Materials Today Energy 59 (2026) 102300

FI. SEVIER

Contents lists available at ScienceDirect
Materials Today Energy

journal homepage: www.journals.elsevier.com/materials-today-energy/

SnOy contact engineering in perovskite solar cells: Oxygen-Defect and
valence control from selective to ambipolar transport

Neeraja Bose ™', Kumar GokulKumar *', Shih Hsuan Chen ', Kun Mu Lee *"“%"

2 Department of Chemical and Materials Engineering, Chang Gung University, Taoyuan, 33302, Taiwan

Y Center for Sustainability and Energy Technologies, Chang Gung University, Taoyuan, 33302, Taiwan

¢ Division of Neonatology, Department of Pediatrics, Chang Gung Memorial Hospital, Linkou, Taoyuan, 33305, Taiwan
4 College of Environmental Science, Ming Chi University of Technology, New Taipei City, 24301, Taiwan

ARTICLE INFO ABSTRACT

Keywords:

Tin oxide

Mixed valence (Sn**/Sn*")
Electron transport layer (ETL)
Hole transport layer (HTL)
Ambipolar transport

Oxygen vacancy
Recombination

And interfacial stability

Tin oxide-based transport layers are crucial to high-performance perovskite solar cells (PSCs) because they
potentially control non-radiative recombination, hysteresis, and long-term operation drift. SnOx non-
stoichiometry is significant because of its mixed-valence chemistry (Sn?'/Sn*") and oxygen-related defect
points, which can tune it to shift from electron-selective to hole-selective behavior. SnOy can function as an
ambipolar transport layer for interconnection/recombination upon careful control. However, the field lacks a
clear, consistent understanding of (i) valence state distribution, (ii) defect density and surface chemistry, and (iii)
processing control knobs for electronic properties and device outcomes. This review bridges the gap by evalu-
ating the structure, electronic properties, and deposition routes of SnO, SnO,, and intermediate valence SnOy and
by mapping how SnOy functions as ETL, HTL, and ambipolar/interlayer contact. We also discuss stability,
degradation mechanism, and reliability issues linked to ambipolar SnOyx contacts and give guidance to validate
and deploy SnOy as a universal contact platform in PSCs. Overall, we define a design rule: oxygen activity
controls the Sn**/Sn** balance and oxygen defect landscape, which determines the function of SnOy as ETL,

HTL, or an ambipolar interlayer with a narrow measurable defect window.

1. Introduction

Through the decades, perovskite solar cells (PSCs) have been known
as a promising photovoltaic technology, with power conversion effi-
ciencies crossing 26% in single-junction devices and 33% in tandem
architectures. This progress is attributed to the optoelectronic properties
of metal halide perovskites, including high absorption coefficients, long
carrier diffusion lengths, and defect tolerance. Research focus has shif-
ted from maximizing power conversion efficiency to addressing inter-
facial losses, defect passivation, and long-term operation stability in
PSCs [1-3]. The major challenge for PSCs is the fabrication and opti-
mization of the charge transport layers (CTLs) and their interface with
perovskite absorbers. In conventional n-i-p and p-i-n architectures, the
electron transport layers (ETLs) and hole transport layers (HTLs) control
the charge extraction, recombination losses, hysteresis behavior, and
long-term operational reliability. Several studies reported that device
degradation and efficiency losses are continuously initiated by the

buried CTL/perovskite interfaces rather than the perovskite bulk itself
[4-6].

Eventually, the need for developing a chemically robust, energeti-
cally well-aligned, and defect-tolerant transport layer has become
increasingly urgent. Metal oxide transport layers have gained attention
due to their thermal stability, optical transparency, and compatibility
with low-temperature processing. The tin oxide (SnO2) can replace TiO,
in planar PSCs as ETL because of its higher electron mobility, reduced
photocatalytic activity, and improved band alignment with iodide-based
perovskite [7-9]. Tin oxides are a broader material family that includes
SnO (Sn2+), SnO, (Sn4+), and a range of non-stoichiometric in-
termediates (SnOy, 1<x < 2). These phases stand out for their crystal
structure, defect chemistry, and electronic properties. It is reported that
non-stoichiometric SnOyx shows a high tunable electronic behavior,
observed with mixed Sn?*/Sn** valence states and oxygen vacancy
populations. By adjusting its composition, defects, and interfaces, SnOx
functions as an electron-, hole-, and ambipolar-transport layer. Due to its
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Fig. 1. Design rule for SnOy contact functionality.

