Limitations

As described in Section 3.3.3, weakened long-wavelength absorption restricted Jsc
improvement, which can be explained by the reduction of depletion region width (Wq),
measured from the C-V measurement, as shown in Figure 3.8. This, in turn, reduces the
collection depth within CZTS. The reason for the Wy reduction may be associated with the
polarization of the SnO, layer, which had been reported elsewhere 1. The polarization of
SnO; results in the accumulation of negative charges at the CdS/CZTS interface, partially
counteracting the electric field within the heterojunction. Consequently, it results in a
shallower junction depth and weaker band bending, which can also partially limit the Voc

improvement.

2.8x10"7

2.4x10'7

2.0x10'7

1.6x10"7

1.2x10'7 1

Neylem™)

8.0x10' - CZTS + 3-cycle SnO,

V,, =0V, W =196 nm

4.0x10' CZTS without SnO,

Vbja;OV, W=241 nm

L T T T T L L T T
140 160 180 200 220 240 260 280 300

Distance (nm)

Figure 3.8 Doping profiles for the devices without and with SnO> from C-V measurement.
This figure has been published as our previous work in 2. Reproduced with permission 2. ©

2021 American Chemical Society.
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3.3.6 Change in CdS

The improvement of short-wavelength response is arisen from the reduction of CdS parasitic
absorption due to a thinner CdS layer grown on the SnOz-coated CZTS during the CBD
process, as seen in the TEM images in Figure 3.9. As the CdS films grown on these samples
were fabricated in the same CBD batch with good uniformity, it is supposed that the growth
rate of CdS on the SnO, matrix is lower than that epitaxially grown on the CZTS surface %°.
The epitaxial growth on CZTS surface can be achieved due to their similar cubic lattice
structure 22. CdS has relatively low band gap energy at around 2.42 eV, leading to optical loss
from the parasitic absorption of CdS in the short-wavelength region, which can be
ameliorated by reducing CdS thickness. However, reduction of CdS thickness abates Voc and
FF which is commonly observed in chalcopyrite 2 and kesterite solar cells 24, showing the
increased shunting problem. The application of the ultrathin SnO2 layer seems to allow the

reduction of CdS thickness without noticeably sacrificing Rsh.

ITO
1-ZnO

CdS

CZTS

100 nm

Figure 3.9 TEM images showing the reduction of CdS thickness grown on an ultrathin SnO>
layer. This figure has been published as our previous work in 3. Reproduced with permission

13, © 2021 American Chemical Society.
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3.3.7 Thinner CdS for Parasitic Absorption Mitigation

Considering the shunt-blocking feature of the SnO> layer, CdS buffer layers with smaller
thickness were applied to the SnO,-passivated CZTS devices. From the literature 24, the
reduction of CdS thickness results in a severe shunting problem, where substantial drops in
FF and Voc have been observed. The thickness of CdS can be roughly estimated from
quantum efficiency measured between ~400 and 540 nm in EQE spectra. With the aid of the
SnO; layer, as shown in Figure 3.10a and Table 3.2, a much larger drop in CdS thickness
shows limited decreases in both Voc and FF. Changing the CBD duration from 8 min to 6
min, though FF still decreased slightly, the decrement is much smaller than what reported in
the literature 2*. Overall, better device performance can be expected due to the improvement
of Jsc using the optimal CBD duration between 6-8 min with the aid of this SnO> shunt-
blocking layer. The yield of Voc at a mere 585 mV for SnO»-passivated CZTS with 4-min
CBD-CdS buffer does not arise from the shunting problem as FF does not drop a lot. Instead,
it is caused by the limited quasi-fermi level splitting within the CdS n-type layer due to the
inadequate Wq within such a thin CdS layer, which starts growing on CZTS between 3-4 min.
Excluding the reduction of Wg within CZTS, the variation of CdS thickness does not
deteriorate the photocarrier collection within the CZTS layer, as illustrated in Figure 3.10b.
The decrease of CdS thickness leads to the reduction of CdS Eg 2° which reduces the cliff-like
band offset between SnO, and CdS while the valence band position does not change 2*. The
modification of the heterointerface can also be seen from the enhanced charge collection
between 550 and 650 nm in Figure 3.10b. Therefore, the insertion of this ultrathin SnO>
intermediate layer between CdS and CZTS enables the use of thinner CdS with constrained
shunting problems, resulting in not only the enhancement of current gain, but also the

optimization of band alignment.
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Figure 3.10 Comparison with the CZTS devices with different CdS thickness without and

with SnO. passivation layer fabricated by 3 SILAR cycles. Note that these devices have not

coated by antireflection coating.
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Table 3.2 Electric parameters of devices in Figure 3.10

Voc Jsc FF n
Device
(mV) (mA/cm?) (%) (%)
No SnO; + CdS-8min 585 17.9 58.1 6.08
SnO, + CdS-8min 667 16.5 64.6 7.11
SnO, + CdS-6min 639 175 58.2 6.84
SnO, + CdS-4min 525 19.0 57.3 5.71

3.3.8 Mechanisms of the CdS/CZTS Heterointerface Passivation

The mechanisms of WBG dielectric layers used as passivation layer are generally
investigated through chemical 8, field-effect/band-aligning 2, lattice-matching * and element-
/shunt-blocking routes “8. With respect to the passivation mechanisms of the ultrathin SnO;
intermediate layer, three possible routes could be involved: 1. The shunt-blocking feature is
obvious from the increase of Rsy and inhibition of degradation using thinner CdS. 2. Oxygen
reacts with the CZTS surface, which passivates the local defects. The beneficial role of O has
been reported in kesterite materials 2627, 3. The insertion of this WBG layer enhances the

field effect for charge separation and modifies the band alignment.

To investigate how this WBG dielectric layer affects the band alignment at the junction
region, the band diagram in Figure 3.11 has been plotted by considering the “cliff’-like CBO
of -0.21 eV between CZTS and CdS (derived from XPS measurement with known bandgap

28), SnO, band gap (3.7 eV, measured in this work, which may be underestimated due to
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much thinner thickness applied in the CZTS devices) as well as the band alignment at the
junction of CdS and SnOz . According to this literature, a “spike”-like CBO at around 0.1
eV between CdS and SnO; with relatively low doping concentration is measured by
photoelectron spectroscopy. Therefore, the conduction band position of the SnO> layer lies
between that of CZTS and CdS, acting as a mediator of the conduction band alignment to
enable the alleviation of the SRH recombination at the heterointerface. Additionally, the
enlarged valence band offset (VBO), which stemmed from the large Eg of SnO., can
effectively shield holes generated within CZTS away from the junction, enhancing the charge
separation. Holes generated at the CdS side can tunnel through this thin SnO, layer. However,
thicker SnO2 could interfere with the hole tunnelling through SnO. from CdS to CZTS
difficult and give rise to the larger series resistance. Additionally, as discussed, the
application of a thinner CdS buffer layer may further optimize the conduction band alignment

of CdS and SnO; (reduces the “cliff’-like CBO between SnO; and CdS).
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Figure 3.11 Schematic band diagrams of the CZTS/SnO,/CdS heterojunctions, which has
been constructed by combining the XPS core-level measurement for CZTS/CdS

heterointerface 28 with the band alignment for CdS/SnO; junction from the literature 2.

3.4 Summary

This section has demonstrated an effective passivation route for the heterojunction by
introducing an intermediate ultrathin stannic oxide layer between the CdS buffer and the
CZTS absorber layers through the SILAR method. Applying this layer yields an improved
minority carrier lifetime, which results in an increased Voc and FF, and hence the efficiency
of the CZTS solar cells. The thickness of the SnO- layer is critical for the device performance
improvement: inadequate thickness limits the passivation effect while too thick SnO> could
yield higher series resistance and poorer carrier collection. Furthermore, parasitic absorption

by CdS layer decreased due to the reduced CdS thickness because of a slower growth rate of
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the CdS layer on the SnO,-coated CZTS. The thickness reduction does not sacrifice Voc and
FF. A further investigation has done to investigate the optimized CdS thickness for the device
with the SnO- passivation layer. The deterioration of Voc and FF was significantly mitigated
with the aid of this SnO» shunt-blocking layer. However, the insertion of this dielectric layer
induces the reduction of depletion region width in the CZTS layer, showing a poorer spectral
response at the relatively long wavelength and partially inhibit the substantial Voc
improvement. The passivation mechanisms are proposed that this ultrathin SnO. layer not
only provides a chemical passivation route, but it also modifies the band alignment at the
heterojunction through optimizing the charge separation and buffering the CBO between
CZTS and CdS. Overall, this work provides an insight into passivation of the CZTS/CdS
heterointerface, modification of band alignment, as well as shunt blocking which enables the
application of thinner CdS for increasing the current gain. Last but not least, this NH4sOH-
resistant layer can be applied to conventional kesterite solar cells with the CBD-CdS buffer or

other solution-processed buffer materials, such as Zn(0O,S) .
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Chapter 4
Elemental Redistribution Induced Heterojunction Modification by

Moisture-assisted Post-deposition Annealing

4.1 Introduction

As discussed in Chapter 2, the non-radiative recombination at the heterojunction region is one
of the main loss mechanisms in CZTS devices. In Chapter 3, we employed an ultrathin
dielectric layer to passivate the heterointerface. In this chapter, a new strategy is developed

for heterojunction modification by manipulating the distributions of critical trace elements.

The beneficial effect of Cd incorporation has been intensively investigated in Kkesterite
semiconductors either through directly alloying Cd during CZTS formation, or alternatively
through post-deposition diffusion 7. Cd alloying at the former stage was beneficial in
reducing the band tailing #, increasing minority carrier lifetime, and promoting grain growth 1.
Cd incorporation within the CZTS/CdS heterojunction is considered as an effective method to
modify the heterojunction through alleviating the local non-radiative recombination and
optimizing the band alignment 356811 In previous studies, we have investigated Cd ion
soaking © and heterojunction annealing, which realized the incorporation of Cd ions into
CZTS absorbers 3, revealing the improvement of heterojunctions. However, no remarkable
Cd diffusion was observed through Cd ion soaking treatment ©, and the latter approach at
relatively high annealing temperature may yield unfavourable ZnS secondary phases at the
heterointerface 32, Apart from Cd, Na diffused from the soda-lime glass (SLG) substrates
during the sulfurization process is a generally recognized critical dopant in kesterite

semiconductors, which is beneficial for improving the grain growth 3, hole concentration and
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conductivity *1® and passivation of grain surfaces and grain boundaries (GBs) 68,
However, the presence of Na was reported to inhibit the diffusion of favourable Li through
post-deposition treatment (PDT) 2. For a similar reason, we speculate that the presence of
excessive Na could be the origin of the diffusion barrier of some other beneficial elements
incorporating into CZTS films through post-treatments. Relative to Na passivation at grain
surface and boundaries for the as-formed kesterite materials, it seems that Cd has more

beneficial roles in the modification of heterojunction when incorporates into the CZTS lattice.

Herein, we break the routine by reducing the Na concentration within the CZTS film to
facilitate more Cd diffusion into this layer. This has been accomplished by a novel moisture-
assisted post-deposition annealing (MAPDA) treatment upon bare CZTS films, which in turn
enables spontaneous Cd diffusion and activation during the follow-up CdS chemical bath
deposition (CBD) process. The mechanism of alkali removal is then excavated.
Comprehensive characterizations were employed to investigate the outcomes from the

elemental redistribution, including defect modifications and thereby the device performance.

4.2 Experimental

Before performing the MAPDA treatment, the as-formed CZTS samples were preserved in a
N atmosphere to prevent oxidation at the surface *’. The MAPDA treatment was conducted
by annealing the CZTS samples in a moistened N2 atmosphere with relative humidity at
100 %. The experimental apparatus was designed in-house specifically for this process, as
shown in Figure 4.1, which was composed of three parts: Gas Flow Control, a Moisture
Generator, and an annealing section (Humid Box and Hot Plate). Gas Flow Control regulated

the dry N> flow rate passing through the bubbler which merged into a flask filled with de-
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ionized water, as displayed in the Moisture Generator. The water molecules carried by N>
flow exhausted from the exhaust nozzle of the Humid Box. Dry N2 was moistened to 100 %
relative humidity (RH) at room temperature by controlling the gas flow rate, and the RH was
continuously monitored using a humidity sensor. For understanding the role of moisture in
the annealing process, dry N2 with a RH close to 0% was also used in the post-annealing
process. The MAPDA process commenced once CZTS samples started annealing on a hot
plate in the saturated N. atmosphere. The treatment was performed at a temperature between
200 °Cand 350 °C for 5 min, aiming to investigate the impacts of annealing temperature. The

detail of fabrication methods for other layers is presented in Chapter 2 (Section 2.4).
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Figure 4.1 Schema of the experiment apparatus explicitly designed for MAPDA treatment.

The inset shows the gas flow diagram for the system.
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J-V characteristics were measured at 1000 W/m? (AM 1.5G) from a solar simulator (ABET
IV Tester). EQE measurement was performed through a QEX10 spectral response system
(PV Measurements, Inc.). Suns-Voc measurements were performed under decaying pulsed
light from a xenon flash lamp with a full-width at half maximum (FWHM) of about 2 ms.
The TEM specimens were prepared using a focused ion beam (FIB) micro-sampling system
(FEI XT Nova NanoLab 200). The microstructure and compositional profiles were measured
by a JEOL F200 (200 kV) cold field emission gun (FEG) Scanning Transmission Electron
Microscope (STEM) equipped with a windowless silicon drift energy dispersive x-ray (EDX)
detector. For the capacitance-voltage (C-V) measurement, an impedance analyzer was used
with a frequency at 10k Hz and a DC bias voltage sweeping from -1.6 to 1.2 V and stepping
of 0.2 V. While the drive-level capacitance profiling (DLCP) measurement was conducted
with the AC amplitude varied from 20 to 140 mV and the same DC range. The admittance
spectroscopy was performed using an LCR meter (E4980A, Agilent) in an electromagnetic
shielding box from 120 to 300 K, with scanning frequency from 25 Hz to 1 MHz, and 50 mV
AC amplitude. Raman spectra were obtained with the Renishaw in via Raman Microscope

using a 785 nm laser.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was used to analyze the
distributions of trace alkali metal elements in CZTS devices with atomic fraction much less
than 1 % °2°, which took advantage of the low trace element detection limits (from ppm to
ppb 2! range for most species). CZTS device surfaces were bombarded by a pulsed, energetic
Cs* ion beam 22 under high vacuum condition (7 x 10° mbar), in conjunction with the
detection of MCs* molecular ions 2%, where M represents the element interested. In this MCs*
mode, information of both cations and anions can be directly obtained (e.g., the depth profiles
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of F can be collected from CszF*" which formed by coupling one F~ with two Cs™). Compared
to atomic probe tomography (APT), ToF-SIMS neither gives quantitative analysis nor
distinguish grains and GBs, whereas it analyses in a large area showing typical and statistical
information of elemental distributions. Figure 4.2 demonstrates a schematic ToF-SIMS
system. The measurements were conducted on a TOF-SIMS5 instrument manufactured by
ION-TOF GmbH Miinster Germany, using a Cs* sputter beam at 1 kV and 75 nA operating
over a 300 um x 300 um raster of the surface and a primary Bi®* beam at 30 keV and 0.34 pA

within the analyzed area of 100 pum x 100 pm.

Ion Mirror
Analysis Gun
® v Dual Sputter Gun
/ Detector
J D
Transport P
Pulsing > Optics S
- LS \
Focusing / \
Extractor
Raster ( Electron Flood Gun
-
\

Target ‘ [

Figure 4.2 Schematic diagram of a time-of-flight secondary ion mass spectrometry system.
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4.3 Results and Discussion

4.3.1 Manipulation of Critical Trace Elements

As one of the critical trace elements in CZTS, Na can be easily altered in distribution through
post-deposition annealing (PDA) 242, A higher concentration of Na diffused into the
heterojunction after the post-heat treatment has been observed . However, herein, performing
the PDA with the presence of water eventually yielded Na-depleted CZTS films, particularly
at the heterojunction region, which was supported by the ToF-SIMS measurements on the
completed CZTS devices. Figure 4.3a shows the structure of the devices and the depth range
for the ToF-SIMS analysis. We denote the control device as REF and devices with MAPDA
treatment at the different annealing temperatures as MA-200C, MA-260C and MA-350C,
respectively. Without MAPDA treatment, the peaks of Na concentration can be seen at the
CZTS/AI,O3/MoS; heterointerfaces, the CdS/ZnO heterointerface extending to the CZTS
surface with high concentration, as well as a hump at the middle-bottom region of CZTS film
(where more small grains present). The trend of Na distribution measured by ToF-SIMS
results is coincident with the atom probe tomography (APT) results reported elsewhere 31920
that most Na ions are generally observed at the rear heterointerface, the CdS layer and the
CZTS grain boundaries. Regarding the CdS/CZTS heterointerface, in general, a high
concentration of Na at the CZTS surface-most regions was washed off in the CdS precursor
solution during the CdS-CBD process 2’. The residuals, to some extent, migrated into the CdS
layer until blocked by the compact intrinsic ZnO layer. Although Na and K can be partially
removed by the CBD process, the MAPDA-treated samples still show significantly lower Na
and K concentrations, not only at the heterojunction, but also throughout the entire CdS and
the CZTS layers. The decrement of both alkali metals is dependent on the MAPDA
temperature. On the other hand, annealing at 350 °C diffused more Na and K from the SLG

substrate to the rear interfaces, but the considerably lower diffusion rate of these
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supplementary alkali metals into the CZTS layer could not compensate the loss of these
elements from the CZTS surface, resulting in the net loss within the CZTS bulk. The clear
contrast can be seen in Figure 4.3f through merging the Na and K profiles in a single graph
by normalizing the counts according to the bulk S concentration and in Figure 4.4 through

displaying the 3D render images of both alkali metal distributions.

a b 10* 4
B
3 10°
<
2
‘?
=
2
E el
10° 4
10" 4
C 104 d o
2 0 2 0
2 2
= g
T 107 10?4
10' lol
e 10 f
10° 4
7 z
= (=1
g 10°3s g
N2 < 104
2 2
.:—n. ‘E
=1 =
2 2
= =i '
10° 3 \ 104 |
10" 4 Y T o T 1 10‘3 r T T T
0 600 1200 1800 2400 0 600 1200 1800 2400
Sputter Time (s) Sputter Time (s)

Figure 4.3 a. cross-section SEM image of a finished CZTS device. The area marked by a red

rectangle represents the depth range selected in the ToF-SIMS profiles of b. REF. ¢c. MA-
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200C. d. MA-260C. e. MA-350C. Na and K distributions are highlighted in red and pink,

respectively. f. the combined profiles of Na and K among these four specimens.
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Figure 4.4 Three dimensional distributions of Na and K in a x-y dimension of 100 um x 100

pum from the surface of Mo to MgF layers.

To find out the reasons of alkali loss, we conducted further investigations via ToF-SIMS
measurements on the as-MAPDA CZTS samples and the finished CZTS devices undergone
dry N2 post-annealing prior to the CdS deposition. Both MAPDA and N2 annealing were
conducted at 350 °C for 5 min. The former is denoted as MA5 and the latter as N2-5. As
shown in Figure 4.5a, both Na and K were diffused from the CZTS bulk to the near-surface
region of MA5 compared to REF. The diffusion of these alkali metals was associated with the
presence of higher O and OH concentrations, as shown in the top panel of Figure 4.5a. By
contrast, although post-annealing in the dry N atmosphere can also promote Na and K
diffusion at the front region, it has been reported 2° that the increase of their concentrations
was observed throughout the entire absorber layer, and the net concentrations of Na and K are
even higher than the control sample after the wet-etching stage during the CdS CBD process.

Similarly, higher Na and K concentrations were witnessed by our ToF-SIMS measurement
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for N2-5, as shown in Figure 4.5b. The dry-N2 annealing treatment was conducted using the
same apparatus, temperature, duration and N2 flow rate. Therefore, water moisture in the
MAPDA treatment gives rise to the different Na and K diffusion dynamics. Water moisture
penetrated the upper section of the CZTS bulk (possibly along the CZTS GBs 28), and reacted
with the Na/K in this region to form OH- and O-phases which are highly soluble in aqueous
solutions. Based on these observations, the removal of alkali elements could possibly involve
two stages: 1. During the MAPDA treatment, Na and K diffuse from the bulk of CZTS to the
surface and the near-surface regions, and reacted with water molecules to form highly water-
soluble phases, such as NaOH, Na.O, or as other Na-S(-O) phases %°, as well as Na,CO3 and
NaHCOs during cooling at the ambient air atmosphere. 2. During the CBD process, these
highly soluble phases are immediately removed in the hot ammonia solution in the chemical
bath. Because a high concentration of Na has been driven from the deep bulk to the surface
and the near-surface region, the removal of Na phases at these regions during the second

stage results in the significant loss of Na within the CZTS layer.
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Accompanied by the reduction of Na concentration within the CZTS layer, it is also observed
by TEM EDS measurement that a higher density of Cd accommodates within the CZTS grain
interiors (GIs) and particularly at the GBs of the same cells which undergone the ToF-SIMS
measurements. As shown in Figure 4.6a-d, elemental distribution profiles were obtained from
the line scans across the sharp GBs of REF and MA-350C. In contrast to the ambiguous
difference of Cd distributions at the GB and the neighbouring Gls of REF, a distinct peak of
Cd concentration at the GB with an atomic fraction at around 1.5 % can be seen in MA-350C,

as shown in Figure 4.6e. Besides, the Cd concentration within the adjacent Gls is also

considerably higher.
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Figure 4.6 TEM-EDS line scans across CZTS grain boundaries of a. REF and b. MA-350C.

TEM images showing the directions of line scans are included as the insets. c&d. TEM
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images showing the line scan directions. e. zoom-in Cd distributions at the heterojunctions

denoted in the dotted squares.

Figure 4.7 a-e demonstrate the line scan EDS results from the CdS top region until the CZTS
bulk, across the entire CdS/CZTS heterojunction. As compared in Figure 4.6e, MAPDA
treatment promotes Cd diffusion into the CZTS grain interior. Such considerable
enhancement of Cd diffusion was achieved spontaneously during the 70 °C CdS-CBD
process, without any additional heat treatment. Furthermore, for the MAPDA-treated cells,

CdS shows Cd-deficit and S-enriched compositions with Cu concentration above 5 % in

atomic fraction.
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Cd and Cu counter-diffusion is believed to be the result of the significant reduction of Na
concentration within CZTS before the CdS deposition. As discussed previously, the loss of
Na predominantly occurred at the grain surface, boundaries, and within the CZTS grains in
lower content. Therefore, vacancies at these defects and within the CZTS structure left by the
absence of Na could enhance the spontaneous diffusion of Cd into these positions during the
CBD process. In the CdS layer, the density of Cd vacancies (Vcq) would increase due to the
significantly reduced alkali metal accumulation within CdS and the promoted Cd out-
diffusion from CdS to CZTS. Higher Vcq concentration within the CdS layer, in turn, drives

more Cu from the CZTS layer into the CdS layer.
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Figure 4.8 Selected area quantitative EDS analysis of GBs and Gls for Cd and Cu
concentrations. a. TEM image for sample REF with mark 1 and 2 denoted GBs and Gls,

respectively. b. TEM image for sample MA-350 with mark 1 and 2 for GBs and GlIs at
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shallower depth and 3 and 4 for those at deeper depth, respectively. ¢. Atomic concentrations

of Cd and Cu for the selected areas in a&b.