ability to enable ambipolarity, SnOy can efficiently act as an HTL in p-i-n
architecture and as a multifunctional recombination or interconnecting
layer in tandem solar cells [10-12]. Such versatility is uncommon
among inorganic transport materials, and underpins the use of SnOy as a
tunable and effective contact platform for PSCs architecture.
Ambipolar SnOy is a non-stoichiometric tin oxide with mixed-
valence Sn?*/sn*t chemistry and oxygen defect states that produce
electronic characteristics that enable transport of both electrons and
holes under operating conditions. In PSCs, this supports interconnect-
ing/recombination layers, which collect electrons from one sub-cell and
holes from the other with low series resistance and reduced interfacial
loss [13]. Ambipolarity is not a universal property; it occurs only in
controlled process/composition windows where subgap tail states and
defects are regulated and are essential for stable performance. Despite its
benefits, the ambipolar SnOyx also has challenges, which can introduce
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defect-mediated recombination, energetic disorder, and time-dependent
drift due to its mixed valence and oxygen-deficient chemistry. Also, the
stability against oxidation, sensitivity towards transport polarity, and
reproducibility of Sn?*/Sn*" of Sn?* rich SnO-like HTL on deposition
techniques are still under research. However, there are several litera-
tures reported based on efficiency performance by SnO,-rich SnOy ETLs,
whereas the activity of SnOy as HTL and ambipolar interlayer is unex-
plored and lacks fabrication rules that link composition to
device-relevant metrics such as band alignment, contact resistivity, and
long-term stability.

Addressing these gaps is essential for translating lab scale demon-
stration into reliable device technologies. This review presents a focused
discussion on ambipolar SnOx thin films of PSCs, covering i) crystals and
electronic fundamentals, ii) depositions and fabrication strategies, and
iii) functional roles as ETLs, HTLs, and interconnecting (recombination)
layers. We bridge processing-controlled chemistry, specifically oxygen
activity driving oxygen vacancy formation and Sn?*/Sn** regulation to
band alignment, charge selectivity, and dominant degradation pathways
in n-i-p and p-i-n structures. Altogether, SnOyx can be engineered as a
single, versatile contact platform for next-generation PSCs. Design rule
for SnOy contact functionality is illustrated in Fig. 1.

2. Fundamentals of SnO,, SnO and SnOy

2.1. Crystal structure and composition of SnO, SnOz, and SnOy layers

SnO belongs to a broader family of tin oxides, including SnO (Sn*"y
SnO- (Sn‘”), and non-stoichiometric intermediates SnOy, which contain
mixed-valence tin and varying degrees of oxygen-vacancy disorder.
Stoichiometric SnO crystallizes in a layered tetragonal litharge struc-
ture, where each Sn atom is coordinated by four O atoms in a square
pyramidal geometry [13]. This anisotropic arrangement produces
quasi-2D electronic states with pronounced in-plane dispersion and
out-of-plane localization, thereby facilitating intrinsic p-type transport
arising from the Sn 5s/5p-O 2p antibonding hybridization [14]. In
contrast, SnO adopts the rutile structure, where six 0% anions octahe-
drally coordinate each Sn*" cation. Bulk SnO is a transparent n-type
semiconductor with a wide band gap, typically reported as 3.6-4.0 eV
[15], although fundamental or electronic gap interpretation often
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Fig. 2. Schematic illustration on scope of SnOy in PSC device architectures: a) SnO,-rich SnOy as ETL, role and the charge flow; b) SnO-rich SnOy as HTL, role and the
charge flow; and c) The band alignment representation across ETL, HTL, and perovskite layers.
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Fig. 4. a-c) Conceptual illustration of energy level diagram on SnOs-rich SnOy, SnO-rich SnOy, and SnOy as interlayer or recombination layer, d-f) UPS spectral on
SnO, and J-V measurement curve of SnOy as p-i-n PSC are reused from Refs. [28,29], Copyright © 2024, American Chemical Society.
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Table 1

Oversight into the primary properties of SnO, SnO,, and SnOy.

Significance of Ambipolar SnOx Current Challenges

Intrinsic Transport

Oxidation State Bandgap (Eg) Orbital Character
Tendency

Crystal Structure

Phase

Provides p-type / hole-transport  Stabilization of pure SnO, prevent conversion to
character; Sn 5s-O 2p

p-type (Sn vacancies as
shallow acceptors,

VBM: strong Sn 5s-O 2p

Indirect ~ 0.6-0.8 eV;
optical ~ 2.6-2.8 eV

Tetragonal litharge (P4/ Sn**

nmm); layered

SnO

SnO, or mixed phases, and obtaining reproducible
p-type contacts with increased mobility at low

temperatures.
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CBM: Sn 5p/0 2p
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effective mass)
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Fundamental ~ 3.0 eV;

Sn**

Rutile (P4,/mnm); 3D
octahedral network

SnO,

donor dopants — shallow blocks holes; CB alignment with / Sn®*, improving SnO or active layer interface,

donors, high electron

mobility)
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procuring high performance with low

perovskite and efficient

electron extraction.

temperature film with good reproducibility and

scalability
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SnO,, limits; often 1-3 eV with
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converges near ~3.0 eV and is method dependent. The n-type behavior
originates primarily from intrinsic and extrinsic oxygen vacancies, as
well as donor-like defects.