Figure 4.8a-c show the selected area quantitative EDS analysis of GBs and Gls for Cd and Cu
concentrations. As the selected area of the GBs also includes the adjacent Gls, the average
values of local atomic concentration are underestimated. Nevertheless, we still can see higher
Cd concentration at GBs of MA-350C and decrease along with the depth. Cd concentration in
atomic fraction drops from 0.90 + 0.21 % to 0.65 + 0.23 % at the GB and from 0.58 + 0.21 %
to 0.45 + 0.22 % within the Gls along approximately 200 nm depth. While in the REF device,
rather limited Cd concentration (~ 0.15 £ 0.22 %) presented at both the CZTS GB and the GI.
In terms of the change in Cu concentration, MAPDA treatment facilitates the diffusion of Cu
from the Gls to the GBs, while no big contrast in Cu concentration at both positions can be
notably seen in REF. According to the first-principles calculation, dangling bonds can also be
saturated through introducing Cu at the GBs 8, which could facilitate the GB passivation.
Furthermore, the precipitation of ZnS secondary phases within the CZTS layer can also be
observed in MA-350C (Figure 4.9d&e), which may lead to the increase of Cu/Zn ratio within

CZTS grains, as can be seen in Figure 4.9a-c.
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Figure 4.9 Cation ratios in REF and MA-350C derived from TEM EDS line scans shown in
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spectra with 325 nm excitation wavelength of REF and MA-350C. ZnS 1%, 2" and 3" order
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4.3.2 The Increased Disorder

The MAPDA treatment can yield more disordered CZTS because of the rapid cooling from
350 °C annealing temperature, which is higher than 260 °C — the critical temperature of post-
annealing for order-disorder transitions . To verify this, near-resonant Raman scattering was

performed with an excitation wavelength of 785 nm, on the as-grown CZTS films (REF), the
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MAPDA-treated CZTS films w/o (MA-350C) and w/ CdS buffer layers (MA-350C-CdS).
Four samples from each type were measured to ensure the result repeatability. The results
were shown in Figure 4.10a. The ratio of peak intensity at 288 cm™ to that at 304 cm™ can be
used as an indicator of ordering for ordered samples obtained from the controlled cooling at
the end of the sulfurization process, while the dominance of peaks at 368 and 376 cm™
compared with the main A mode peak at 339 cm™ can be used for comparing the order-
disorder for disordered samples 3°3. In general, CZTS is a disordered semiconductor without
intentional control of cooling after the sulfurization process *° or substitution of isovalent
elements #32, REF demonstrates the typical Raman spectra of a CZTS film. The higher
intensity ratios of peaks at 368 and 376 cm™ to the main A mode peak for MAPDA-treated
samples implies more significant disorder presents in these samples. A redshift (REF —MA-
350C) of the A mode peak, as shown in Figure 4.10b, can be regarded as another indicator for

the increased disorder 32

. Furthermore, as illustrated in Figure 4.10c, photoreflectance
measurement shows lower Eq of MA-350C (1.53 eV, compared with 1.63 eV of REF). The

reduction of Eq was (at least partially) induced by the increased disorder 31333,
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Figure 4.10 a. Raman spectra of the control bare CZTS (REF), MAPDA-treated CZTS
samples without (MA-350C) and with (MA-350C-CdS) CdS buffer layer. B. Featured A
mode peaks emphasizing the red shift. Four samples for each type were measured for
ensuring the data repeatability. C. Photoreflectance measurements for the CdS-coated CZTS

films.

4.3.3 Diffusion and Activation of Cd at Low Temperature

A further redshift of the A mode peak presented at the MAPDA-treated sample after the CdS
deposition (MA-350C-CdS), as shown in Figure 4.10b, which is highly likely associated with
the Cd incorporation into the CZTS lattice **4. Thermodynamically favoured Cd activation

during the CBD process could be related to the loss of Na within CZTS. Based on the first-

9% |Page



principles calculations, the formation energy of Nacy neutral antisite through the substitution
of Cu by Na is small and that through the migration of Na into Cu vacancies (Vcu) is even
smaller 3. Therefore, the removal of Na leaves V¢, acceptors vacancy by vacancy throughout
the entire CZTS films, especially near the GBs. The as-formed Vcy is partially compensated
by the occupancy of Cd at these defects to form Cdcy donors. The low formation energy of
this antisite can be supported by the first-principles calculations *® and negative formation
energy was calculated for the formation of [Cdcu + Vcu] neutral cluster. The presence of Cdcy
in the MAPDA-treated CZTS film can be seen from the filtered high-resolution high-angle
annular dark field (HADDF) image, as shown in Figure 4.11a-c. Thus, the precondition of
increased Vcy concentration achieved by the MAPDA treatment is the prerequisite to

facilitate much easier Cd diffusion and activation into the CZTS lattice.

High-resolution TEM was performed to investigate the role of Cd diffusion in the CZTS.
Figure 4.11a shows the bright field TEM image of MA-350C. The top CZTS region adjacent
to the CZTS/CdS heterointerface was scrutinized using a filtered high-resolution high-angle
annular dark field (HAADF) image (Figure 4.11b). The contrast of the atomic matrix in this
HAADF image depends on the mean square atomic number (Z?) of the constituent elements
along with the depth of this specimen (=100 nm) 3°%°, The inset enlarged image shows a clear
contrast from the different cation columns. Discussion about this approach in detail can be
found in our previous publication 3. Figure 4.11d shows the intensity profile of a row of
cations along the [100] zone axis as enclosed by the red rectangle. The distinctively strong
peak represents Sn which has a much larger atomic number than the other CZTS constituent
elements. Three cation elements between two Sn ions are in the order of Zn, Cu and Cu
considering the kesterite structure. The neighbouring Zn and Cu elements in the periodic
table have adjacent atomic numbers, and thus the peak intensities of these ions are supposed
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to be very similar. However, Z? along the atomic column could vary from column to column
due to the presence of antisites and vacancies. It is obvious that two columns within the
selected four unit-cells are much stronger than the other Cu/Zn sites. Although we cannot
directly rule out the substitution of Cu by Sn, based on the first-principles calculations®®*,
the formation of Sncy antisites is thermodynamically unfavourable. Considering the Cd
alloying in the kesterite matrix as evidenced by the EDS and Raman characterizations, these
large intensity spikes are highly likely ascribed to the formation of Cdcy which has relatively
low formation energy 3’. This result further supports that the Cd activation at the CZTS lattice

can occur during the CBD process at such a low temperature at 70 °C.

Figure 4.11 a. bright-field TEM image of cross-sectional CZTS device with MAPDA
treatment, with the layer identification schema shown left. b. Filtered atomic resolution

HAADF image taken at the region near the CdS/CZTS heterointerface. ¢. The intensity
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profile in a row of cations marked by the red rectangle shows the cation exchange (Cd

occupying Cu sites), referring to the kesterite structure which depicted in the bottom schema.

4.3.4 Defect Investigations

Na loss and ion exchange may result in the variation of defect type and energy level, which
was investigated via admittance spectroscopy (AS). Figure 4.12a&b show the temperature-
dependent admittance spectra of REF and MA-350C, and Figure 4.12 c¢ presents the
Arrhenius plots, from which the defect activation energy (Ea) and the attempt-to-escape

frequency v, of the defects can be obtained, according to the relation 42:

Eq
Wy = 2V, exp (— k_T) 1

where k is the Boltzmann constant, and w, is the inflection angular frequency of the
electronic transition, determined by the maxima of fdC/df. At a certain temperature,
specific defects can be charged or discharged only at a modulation frequency w < wy.
Otherwise, the carriers originated from the corresponding defects cannot follow the AC
excitation, i.e. being dielectrically frozen out, and thereby reducing the junction capacity 4?43,
From the Arrhenius plots —In (w,/T?) as a function of 1000/T, Ea and v, are derived from
the slope of the linear fit (broken line) and the vertical-axis interception. After the
acquirement of the built-in voltage Vpi and the depletion region width of the heterojunction
Wjq from capacitance-voltage (C-V) measurements, the defect energy distributions residing

within the band gap were plotted in Figure 4.10d&e, based on the following equations #2:

2
E(w) = kT In (&) 2
w
Vbl dC w
Nt(E(a))) = ——W @ ﬁ 3
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where E is the defect energy with respect to the VBM.
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Figure 4.12 Defect study through admittance spectroscopy for REF and MA-350C.

Admittance (C-f-T) spectra of a. REF & b. MA-350C. c. Arrhenius plots obtained from

admittance spectra. Energy-resolved defect profiles of d. REF & e. MA-350C.

As shown in Figure 4.12 c, the defects residing REF with Ea of 347 meV and MA-350C with

Ea of 243 meV are considered as different defects, possibly assigned to Zns, and Cuzn,

respectively 34144 These antisites have relatively low formation energies 34! and both are
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considered as the major doping sources respectively for each sample. The shallower defects

presented in MA-350C at 75 meV are considered as Vcy 3.

The actual mechanisms of Znsn suppression and shallower Cuz, activation are still veiled,
which require further in-depth investigations. Based on our experimental results and
theoretical calculations reported elsewhere “°, the dominance of Cuz, may possibly stem from
the removal of interstitial Na from [Cuz, + Nai] clusters, as well as the change of intrinsic
element ratio due to the segregation of ZnS secondary phases as discussed in our TEM-EDS
and Raman results (Figure 4.9). The latter may also determine deactivation of Zns, antisites.
In addition, high temperature post-deposition annealing cannot provide sufficient relaxation
process for defect clusters with high formation energies, such as [Znsn + Snzs] and [Znsn +

2Sncy] 264, which, in turn, compensates deep Znsn acceptors and decreases Eg.

The activation of V¢ is very likely ascribed to the Na loss because Na is thermodynamically
favoured to accommodate Cu sites as charge-neutral Nac, antisites *1°2°, According to the
first-principles calculations, the formation energy of charge-neutral Nacy is much lower than
that of Vcu, Zncy and Sncy antisites *° for Cu poor compositions used in this work, which
normally yield the best device performance *4¢-4°. However, the formation energy of a large
population of V¢, is high ¢ and Ve, is prone to be compensated by donor-like defects, such
as Zncy and Cdcy with relatively low formation energy, to form electrically benign neutral
clusters ([Vcu + Zncy] and [Veu + Cdcy]) %%, Compensation between Vcu and these donor-
like defects, in turn, gives rise to the low Vcy density observed from Figure 12e. In addition,
the emerging Vcu may, in turn, explain the spontaneous low-temperature (70 °C) Cd diffusion

and activation during the CdS deposition process, much lower than 200 °C which reported
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insufficient for Cd diffusion 2. As discussed hereinbefore, the presence of Cd in CZTS lattice
was found as Cdcy antisites from the HAADF results. The formation energy significantly
decreases when Cdcy couples with Ve (i.e., [Vcu + Cdcu]) by theoretical calculations 2. The
incorporation of Cd into CZTS could be another benefit to alleviate the SRH recombination

through optimizing the heterojunction band alignment and to suppress the band tailing issue

3,8,10,50

4.3.5 Modification in the CZTS/CdS Heterointerface

The defect modification via the MAPDA and the sequent CdS deposition was proved in the
CZTS bulk in Section 4.3.4. But the elemental redistributions occurred more remarkably at
the CZTS heterojunction and the CZTS GBs. The heterointerface improvement was
investigated using C-V and drive-level capacitance profiling (DLCP) techniques. Compared
to C-V measurement, DLCP characterization is primarily sensitive to the bulk states, which
can give defect density with little interference by the presence of interface states °2. Therefore,
the combined C-V and DLCP characterizations provide an estimation of the heterointerface
defect states °3. As shown in Figure 4.13 and Table 4.1, the significant reduction of the defect
concentration (Nt) within the space charge region (SCR) after the MAPDA treatment is
proved by the carrier concentration difference measured by C-V (Ncv) and DLCP (Npr) under
zero bias. The decrement of the heterointerface deep-level acceptor defects is over one order
for MA-350C compared to REF. According to the AS results, these inhibited defects are

suspected as Znsp antisites.
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Figure 4.13 Carrier concentration profiles obtained by C-V (solid lines) and DLCP (broken

lines) results of the same cells in Figure 4.3-4.7. The measurement was performed at 10 kHz

from +0.2 to -1.6 V DC bias.

Table 4.1 Parameters of electrical properties obtained from C-V and DLCP measurements.

CZTS Wq NbL Ncv Nt
Device (nm) (cm™®) (cm™®) (cm)
REF 159 2.05x10% 3.34x10% 2.05x10"
MA-260C 143 2.24x10'° 2.53%x10%6 4.12x10%
MA-350C 106 3.82x10%6 3.92x10%6 1.06x10%°
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4.3.6 Improvement in Device Performance

Through the modification of the heterojunction by MAPDA, a significant improvement in
device performance has been demonstrated. Figure 4.14a and Table 4.2 summarize the J-V
characteristics of the CZTS solar cells w/ and w/o MAPDA at different temperature. With the
aid of the MAPDA treatment at 350 °C, the Na-depleted and Cd-incorporated CZTS solar cell
presented a significant improvement in efficiency from 7.50 % (REF) to 8.67 % (MA-350C).
MA-260C shares a similar trend in performance improvement, but the extent is not as
remarkable as that of MA-350C, which is reasonable due to relatively weaker reduction in
heterointerface defect density. The boost of efficiency is mainly contributed by the
improvement of Jsc and FF, albeit a slight drop in Voc results from the decreased Eq in the
treated devices. Apart from the photoreflectance results discussed hereinbefore, the reduction
in the CZTS Eq can also be noticed from the redshift of EQE curve tails. This section of EQE
data was used for fitting the plot of [EpnIn(1-EQE)]? vs Epn (photon energy) to determine the
Eg of the CZTS films °*, as shown in the inset of Figure 4.14b. The Eq values were displayed
in Table 4.2. The overall effect of a slight drop of Voc and more remarkable decrease in Egq
give a result in the reduction of Voc deficit with the increased MAPDA temperature, as

shown in Table 4.2.
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Figure 4.14 a. J-V characteristics of CZTS solar cells w/ and w/o MAPDA treatment at
different temperature. b. EQE spectra of these same cells. The inset image shows the

[hvxIn(1-EQE)]? plots to determine the band gaps of CZTS absorbers.

As the EQE spectra demonstrated, the enhancement of collection efficiency contributes to the

improvement in short-wavelength response, CZTS-absorption spectra response at the surface
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and long-wavelength response. The mechanisms of the improvement in short-wavelength
response will be discussed in Chapter 5 and 6. The increase of photocarriers collection
efficiency at the CZTS surface is induced by the mitigation of non-radiative recombination
within the SCR and particularly at the heterointerface with significantly reduced defect
density. However, the shrink of depletion width has a negative impact on charge collection at
relatively deeper bulk of CZTS, showing weaker improvement of optical response from 620

to 710 nm.

Table 4.2 Detailed device performance parameters and band gaps of CZTS absorbers w/ and

w/o MAPDA treatment at different temperature.

CZTS Eff Voc Jsc FF Eq Voc Deficit
Device (%) (mV) (mA/cm?) (%) (eV) (mV)
REF 7.50 677 18.4 60.2 1.55 872
MA-200C 7.20 686 19.4 54.1 1.54 850
MA-260C 7.87 662 19.6 60.8 1.50 841
MA-350C 8.67 646 21.0 63.9 1.47 825

By fitting the curves using a single diode model, as displayed in Table 4.3, the drop of
ideality factor (A, from 3.02 to 2.23) and dark saturation current density (Jo, from 2.92x10®
A-cm™t0 2.63x107 A-cm, respectively for REF and MA-350C), suggests that the decrease
of Voc deficit is attributed to the mitigation of non-radiative recombination within the SCR,

which correlates with the reduction of the defect density at the CZTS/CdS heterointerface.
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Table 4.3 Detailed device performance parameters estimated using a one-diode model.

CZTS Voc Deficit Rs RshH Jo
Device (mV) (Q-cm?) (Q-cm?) . (mA/cm?)
REF 872 1.52 462 3.02 2.92x10°
MA-200C 850 2.65 319 3.65 1.21x10°
MA-260C 841 2.73 472 2.53 7.50%x1077
MA-350C 825 1.76 477 2.23 2.63x107

In terms of the disordering impacts on device performance, Stéphane Bourdais et al. reported
the more disordered sample with smaller Eq improves Jsc by ~1.8 mA/cm? while reducing
Voc by ~38 mV on average of one batch samples of CZTSSe solar cells (as well as a slight
increase of FF), achieved by controlling the cooling rate *°. However, the improvement of Jsc
is limited, and the Voc deficit is unchanged. Therefore, in this work, the device performance
results via MAPDA are not merely stemmed from the change of the order-disorder. Instead,

heterojunction modification is one of the main reasons contributing to the improvements.

4.4 Summary

In this chapter, we developed moisture-assisted post-deposition annealing (MAPDA) as a
novel post-deposition treatment to achieve defect control through the element interdiffusion.
The loss of Na facilitates the spontaneous Cd diffusion and activation during the CdS CBD
process at 70 °C and stimulates the out-diffusion of Cu towards the CZTS GBs, surface and

the CdS layer. Meanwhile, the precipitation of ZnS secondary phases at the bottom of the
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CZTS layer leads to the increase of Cu/Zn ratio especially at the CZTS surface and GBs
where Cu is richer. The overall element redistribution induces the generation of Vcy,
activation of Cd, suppression of deep acceptor Znsn, and the increase of the density of
shallower acceptor, contributing to the improvement of device performance, especially at the
heterojunction region. This work is of significance in giving a new viewpoint to fabricate
efficient kesterite solar cells through a novel defect engineering model, and in facilitating the
diffusion of more desirable extrinsic elements through removing excessive Na, which may
also be beneficial for a wider range of Na-containing thin film semiconductors. The
detrimental role of excessive Na will be unveiled in Chapter 6 using nanoscale optoelectronic

characterizations.
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Chapter 5
Efficient CZTS Solar Cells with Significant Optimization of Heterojunction
by Combined Post Annealing: Moisture-Assisted Post-Deposition

Annealing and Heterojunction Annealing

5.1 Introduction

In Chapter 4, moisture-assisted post-deposition annealing (MAPDA) was introduced as a
novel post-annealing treatment for improving the properties of CZTS and the heterojunction.
The overall device performance is improved through manipulating the distribution of Na and
Cd via MAPDA treatment. In this chapter, a follow-up heterojunction annealing (HJA) was

adopted combined with the MAPDA process to further boost the device performance.

HJA is recognized as a compelling method for modifying the CdS/CZTS heterojunction
through various optimization mechanisms. Elemental interdiffusion * at the heterojunction
contributes to the mitigation of SRH recombination through optimization in local band
alignment 23, As discussed in Chapter 2, sulfide CZTS has a cliff-like conduction band offset
at the heterointerface with the CdS buffer, which aggravates the SRH recombination at the
defective heterointerface 4°. Upon HJA, Zn diffusion from CZTS into the CdS layer as Zni-
«CdxS can elevate CdS conduction band minimum with higher Zn incorporation . Meanwhile,
the diffusion of Cd into the CZTS surface can result in a compensation of hole carrier
concentration and enhance the downward band bending at the CZTS near-surface region 2,
further optimizing the conduction band alignment at the heterojunction. Furthermore, the

expansion of the Cu-poor/Zn-rich phase was observed ®° through HJA which can suppress
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the Fermi level pinning by reducing deep acceptor-like defects at the CZTS surface %!, This
could be important for the MAPDA-treated sample which has a high Cu/(Zn + Sn) ratio at the
CZTS surface. Recrystallization of CdS ®*2 would be another benefit of HIA °, however, CdS
layers are generally regarded as a dead layer where low-t photocarriers generated in this layer
cannot be effectively collected due to the high defect density 4. Moreover, it can be very
important for the Na-depleted samples by MAPDA that HJA can accumulate favourable Na
within the heterojunction region 3. CdS annealing at high temperature (beyond 300 °C) in the
air would be advantageous in forming high conductivity CdSO4 phases at the CdS surface for
charge transport *>%°, but a problem would have arisen from the precipitation of ZnS phases

at the heterointerface region at a lower temperature (~300 °C) 1.

Herein, HJA was conducted in the ambient air with the optimal MAPDA treatment recipe
(350 °C at saturated N2> atmosphere) which yields the best device performance and the lowest
Na concentration. This chapter displays manipulation of the critical trace elements, Na and
Cd, and demonstrates significant improvement of device performance using the combined
post-annealing treatments. Suns-Voc measurement determines the significant mitigation of
SRH recombination at the heterojunction. Furthermore, the change of CdS due to the

elemental interdiffusion was also investigated.

5.2 Experiment

The HJA treatment was added after the CdS deposition process with or without the MAPDA
process, as shown in Figure 5.1a-c. The optimal recipes (350 °C for 5 min) of the MAPDA
process were used in this chapter producing the least alkali metal density and the best device

performance. 8-min MAPDA process was also employed which could suggest an increased
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alkali metal depletion. Here, we denote the control, 5-min and 8-min MAPDA treatments as
MAO, MA5 and MAS8. The HJA treatment was performed on a hot plate in the ambient air
atmosphere with a substrate annealing temperature at 150 °C or 260 °C for 10 min (marked as
MAO0/5/8-150C or MAO0/5/8-260C, respectively). The use of two HJA annealing temperatures
aims to obtain different elemental distributions. The temperature of 260 °C was chosen in this
work because it is considered as the critical temperature of the order-disorder transition %,
and close the optimal HJA temperature in N2 ! used in the record CZTS devices 3. The details
of fabrication and characterization methods were presented in Chapter 2 (Section 2.4) and

Chapter 4, respectively.

MAPDA CdS-CBD HJA

wn
. m A 0 A D -
Moistened N, 3 CdS Precursor Ambient Air ‘E
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5 @]
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(MAS) e @ 260 °C for 10 min
o
@ 350 °C for 8 min (MA0/5/8-260C)
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Figure 5.1 The flow of experiment processes of post-annealing before and after the CdS
deposition with sample denotations a. moisture-assisted post-deposition annealing (MAPDA)
process; b. CdS chemical bath deposition (CBD) process; c. heterojunction air annealing

process. It is noted that Na loss actually happens in process b, however, it can occur by
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dipping in just hot ammonia or deionized water. The main contribution of Na loss is the

MAPDA process, as discussed in Chapter 4.