Non-stoichiometric SnOy thin films produced by sputtering, ALD, or
thermal oxidation generally contain nanocrystalline or amorphous
mixtures of SnO-rich and SnOs-rich regions. Their exact phase compo-
sition and crystallinity are susceptible to oxygen partial pressure,
sputtering power, growth temperature, and post-annealing conditions,
all of which dictate the average Sn?>'/Sn*" ratio and oxygen-vacancy
concentration [16]. At low deposition temperatures (40-120°C),
SnOx films typically undergo a progressive oxidation, transitioning from
mixed-valence Sn?*/Sn** states toward a more Sn**-rich composition
as the temperature increases. This process is accompanied by film
densification, suppression of oxygen vacancies, and improved structural
order [17]. Through such defect and valence engineering, SnOy layers
can be tailored to exhibit n-type ETL behavior, p-type HTL behavior, or
fully ambipolar transport, enabling versatile integration in perovskite
solar cells as illustrated in Fig. 2.

2.2. Chemistry and defect physics

2.2.1. SnO mixed-valence chemistry and lone-pair effects

SnO has an electronic structure dominated by a stereochemically
active Sn 5s2 lone pair, which is strongly hybridized with O 2p states at
the top of the valence band to form antibonding states as in Fig. S1 [18].
First-principles calculations and spectroscopic data indicate that SnO
possesses a small indirect band gap of ~0.7 eV and a larger optical gap
of 2.7-2.8 eV, while still retaining a low hole effective mass [19]. The
intrinsic p-type conductivity in SnO is attributed to Sn vacancies and
other acceptor-like defects [20]. Density-functional defect studies show
that aliovalent dopants (e.g., group-I or group-V species) can stabilize
both p- and n-type regimes in SnO. This bipolar doping behavior is
thermodynamically feasible and opens a route for ambipolar transport.

2.2.2. SnOgz oxygen vacancies and donor defects

Stoichiometric n-type SnO,, which crystallizes in the rutile structure
(as given in Fig. S2), exhibits conduction originating primarily from
shallow donor states associated with oxygen vacancies (V,) and cation
dopants such as F, Cl, or Sb [21]. O 2p states dominate the valence band
of SnO3, whereas the conduction band minimum has strong antibonding
character between Sn 5s and O 2p. This electronic configuration results
in a low electron effective mass and enhanced electron mobility when
defects are properly controlled [22,23]. Defect-engineering studies
indicate that oxygen vacancies, Sn interstitials, and surface dangling
bonds introduce sub-gap states that enhance conductivity depending on
their energy levels and density [24]. These defects also influence band
alignment, Fermi-level pinning, and interfacial recombination at per-
ovskite/SnO, interfaces. Partial reduction of SnO5 to SnOy or the for-
mation of Sn/SnO, composite phases can further modify the electronic
landscape, affecting charge extraction and transport, and the funda-
mentals are shown in Fig. 3 [25].

2.2.3. SnO thin-film compositions and transport phase diagram

SnOy transport polarity under sputtering and ALD conditions is
observed by growth conditions which control oxygen chemical poten-
tial, Sn>*/Sn** balance, and oxygen-related defects that determine the
phase fraction (SnO-like Vs SnO; like) and the dominant carrier type.
Consider that on fixed oxygen flow, sputtering power controls the en-
ergy of deposited atoms and, on re-sputtering, thereby alters the
oxidation and defect density, which can result in a shift of film stoi-
chiometry and transport polarity. This was reported in Li et al. work that
increasing the sputtering power at a fixed oxygen flow leads to a tran-
sition from n-type to p-type conduction, approaching near-intrinsic
behavior [26]. For instance, at a constant temperature and deposition
method, changing the oxygen availability shifts the balance between
SnO-like and SnO»-like fractions and alters the defect concentration,
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leading to a narrow composition window where the transport behavior
remains stable, this was illustrated by Barros et al. that p-type SnOx
conduction in low-temperature thin film transistor (TFTs) is stable only
within a narrow oxygen partial-pressure window (2.8-3.8%), high-
lighting the strong coupling between composition, phase fraction, and
transport properties [27]. Finally, pointing to low temperature ALD, the
oxidant/reactant chemistry and dosing (pulse/exposure) conditions
control the Sn oxidation degree and enable tuning them as Sn%*/Sn**
mixed valence. Recently, Zhang et al. investigated low-temperature ALD
SnOy and mapped the electrical evolution of the films by tuning the
Sn?t/sn** ratio [18]. Their results correlate the emergence of
hole-transport channels with mixed-valence chemistry, providing a clear
chemical basis for the development of ambipolar SnOy interlayers in
perovskite devices.