5.3 Results and Discussion

5.3.1 Further Modification of Elemental Distributions

The supplementary diffusion of alkali metals after HJA was observed from the ToF-SIMS
results, as shown in Figure 5.2a-d. The distinct alkali metal peaks present within the CdS
layers (Figure 5.2c&d) of MA5-150C and MA5-260C give big contrast to the absence of that
in the MAPDA-only device in Figure 4.3e in Chapter 4. Although the Na concentration
partially recovered, it is still much lower than those within the MAPDA-absent devices
(MAO0-150C and MAO0-260C). Relative to the HJA-devices at 150 °C, those at 260 °C show
higher Na concentrations at the front region of the CZTS layer and within the CdS layer.
Furthermore, a considerably higher concentration of K accumulated within the CdS layer and
the CZTS surface region of MA5-150C. It may occur through the occupancy of K over the
vacancies that remained after the substantial Na loss and not yet completely occupied by Cd
and Cu ions. Besides, such a low temperature is insufficient to drive more Na from the MoS>
layers into the CZTS films. The improved K diffusion upon the Na-depleted heterojunction
provides another example apart from Cd that extrinsic diffusion of some critical elements is
inhibited by the dwelling of the excess Na ions. The MAPDA technology provides a solution

to remove the excessive Na and thus promotes extrinsic diffusion.
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Figure 5.2 ToF-SIMS depth profiles scanned from the bottom of ITO layers until the surface
of MoS: layers of the devices without MAPDA but with HJA at a. 150 °C (MA0-150C) and b.
260 °C (MAO0-260C), as well as MAPDA-treated devices with HJA at c. 150 °C (MA5-150C)

and d. 260 °C (MA5-2600C).

This supplementary HJA also effectively strengthens Cd diffusion into the CZTS grain
boundaries (GBs) and the grain interiors (Gls). A marked accumulation of Cd with the atomic
fraction approximately 3 % was detected at the GB after the combined treatment with HJA at
260 °C, as shown in Figure 5.3c. However, the presence of strong Cd signals at the rear
region gives us a concern that the aggregation of intensive Cd ions at the bottom, especially

in the CdS phase, may yield a harmful reverse junction, hindering the local charge separation.
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Figure 5.3 TEM image and EDS results for the device with combined 5-min MAPDA and
HJA treatments. Arrows indicate the direction of a line scan across a grain boundary. a. TEM

image; b. EDS map of Cd; c. line scan profiles across the grain boundary.

5.3.2 Further Improvement in Device Performance

The further optimization of elemental redistributions yielded a significant leap of PCE to
9.40 % by the combined treatments with the lower HJA temperature (MA8-150C), surpassing
that using the same HJA conditions but without MAPDA treatment (MAO0-150C, 7.88%), as
displayed in Table 5.1 and Figure 5.4. Relative to MA8-150C, MA5-150C shows a similar
trend but less improvement of device performance parameters. Being the optimal temperature
L used in the record CZTS cell ® for HJA in the N, atmosphere, MA0-260C has a significantly
higher efficiency (8.82%) than MAO0-150C. However, the improvement is still no match with
the MAPDA-treated devices with a lower HJA annealing temperature (i.e., MA8-150C). The

combined treatments of MAPDA and HJA at 260 °C (MAS5/8-260C) give rise to the
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degradation in FF, especially for the device with a longer MAPDA duration (MA8-260C),
albeit a champion Voc was acquired. The trends in the best cells of these devices coincide
with those in average of all fourteen cells on each device, statistically, as seen in Figure 5.5.

MAJ5-150C and MA8-150C have average efficiencies of ~8.8% and ~9.0%, respectively.

Table 5.1 Device performance parameters for the same cells in Figure 5.4 with the treatment

variable recipes (All MAPDA at 350 °C and HJA for 10 min).

MAPDA HJA Voc Jsc FF n
CZTS Device

(min) °C) (mV)  (mA-cm?) (%) (%)
MAO0-150C 0 150 623 21.9 57.7 7.88
MAS5-150C 5 150 638 22.3 63.0 8.97
MAS-150C 8 150 649 22.8 63.5 9.40
MAO0-260C 0 260 658 21.4 62.5 8.82
MAS5-260C 5 260 656 21.4 61.3 8.62
MAS-260C 8 260 675 21.6 58.0 8.44
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Figure 5.4 J-V characteristics of the best cells on the devices with HJA at 150 °C and 260 °C

without and with MAPDA at 350 °C for 5 min and 8 min, respectively.
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Figure 5.5 Statistical box plots of device performance parameters from fourteen cells on each

device. a. Voc, b. Jsc, ¢. FF and d. .

Figure 5.6a-b show the EQE spectra of the champion cells of each device mentioned above.
Regarding the best performing cells, both MA5-150C and MA8-150C involve the reduction
in Eg, induced by the increased disorder during the MAPDA process, as discussed
hereinbefore. This, in turn, demonstrates the smallest Voc deficit among these devices — a
drop by 64 mV compared to the HJA-only counterpart, as summarised in Table 5.2. Fully
recovery of Eg occurred in the devices with higher HJA temperatures, while the underlying
mechanisms have not yet unveiled. Moreover, a comparably small Voc deficit is obtained in

MAB8-260C.
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Figure 5.6 EQE spectra of the same cells in Figure 5.4. For comparison, the results were

presented into two figures: a. HJA-treated samples without and with MAPDA treatment for 5

min; b. the same HJA-treated only samples but versus the counterparts with MAPDA

treatment for 8 min. The inset images c. and d. show the [hvxIn(1-EQE)]? plots to determine

band gaps of CZTS absorbers in Figure a and b, respectively.
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Suns-Voc characterization measures Voc as a function of incident light intensity 2. Table 5.2
displays the device performance parameters of these cells obtained through fitting the Suns-
Voc curves by a two-diode model. MAPDA with 150-°C HJA improved pseudo FF (p.FF)
and decreased saturation current density Jo2 (n=2), implying the effective alleviation of SRH
recombination within the heterojunction. While by contrast, HJA at 260 °C plays a role in
depressing the SRH recombination within the CZTS bulk and the heterojunction, because
both Jo1 and Joz are reduced, but particularly Jo:. Albeit the severe degradation in FF of MAS-
260C, it shows the highest p.FF and the best bulk and heterojunction quality. Thus, the drop
in FF could result from the increased series resistance, which can be clearly observed from
the J-V characteristics in Figure 5.4. Overall, the combined MAPDA and HJA treatments are
very effective to mitigate the SRH recombination, especially within the heterojunction. More
evidence of SRH recombination alleviation will be given in Chapter 6 using advanced

nanoscale optoelectronic characterizations.

Table 5.2 Eg4 extracted from EQE spectra, Voc deficit and device performance parameters of

the same cells in Figure 5.5 obtained by fitting their Suns-Voc curves using a two-diode

model.
CZTS Eg Voc Deficit p.FF Jo1 Jo2
Device (eV) (mV) (%) (A-cm?) (A-cm?)
MAO-150C 1.51 888 81.0 1.50E-11 6.77E-07
MAS5-150C 1.48 847 82.9 7.03E-12 2.37E-07
MAS-150C 1.47 824 83.4 1.64E-11 7.30E-08
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MAO0-260C 1.50 847 81.4 3.36E-12 3.60E-07

MAS5-260C 1.52 867 81.5 4.46E-12 4.33E-07

MAS8-260C 1.50 825 83.9 5.20E-12 8.49E-08

5.3.3 Variations of the CdS Layer due to the Post-Annealing Treatments

As shown in Figure 5.6a-b, the change of short-wavelength response is negligible among
devices with different annealing conditions. However, the MAPDA-only samples
demonstrate a significantly higher blue response compared to the control samples in Chapter
4. The simplified EQE profiles (only the control in black and the optimal condition in red
included) can also be found in Figure 5.7, with colour fillings for illustrating the contribution
of Jsc improvement by different functional layers. Apart from the major improvement due to
the optimization of CZTS layer, the refinement of optical response within the CdS absorption

spectrum is also observed, indicating the variations of the CdS properties.
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Figure 5.7 EQE spectra the control (MAQ) and the modified (MAPDA @ 350 °C for 5 min,

denoted as MA5) marked in black and red, respectively. The colour fillings indicate the
contributions of the improvement of optical response at the different layers of the CZTS solar

cells.

TEM images in Figure 5.8a reveal the unchanged thickness of the CdS layer albeit the surface
chemistry of CZTS was altered by the MAPDA treatment before the CBD process.
Furthermore, photoreflectance measurement performed on the CZTS samples with the CdS
buffer layers (Figure 5.8b) shows a slight reduction in the CdS Eg4 from 2.39 eV to 2.36 eV.
This observation agrees with the literature reports of the Ey decrease due to Cu doping in the

CdS films 2223, which was also observed here (=5 at% of Cu found in the CdS layer of the
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samples with the MAPDA treatment). Therefore, the enhancement in the blue response is not

related to reduced parasitic absorption by the CdS thickness reduction or the CdS Eq increase.

MAS@260C

b = MAO
« MAS
——Fitted: MAO
—— Fitted: MAS
-
&
<

17 138 :39 2 21 22 23 24 25 26 27 28
Photon Energy (eV)

Figure 5.8 a. TEM images of MAO, MA5@200/260/350C, showing the thickness of CdS
layer. b. Photoreflectance measurement for CdS films grown on the control CZTS layer

(MADO) and the MAPDA-treated CZTS layer (MAD5) to determine the band gaps of CdS layer:

2.39 and 2.36 eV, respectively.

X-ray diffraction (XRD) measurement was conducted for analyzing the CdS structural

change after MAPDA and HJA treatments. As shown in Figure 5.9a, the orientation of the
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cubic CdS is (220) in MAO, according to the JCPDS card 04-003-7133 for cubic CdS.
However, MADS reveals a smaller peak in (200) orientation but sprouting peaks at 20 = 42.6 °©
and 49.6 °. These two peaks represent (110) and (200) orientations of hexagonal CdS with a
shift of ~1.4 ° towards a smaller angle, according to the JCPDS card 04-002-3090 for
hexagonal CdS. The variation of the CdS structure from cubic to hexagonal is highly likely
related to the incorporation of Cu dopants where ~5% atomic fraction of Cu was seen in the
CdS layer in Chapter 4. Cu doping can explain the slight decrease of the CdS Eq ?2as shown
in our photoreflectance results (Chapter 4) and the change of its optoelectrical properties from
the EQE measurement (Figure 5.7). Regarding the HJA treatment, the crystallinity of cubic
CdS was improved and the orientation at (220) was strengthened, particularly for higher
annealing temperatures. The increased crystallinity can reduce the defect density 2*. MAS5-
150C displays a clear (220) peak demonstrating a cubic structure. Figure 5.12b shows small
shifts in 20 angles of MA5 and MAO0-260C indicating the increase in the interplanar distance,
which was also observed elsewhere after CdS annealing 2°. Compared to MA0-260C, the low
HJA temperature (MA5-150C) has relatively poorer crystallinity and a smaller lattice
constant. The smaller CdS lattice constant could result in a smaller lattice mismatch with the
CZTS surface 52¢ which could benefit the heterointerface by reducing the dangling bonds.
Furthermore, oxidation at the CdS surface, in the form of conductive CdO ° or CdSO4 ¢ was
reported when annealing in air, particularly at a temperature beyond 300 °C "1°. However,
our result excludes this possibility as no oxide phases were detected. It is still not clear how
the change of the CdS phases affects its electrical properties and will be further investigated
in future work. Possible mechanisms of spectral response improvement in the CdS absorption
spectrum will be further unveiled in Chapter 6 with the aid of advanced nanoscale electrical

characterization techniques.
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Figure 5.9 XRD patterns of CdS-coated CZTS films w/ and w/o MAPDA and/or HJA

treatments. a. selected 20 range from 22 ° to 52 °. b. XRD of the (220) peaks of the CdS films.

5.4 Summary

In this chapter, we utilized heterojunction annealing (HJA) in air combined with the novel
MAPDA treatment proposed in Chapter 4, facilitating strengthened Cd diffusion and
replenishing favourable alkali metal elements. A champion efficiency at 9.40% with an
average of ~ 9% was achieved using HJA at 150 °C associated with the optimal MAPDA
treatment. These combined treatments significantly modify the heterojunction quality. The
device performance enhancement through the combined treatments surpasses that from the

HJA-only treatment, which can be used to replace the latter for yielding high-efficiency
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kesterite solar cells. Furthermore, variations of the CdS layer were also explored with regard

to the optical and structural changes. An in-depth investigation of this layer and more

evidence of heterojunction improvement will be presented in the next chapter using advanced

nanoscale characterization techniques. This work not only proposes a new strategy to modify

the heterojunction through optimizing the local distributions of Cd and Na, but also provides

a feasible approach to manipulating the critical trace elements for chalcogenide materials in

general.
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Chapter 6
In-depth Study of Moisture-assisted Post-deposition Annealing &
Heterojunction Air Annealing by Nanoscale Optoelectronic

Characterization Techniques

6.1 Introduction

The moisture-assisted post-deposition annealing (MAPDA\) treatment introduced in Chapter 4
and the integration of MAPDA and heterojunction annealing (HJA) introduced in Chapter 5
are considered as promising post-treatment technologies for wide applications, such as
extrinsic elemental incorporation, manipulation of alkali metals after the formation of the
CZTS films, the heterojunction and bulk modification, etc. An in-depth understanding of this
novel technology is essential for broader applications. In this chapter, scanning probe
microscopies including Kelvin probe force microscopy (KPFM) and conductive atomic force
microscopy (C-AFM) were applied to understand the nanoscale optoelectronic properties of
the CZTS films with MAPDA and the CdS-coated CZTS films undergone the combined
MAPDA and HJA treatments. The effect of excessive Na and K at the CZTS surface was
unveiled by KPFM and C-AFM. Systematic surface photovoltage (SPV) investigation was
performed on the CdS-coated CZTS samples using KPFM to demonstrate the overall
improvement of the heterojunction, the CZTS bulk and the CZTS grain boundaries (GBs).
SPV measurement under low photon injection reveals the substantial mitigation of SRH
recombination. The variations of the CdS optoelectronic properties were discussed using SPV
measurement with low-wavelength photoexcitation. As this chapter is mainly focused on the

KPFM and its application, the principle of KPFM is first introduced in the next section,
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followed by experiment result and discussion of its applications in kesterite solar cells

received MAPDA and HJA treatment.

6.2 KPFM Operation Principle, Applications of Chalcopyrite/Kesterite
Semiconductors & Methods

KPFM is an extended application of atomic force microscopy (AFM), with the integration of
the Kelvin probe, enabling the simultaneous measurement of surface potential and
morphology. The term “Kelvin probe” is named in memory of Lord Kelvin who conducted
the parallel plate capacitor experiments in 1898 *. In 1932, the Kelvin probe was developed to
measure contact potential differences between dissimilar metals by William Zisman, who
incorporated the vibrating condenser with the reference metal with a known work function 2.
The first integration of the Kelvin probe and AFM was achieved in 1991, facilitating the
simultaneous imaging of topography and CPD of various metals in a lateral dimension
smaller than 50 nm 3. Since then, KPFM has been widely used in photovoltaics,

photocatalysis, gas sensors, etc.

6.2.1 KPFM Operation Principle

As KPFM is a non-contact characterization technique, tip and sample can be regarded as two
plates of one capacitor, as depicted in Figure 6.1a. The charge flow leads to the formation of
an electric field between tip and sample due to the work function difference between these
materials. When the tip touches the sample surface (Figure 6.1b), electrons move from the
low work function material to the other, resulting in the alignment of the Fermi level.

Therefore, the local vacuum levels separate and generate a potential difference between tip
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and sample, known as the contact potential difference (CPD). The CPD value can be obtained

by nullifying the potential difference through a biased DC voltage, as shown in Figure 6.1c.
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Figure 6.1 Energy diagram a. before contact, b. after contact, c. electrostatic force nullified by
bias voltage, equivalent to Vcprp. d. Schematic diagram of KPFM apparatus with three major

components: KPFM System, Data Acquisition System, and Illumination System.

Now, let us consider the case that dipoles exist between the sample surface and the tip. An

electric field generated between these charged “plates” as
E=— 4)

where ¢ is the charge density per unit area (o = Q/A). Therefore,

_o_Q
E = A ®)
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The potential between the plates,

V=E-d= Qd 6
= = 2h (6)
We can get,
= AV 7
Q - 80 d ( )
Here we have the capacitance between two plates,
Q  &A
C===— 8
7= (8)

where z is the distance between two plates (i.e., lift height of tip from the sample surface).

The electrostatic force,

Q 1 EOA 2 .
Fgs = QSampleEtip =(-Q- 2 g,A = E( /2 >V (attractive) 9

where the minus sign represents the opposite charge at the sample surface to the tip and
results in the attractive force. The term gyA/z? = dC/dz, thus
1 (SOA

Fgs = )Vz—ldcvz(tt tive) 10
s = 5|2 =55 attractive (10)

The operation of the KPFM apparatus has been briefly summarized in Figure 6.1d, which
generally configured into three components: the KPFM system, the data acquisition system
and the illumination system. The sample is electrically connected with the metal sample
holder, which contacts with the nanopositioning piezo stage. The sample stack can be either
connected in a float mode or grounding. The bias illumination source can be a Xenon lamp,
LED or laser with the monochromator and neutral density filters for wavelength and intensity
modulations, respectively. The cantilever deflection induced by the electrostatic force
between a tip and a sample surface is detected by a photodetector with the aid of a tracking
laser beam. The corresponding frequency fac is derived from the lock-in amplifier, which

transfers the amplitude and phase angle signals to the feedback controller. A CPD value is
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dependent on the adjustment of the biased DC voltage in the condition of nought fac through

regulation. Here we have,
AVprobe—sample = (Vtip + VOSin((‘)t)) - Vsample (11)
where Vip is adjusted by Vpc. By substituting Equation (11) into Equation (10), the

electrostatic force between the tip and the sample surface can be simply obtained,

1dC
Fps = = EE [(Vtip - Vsample) - Vosin(u)t)]z (12)

The angular frequency, w = 2xfac. Setting fac = 0,

2
1dC 1 d_C [‘ptip - (psample] (13)

2
Fgs = _EE(Vtip - Vsample) = _E dz q
where @, and @g,mpie represent work functions of the tip and the sample surface,

respectively. The electrostatic force is nullified by setting the DC voltage equivalent to

6.2.2 Applications of KPFM in Chalcopyrite and Kesterite Semiconductors

The applications of KPFM in chalcopyrite semiconductors date back to the 1990s #, which
have been used to derive the conduction band offset #, work function variations at the
different crystal orientations (inhomogeneity of the chalcopyrite surface) °, observation of the
buried homojunction 8, built-in potentials at grain boundaries (GBs) -, etc. Researchers from
International Iberian Nanotechnology Laboratory (INL) determined a correlation of the
surface potential variations at the CIGSe GBs with the device performance upon different
alkali-fluoride PDT, based on KPFM measurement of massive samples and numerical
simulations °. Their findings associated the detrimental effect of downward banding at the
GBs with losses in the device performance, particularly Voc, which can be passivated by
alkali-indium-selenide phases formed through heavy alkali-fluoride PDT 2°.
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To the best of our knowledge, the first systematic KPFM study in kesterite semiconductors
was reported until 2012 1, which demonstrates the similar GB roles with those in CIGS and
CdTe semiconductors, showing downward band bending at the GBs as a channel of current
flow i Different bending directions have been reported among kesterite semiconductors
with/without different treatments 2. However, due to the presence of surface depletion, it is
difficult to determine the real GB bending direction and magnitude underlying the surface ’.
Leite et al. 3 correlated the surface photovoltage (SPV, obtained by dark and illuminated
KPFM measurements) with the Voc of photovoltaic devices, which can be applied to a wide
range of semiconductors, not only applicable to the grain surface but also GBs in a nanoscale.
This metrology is described in detail and utilized in Sections 6.4 & 6.5. Kim et al. * used
KPFM to study SPV at low light intensity to investigate indoor applications’ potential. In this

chapter, we also conducted similar research by light intensity-dependent SPV analysis.

6.2.3 Method of KPFM in This Thesis

The KPFM measurement was carried out in an AIST-NT SmartSPM 1000 AFM system. The
tips used in the KPFM system in this work are made of monocrystalline silicon with a
nitrogen-doped diamond coating (coating film resistivity at 0.5-1 Q-cm and resonant
frequency 260-630 kHz, series number DCP20 by TipsNano). The cantilever has Au
reflective side coating. The samples were grounded and measured using a two-pass scan in
resonant frequency (one pass with a contact mode for topography measurement and the other
with a non-contact mode for CPD mapping). The 450 nm and 750 nm pulsed lasers were used

for the measurement under illumination with a frequency of ~80 MHz and an intensity of
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~1000 W/m?. Various light intensities were applied for the light intensity-dependent KPFM

measurement. Repetitive measurements were performed to give the consistent results.

6.3 The Effect of Excessive Na and K at the CZTS Surface

As mentioned in Section 4.3.1 in Chapter 4, the removal of Na involves two steps: MAPDA
and the post-washing/etching process (in hot ammonia during the CdS CBD process in this
case). Therefore, the as-MAPDA CZTS surface contains excessive Na and K while the bulk
is Na-depleted. Because the surface potential of kesterite films are highly sensitive to the
local Na concentration "2, the CPD obtained by the KPFM probe is significantly affected by
the extensive Na and K phases at the CZTS surface. This chapter takes the previous chapter
of the denotations of all samples. Figure 6.2a shows the topography and the CPD maps of the
control (MAO) and the MAPDA-treated (MA5). Three batches in each group were obtained
for ensuring the data repeatability. The CPD distributions were summarized in Figure 6.2b.
The increase of the average CPD values for the as-MAPDA CZTS surface suggests an
increased surface work function, implying smaller surface downward band bending and thus
deteriorating Voc. Regarding the change in the GBs, the increase of CPD is smaller than that
at the grain surface (GS), resulting in a larger GB-GS potential difference, as shown in Figure
6.3. Considering the surface depletion 7, we would not conclude stronger band bending is
present at the GBs underlying the CZTS surface. Assuming the similar buried GBs, the
negative potential difference means smaller work functions at the GBs (i.e. weaker p-type
doping), indicating a downward bending but rather small in magnitude, compared to those in
CIGSe solar cells "®. A slightly larger downward bending observed in the MAPDA-treated

samples may indicate an increased loss in Voc 101516,
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Figure 6.2 KPFM measurement for the control CZTS films (MAOQ) and CZTS films with
MAPDA treatment at 350 °C for 5 min (MADS). Three samples for each type were measured
to ensure the data reliability. a. topography and CPD mappings of these samples. b. CPD

distributions.
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Figure 6.3 Difference of the CPD values between the grain boundary (GB) and the adjacent

grain surfaces (GS). The data was extracted from the CPD maps in Figure 6.2.

Figure 6.4 shows the shunt current maps measured by conductive-AFM (C-AFM) on the bare
CZTS films — MAO and MAD5 under a bias voltage of -1.5 V. A much larger shunt current can
be seen at the surface of MAS5 with high Na and K concentrations, suggesting the formation
of shunt path at the Na/K-rich CZTS surface. Saucedo et al. also reported heavily shunting in
CZTSSe devices induced by high Na concentration at the heterojunction region *’. Overall,
based on the observations of KPFM and C-AFM results, we found that excessive Na and K
accumulation is detrimental, weakening the surface depletion, deteriorating the GBs and
generating shunting paths. The MAPDA treatment followed by a soaking process can be used
to effectively control Na and K concentrations and to prevent excessive Na and K
accumulation. The relevant KPFM and C-AFM results are not shown here because the rinsed
alkali-depleted samples still cannot reflect the realistic conditions where Cd incorporation

occurred after the CdS deposition.

143|Page



Topography

0nA

MAO

VU gLT- Juedy

MAS

VU $99- JueI\

Figure 6.4 Topography and shunt current maps of MAO and MAD5, obtain from C-AFM,

measured under -1.5 V bias voltage.

6.4 Direct Observations of the Voc Improvement in a Nanoscale View

This section used SPV analysis derived from dark and illuminated KPFM measurements to
investigate the Voc improvement. Leite et al. '3 correlated SPV with the Voc through the

measurement of quasi-Fermi level splitting (QFLS), following.
q " Vepp@vLight = Prip — Psample@Light

= ¢ Vepp@park + A (under illumination) (14)
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A
Voc = 7” = VeppeLight — Vecpp@park = SPV (15)

where Au is the quasi-Fermi level splitting (QFLS) when the tip measures the surface of p-
type materials and the sample is bottom grounded. Au is negative for n-type materials, and
thus large absolute value of SPV (|[SPV|) represents large Voc. It is worth noting that the Voc
obtained from this method is different from that derived from the JV simulators, because of
the monochromatic illumination at a relatively small area of ~ 6 mm?, as well as the absence
of the influence from the top functional layers (i-ZnO high-resistivity layer and heavily n-

type doped ITO layer).

In this thesis, SPV analysis was performed on the CdS-coated CZTS samples where the
bottom of CZTS was grounded. Under illumination, the QFLS contributes to the rise of
quasi-Fermi level at the CdS surface where measured by KPFM probe, leading to the
decrease of CdS work function and thus CPD value. SPV values were obtained from the
difference between the mean CPD values measured under light and dark. 750 nm laser was
used to excite the CZTS bulk, and the photogenerated electrons were collected at the surface
of the CdS layer, transporting across the heterojunction region. Therefore, the SPV obtained
under this condition was determined by the overall properties of the CZTS bulk, the
heterojunction and the CdS layer. Figure 6.5a shows the raw topography and the CPD images
measured at dark and under illumination. Figure 6.5b illustrates the CPD distributions, and
the inset bar chart displays the SPV values. Compared to MAO, MAS5 shows small |[SPV]|
improvement. By contrast, the HJA-treated samples show considerably larger SPV, including
MAO0-260C. Those with the combined MAPDA and HJA treatments (MA5-150C and MA5-
260C) show the most dramatic improvement. The large contrast can be seen in the Voc maps

(Figure 6.6). Considering the relation between |SPV| and QFLS, the gentle increase in |SPV/|
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demonstrates negligible improvement of QFLS in MADS, which could be arisen from the
reduction in the Eq due to the more disordered CZTS films (mainly due to the lift of VBM 18).
Thus, MAS has a better performance than MAO if considering the larger Eg decrease in
magnitude (~80 meV, as demonstrated in Chapter 4). The HJA treatment only (MA0-260C)
significantly enhances the QFLS, which agrees with our previous findings through the
heterojunction annealing in N2 *°. By contrast, the combined MAPDA and HJA treatments
(MA5-150C and MA5-260C) yield considerably stronger QFLS than the HJA-only treatment.
Comparing these two samples, notwithstanding MA5-260C shows stronger QFLS, when
considering the Eg difference of these two samples, MA5-150C has the best performance.
Furthermore, assuming uniform electron affinity over the CZTS surface, the increased
surface potential uniformity of MAB5-150C indicates the reduction of local potential
fluctuation of the CZTS conduction band edge °, because the underlying CZTS surface has
strong impacts on the CPD collection at the CdS surface, particularly from the potential

uniformity at the CZTS surface and the CZTS GBs .
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Figure 6.5 KPFM measurement for the CdS-coated CZTS samples w/ and w/o MAPDA

and/or HJA treatments. a. Raw topography and CPD images. B. CPD distributions extracted

from CPD maps measured at dark and light at 750 nm with intensity of ~1000 W/m2.The

inset bar chart shows the SPV values of each sample.
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Figure 6.6 Open circuit voltage (Voc) variation maps with nanoscale resolution, derived from

the difference of CPD@park — CPDaLight. 750 nm laser with ~1000 W/m? intensity was used.

The alleviation of SRH recombination was further noticed from light intensity-dependent
KPFM measurement. Figure 6.7a shows the raw topography and the CPD maps under various
light intensity with excitation wavelength at 750 nm. The values of light intensity can be
found in the inset bar chart in Figure 6.7b. The CPD distributions of each sample at different
light intensity were plotted in Figure 6.7b. SPV value can be estimated from the CPD
decrement of those measured under illumination (marked in 2-5) by that at dark (marked in 1).
Under very low photon injection (~1.6x102 W/m?), SPV is close to zero in MAQ and MAS5,
while higher SPV can be seen in the HJA-treated samples, especially in those with the
combined treatments. As the intensity increased to ~65 W/m? (marked as 3), MAO, MAS5 and

MAO0-260C present gradual increase in SPV, while a significant boost of SPV can be
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observed in MA5-150C and MA5-260C. The remarkable increase in SPV value under low
photon injection indicates the pronounced QFLS happened in both samples with the
combined treatments, which is achieved by the mitigation of SRH recombination caused via
deep-level defects *. The alleviation of the trap-assisted recombination is very likely linked
to the significant decrease of deep acceptor-like defects at the CdS/CZTS heterointerface and
the CZTS bulk, as discussed in Section 4.3.4 and 4.3.5. The QFLS at such a weak light
response may also imply that the Fermi-level pinning issue caused by the high concentration
of deep acceptor states was mitigated. Such improvement of QFLS under low photon
injection suggests that the combined MAPDA and HJA treatments can be used in indoor

applications, such as the PV-integrated internet of things (1oT) electronic devices 142,
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Figure 6.7 Light intensity-dependent KPFM measurement at 750 nm excitation wavelength
for the CdS-coated CZTS samples w/ (MA5) and w/o (MAQ) MAPDA and (MA5-150C &
MAJ5-260C)/or (MA0-260C) HJA treatments. a. Raw topography and CPD images. The same
scale range was used for CPD images, providing direct visual contrast of the CPD change. b.
The CPD distributions at each light intensity. The numbers represent the corresponding light

intensity shown in the inset bar chart.

The contributions of SPV increase by grain interiors (Gls) and GBs are investigated through

line scans across eight random GBs and the adjacent Gls, as shown in Figure 6.8a. Figure
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6.8b exhibits the statistical results of CPD measured at dark and under illumination (750 nm,
~1000 W/m?) at both Gls and GBs, and the SPV value was plotted in the bar chart. The bar
chart in the top panel shows the SPV difference between the GBs and the Gls. Overall, the
GBs have lower SPV than the Gls for all samples, indicating larger Voc loss at the CZTS
GBs relative to the Gls. MA5 shows negligible SPV improvement compared to MAO,
especially at the GBs. The HJA treatment promotes the SPV increase at both Gls and GBs,
especially for the combined treatments, indicating the overall refinements. Comparing MA5-
260C with MA5-150C which has a similar SPV improvement at Gls, higher SPV at GBs in
MAJ5-260C results in the smaller GB-GI difference, representing more benign GBs.
Passivation of the GBs may be attributed to the accumulation of higher concentration of Cd

and Na at these GBs, as discussed and displayed in Chapter 4.
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Figure 6.8 SPV analysis for Gls and GBs of CZTS/CdS samples w/ and/or w/o MAPDA
and/or HJA treatments. a. Selection of random grain boundaries from the topography images.
b. Statistical results of CPD (box chart) measured at dark (higher CPD values) and under
illumination (lower CPD values) for Gls and GBs. The bar chart shows the surface
photovoltage (SPV) of Gls and Gl for each sample. The bar chart in the top panel displays the

SPV difference from GBs to Gls.

6.5 Investigation of the CdS Variations due to MAPDA and HJA

In Chapter 5, we have studied the CdS change which is possibly induced by the elemental

interdiffusion. The change of CdS structure was observed by XRD measurement. However, it
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is difficult to obtain direct evidence of variations in its optoelectronic properties, because of
the underlying CZTS layer and the Mo contact. To further explore the reasons for the CdS
change, we conducted a similar SPV measurement using 450 nm excitation wavelength
which can be absorbed by both the CdS layer and the CZTS surface region. It should be noted
that two interfaces have to be considered: both the CZTS/CdS heterointerface and the CdS/air
interface, as shown in Figure 6.9a. For the CZTS/CdS heterointerface, under illumination,
QFLS would rise the gquasi-Fermi level within CdS (i.e. decrease in work function and thus
CPD). The trend is identical with the previous measurement under 750-nm excitation.
However, the surface depletion of the CdS layer would increase the work function (i.e. CPD
value) under illumination. By contrast, under high light intensity, the CPD drop due to QFLS

at the heterojunction would be dominant.

Figure 6.9b shows the CPD distributions under different light intensities. The CPD increase
for the HJA samples (MA0-260C and MA5-260C) is significantly higher than the HJA-
absent samples under relatively low photon injection. The CPD increase may indicate better
CdS qualities and/or more defective heterojunctions. However, according to a series of
characterizations hereinbefore (including the Suns-Voc and SPV (@ 750 nm excitation)
measurements), the HJA demonstrates an improved heterojunction. Therefore, a higher CPD
is more likely suggests an improved CdS layer (such as fewer defects or higher doping levels).
On the other hand, compared to MAO, the MAPDA-only sample (MA5) shows a smaller
CPD increase, suggesting improved heterojunction and/or worsen CdS qualities. Based on
our experiment results, MA5 has a smaller Eg than MAO, implying a shallower absorption
depth in the CZTS layer. Although we cannot exclude the effect of heterojunction
modification, a deteriorated CdS layer (stronger SRH recombination or a lower doping level)
would also be expected. Due to the fact that CdS fabricated by CBD is very defective 222,
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the smaller CPD increase more likely implies the decrease of CdS doping level, instead of
stronger recombination). This hypothesis is reasonable because approximately 5 at% Cu has
been found within the CdS layer by TEM EDS, as displayed in Chapter 4. According to the
numerical simulations and experimental findings, Cu is considered as an acceptor dopant in
CdS 2428, Furthermore, the considerable drop of CPD in the HJA-treated samples can be

seen under high light injection as the heterojunction QFLS dominates the CPD change.
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Figure 6.9 a. Schematic band alignment showing two interfaces to be considered: the
CZTS/CdS heterointerface and the CdS/air interface. For brevity, these two interfaces are
independently shown in this diagram. b. Light intensity-dependent KPFM measurement at

450 nm excitation wavelength. The corresponding light intensity values are displayed in

different colours, shown in the scale arrow.
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The decrease in the CdS doping level can lead to the shift of the space charge region (SCR)
towards the CdS layer (i.e. wider SCR within the CdS layer). This could explain the enhanced
blue response. The evidence of the increase in depletion region width can be witnessed from
the EQE measurement by comparing the EQE value measured under -1.5 V bias voltage with
the zero-bias condition, as shown in Figure 6.10. The depletion region width within n-type

semiconductors is expressed as,

2N, 1 o — V) .
Xn = CINdNa‘l‘Nd bi a ( )

where ¢ is the permittivity of this n-type material, and Na and Ng respectively represent its
acceptor and donor defect density, and Vb and V. indicate the built-in potential and the
applied bias potential, respectively. The n-type CdS is known to be highly compensated by
comparable densities of shallow donor and deep acceptor levels 222329, Thus, the application
of negative bias voltage has strong impacts on the value of x,. Based on the expression, the
increase of Na and the reduction of Ng due to Cu incorporation result in larger depletion
region width within the CdS layer. Given larger negative bias voltage, higher weight in Vpi—
Va sector results in a noticeable increase in depletion region width. As the curve of EQE at -
1.5V/0 V bias ratio (EQE-15v/EQEov) displays, MA5 has slightly smaller improvement at the

short-wavelength region, indicating a longer depletion region width in the CdS layer.

156 |Page



1.1

mﬂ
o
58]
> 1.051 ——MAO
o ——MAS5
o
A
|

= 80 4

<

s

J

=

.9

9 60

&=

[Sa)

=

2

§ 40

& ——MAO 0V Bias

Té ---+- MAO -1.5V Bias
3 54 ——MAS5_0V Bias

i .-+ MAS5 -1.5V Bias

0 -

" T " T T T T | " T y T '
300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 6.10 External quantum efficiency (EQE) spectra of MAO and MA5 w/ and w/o -1.5V

bias voltage. The top panel is the ratio of EQE at -1.5 V bias to that without bias.

Although it is difficult to directly measure the doping concentration of the CdS layer grown
on the CZTS films using the Mo back contact, based on our characterization results and
literature reports about Cu-doped CdS, it is reasonable to deduct that the CdS doping level is
reduced due to the elemental interdiffusion in MAS5. The decreased CdS n-type doping is
detrimental to the QFLS at the p-type CZTS, and therefore, restricting the Voc improvement
which was achieved by the MAPDA-induced heterojunction modification at the CZTS side.
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The limitation could be addressed by preventing Cd out-diffusion from CdS via an additional
Cd-soaking treatment 3032 petween the MAPDA and the CdS-CBD processes, or by

performing a post-treatment after the CdS deposition aiming to improve CdS n-type doping.

6.6 Summary

In this chapter, we utilized nanoscale optoelectronic characterization methods to achieve an
in-depth understanding of the MAPDA and HJA treatments. Nanoscale characterizations
(KPFM and C-AFM) were firstly employed to prove that excessive Na at the CZTS surface is
detrimental, leading to severe shunting paths. The surface photovoltage (SPV) analysis
obtained from the KPFM measurement exhibits significant improvement in quasi-Fermi level
splitting (QFLS) and grain boundary passivation by the combined MAPDA and HJA
treatments. The QFLS driven under low light injection from the light intensity-dependent
SPV measurement indicates the remarkable mitigation of SRH recombination. Eventually, we
used the light intensity-dependent SPV measurement to unveil the possible mechanisms of
the CdS layer change due to the elemental interdiffusion. A deeper understanding of this
technique gives advantages to consider some strategies to further upgrade efficiency upon

this technology and to apply it to other semiconductors.
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Chapter 7

Summary and Future Work

7.1 Overall Conclusions

This thesis aims to fabricate efficient high-Eq pure sulfide kesterite CZTS solar cells by
developing novel technologies to modify the quality of heterojunction. Previous studies
related to the optoelectrical properties of CZTS, the loss mechanisms and the relevant
approaches have been reviewed. Severe trap-assisted recombination, especially at the
heterojunction region, is recognized as one of the major limiting factors of efficiency
development. Post treatments have advantages to engineering the defects targetedly at the as-
formed absorber layers. Herein, for the first time, we invented two core post-treatment
technologies — heterointerface passivation via a dielectric ultrathin SnO2 layer and
manipulation of trace elemental distributions through in-house developed moisture-assisted
post-deposition annealing (MAPDA). The latter was upgraded to yield the best efficiency
using a follow-up heterojunction air annealing (HJA) at a relatively low temperature. The in-
depth mechanisms of MAPDA and the follow-up HJA treatments were investigated for
providing a better understanding of this novel technology and ease of the applications to other
materials. These post-treatment technologies can be applied to diverse semiconductors in
general, with broad interests in surface passivation, modification of elemental distributions,

defect engineering, etc.

The author’s novel contributions in each chapter are discussed below:

In Chapter 3, an ultrathin SnO; layer using a solution method was introduced between the

CdS buffer and the CZTS absorber for the heterointerface passivation. This ultrathin SnO>
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layer not only provides a chemical passivation route, but it also modifies the band alignment
at the heterojunction. The passivation effect is reflected in the improved minority carrier
lifetime. The function of shunt blocking via this layer allows the use of a thinner CdS layer to

alleviate the parasitic absorption by the CdS layer.

In Chapter 4, another strategy — manipulation of trace elements by a novel MAPDA
technology was developed. This promising technology enables the removal of excessive
alkali metal elements from the absorber layer, which, in turn, enhanced the spontaneous
diffusion of Cd into the absorber layer during the follow-up CBD process for the CdS
deposition. Defect engineering was also achieved by such elemental redistribution, leading to
the formation of favorable Vcy shallow acceptors and the transition of the doping source from
deep acceptors Zns to shallower acceptors Cuzn. The redistribution of critical trace elements
also contributes to the significant decrease of deep acceptor states at both the CZTS bulk and
particularly the CdS/CZTS heterointerface. This elemental redistribution induced defect

engineering contributes to escalating device performance.

In Chapter 5, we combined the above MAPDA treatment with another promising HJA
treatment to achieve a further leap of conversion efficiency at 9.40 %. SRH recombination at
the heterojunction was significantly alleviated by a further modification of elemental
distributions. The combined treatments yield a PCE much higher than that of samples only
treated with HJA. Additionally, we unveiled the CdS variations likely due to the result of

elemental redistributions.
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Chapter 6 presented an in-depth investigation of MAPDA and HJA treatments related to the
optoelectronic properties of CZTS, CdS and the heterojunction using Kelvin probe force
microscopy (KPFM) and conductive-atomic force microscopy (C-AFM). We initially
unveiled the detrimental effects of excessive Na and K phases at CZTS surface. Then we
demonstrated the dramatic increase of nanoscale Voc of the CdS/CZTS samples with the
combined MAPDA and HJA treatments by KPFM-based surface photovoltage (SPV)
measurement. SPV measurement under low photon injection revealed remarkable inhibition
of SRH recombination for the samples with the combined treatments, which also indicates a
potential for indoor applications. Finally, we applied SPV measurement under the support of

EQE measurement under biased voltage to reveal the changes of the CdS electrical properties.

Overall, these novel technologies developed in this thesis are promising in various
applications. Although the absolute improvement of device performance did not break the
efficiency bottleneck, the potential of these technologies may have a far-reaching influence in

many fields.

7.2 Future Work

The promising MAPDA technology shows wide potential applications in aspects of extrinsic
elemental diffusion, heterojunction and bulk modifications, indoor applications, etc. We will
expand the research in the MAPDA treatment for these applications and utilize the
implications to develop more novel approaches, finding out the next key technologies to
boost the efficiency of kesterite solar cells and paving the pathway of the green and

constituent-abundant kesterite semiconductors into commercialization.

165|Page



7.2.1 Investigation of the Correlation among CdS Compositional, Structural and
Optoelectrical Properties due to MAPDA and HIA
In Chapter 4, a noticeable concentration of Cu diffusion into the CdS layer was observed in
the MAPDA-devices, which was regarded as a result of elemental interdiffusion within CdS.
In Chapters 5 and 6, we observed some variations of the CdS layer in phase, crystallinity,
interplanar distance as well as its doping level. We speculate that post-annealing induced
changes in structural and optoelectrical properties of CdS might be interrelated.
Understanding their correlations is of importance to promote the device performance of all

solar cells using CdS as a buffer layer.

7.2.2 Upgrading of the MAPDA Technology by Adding a Cd lon Soaking Process Before the
CdS Deposition
At the end of Chapter 6, a reduced CdS doping level was found in the MAPDA-devices. As
discussed, lower n-type doping is detrimental to the Voc improvement. To maximize the
device performance due to the elemental redistributions in the CZTS layer, preventing Cu
diffusion into CdS may be important to avoid the CdS doping level decrease. This can be at
least partially achieved by limiting Cd out-diffusion from the CdS layer. Cd ion soaking *
could be an effective way to occupy Cu vacancies remained at the CZTS layer after MAPDA
and thus restricting the Cd loss from the CdS layer, which is possibly a promising method for

further improving the device performance under the MAPDA treatment.

7.2.3 An Efficient Li Doping Strategy by MAPDA and LiCl Post-deposition Treatment
Due to the close ionic radius of Li (0.73 A) and Cu (0.74 A), a high possibility of Li
incorporation would be predicted. However, only traces of Li (Li/Cu molar ratio in the order

of 10™%) were observed in the CZTSSe films 2. Furthermore, based on our recent report 3,
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shallow Liz, acceptor states (shallower than the common shallow dopants Cuzn) can be
created using the LiCl treatment after the CZTS growth. However, the concentration of Li
diffusion is very limited (0.0062 at %) as well. The barrier of Li incorporation is believed to
be the presence of massive Na #, which can be removed by our MAPDA treatment. Therefore,

much higher concentrations of preferable Lizn and Licy antisites can be expected.

7.2.4 Promoting Voc by Passivating Acceptor-like Interface Defects via MAPDA plus ZnCl>
or Zn(CHsCQOO), Post-treatment
Recently, we determined that the Voc of CZTS is severely limited by the high density of
acceptor-like interface defects, supported by experiments and numerical simulations °.
Therefore, a method of acceptor-like defect passivation at the CZTS surface is essential for
promoting the Voc of CZTS solar cells. The point defect — Zncy, as a shallow donor state, is
benign in CZTS " which could be a cure for passivating these Voc-limiting defects.
Acceptor-like defects with relatively low formation energies (Vcu, Cuzs and Znsy) are prone
to form benign neutral clusters ([Zncuy + Vcu], [Zncu + Cuzn] and [2Zncy + Znsn]) with Zncy
donors in lower formation energies . To achieve this goal, researchers would normally
consider two routes: either increasing the Zn concentration or alloying Zn through a post-
treatment. However, increasing Zn ratio in the CZTS metal/compound precursors would also
result in the compensation of p-type doping of the entire CZTS layer. Therefore, this route is
not adoptable. Post-treatment could be an effective way to form Zn-rich compositions at the
CZTS surface and thus compensating those acceptor-like defects. The creation of Cu
vacancies due to Na loss by MAPDA could make the formation of Znc, donors easier,

pushing the junction deeper into the CZTS region.
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