2.3. Electronic structure of Ambipolar SnOy

The electronic structure of SnOy (1<x < 2) supports its tunable po-
larity and its unique ability to function as an electron transport layer
(ETL), a hole transport layer (HTL), or an ambipolar interlayer in a
perovskite solar cell. The Sn-O system creates an electronically rich
landscape governed by mixed-valence chemistry, lone-pair activity, and
defect-sensitive band alignment. A pictorial energy level alignment is
shown in Fig. 4.

2.3.1. Band structure and bandgap characteristics

SnO and SnO; occupy opposite extremes of the SnOx band structure.
SnO exhibits a small indirect band gap and a higher optical band gap,
arising from its litharge structure. These electronic characteristics arise
from Sn?* (5s%) lone-pair interactions, which elevate the valence-band

Table 2
Deposition Technique and its role in Perovskite Solar Cells.
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maximum (VBM) and generate strong valence-band dispersion. The
highly curved valence band results in a low hole effective mass, pro-
moting efficient hole transport and p-type conductivity [30]. In contrast,
SnO; exhibits a wide optical band gap of 3.6-4.0 eV and an electronic
band gap of approximately 3.0eV. Its conduction-band minimum is
dominated by Sn 5s-O 2p antibonding states, resulting in a low effective
electron mass and characteristic n-type behavior. Ambipolar SnOy oc-
cupies an intermediate electronic regime in which Sn?* and Sn**
coexist, resulting in intermediate-band positions and mid-gap transi-
tions. Such behavior is widely observed in ALD- and sputtering-derived
SnOx films used in perovskite photovoltaics [31].

2.3.2. Orbital hybridization and its role in charge transportation

In SnO, the formation of Sn 5s-O 2p antibonding hybridized states
produces a strong antibonding character at the VBM. This large
dispersion results in a low hole effective mass, high hole mobility, and a
shallow VBM, all of which favour p-type conduction. In SnO,, the
valence band is dominated by non-hybridized O 2p states, yielding a
deep VBM that is unfavourable for hole transport. Because the conduc-
tion band involves Sn 5s states, electron transport is efficient, reinforcing
SnO, as an n-type semiconductor [32]. In SnO,, mixed Sn®*/Sn**
valence states form an energetic bridge between the electronic struc-
tures of SnO and SnO,. This mixed-valence environment enables ambi-
polar transport behavior, allowing SnOy to support both electron and
hole conduction depending on its stoichiometry and defect distribution.

2.3.3. Defect states and mid-gap electronic levels

Mixed-valence SnOy films exhibit significant defect sensitivity, with
mid-gap states arising from Sn®"/Sn*" interfacial disorder, partially
filled Sn 5s states in SnO-rich environment, and oxygen defect states are

Deposition Ref sn**/Sn** Tendency Key Control Knobs Transport Scalability Potential Role in PSC
Techniques Polarity
Reactive [35] Sno,, like Sn** Oy/Ar ratio in an oxidizing n-type SnO, High and industrial ETL in PSC (n-i-p)
magnetron dominant films, requires ~ environment. ETL behavior compatible structure
Sputtering highly oxidizing
conditions.
Sputtered SnO, SnO, is not as mixed Thinner SnO5 (~10 nm) is n-type SnO, High and ETL in flexible
ETL by vapor- valence smoother and better crystallised  class ETL demonstrated as a architecture
deposited than ~40 nm, shows uniform behavior sputtering flexible
perovskite [36] morphology, and reduced ion substrate
migration/ expansion during
vapor development.
Atmospheric [371 SnO, -Sn** overall Growth condition (mild vs n-type oxide Pinhole-free, rapid, Oxide buffer overlayer in
pressure valence band spectra strong), temperature/ oxidants, class and SnO, no-vacuum, and p-i-n stacking
chemical vapor time, and thickness uniform over 6.25 cm?
deposition optimization
Reactive electron [38] Sub-stoichiometric on O, partial pressure during n-type and High and compatible ETL in standard (n-i-p)
beam the surface; UV-ozone deposition + UV-ozone ETL behavior substrate
evaporation, Oy increases the O/Sn on duration and interfacial oxygen
partial pressure, the surface and widens vacancies as trap states.
and UV ozone the bandgap.
Atomic Layer [39] Mixed valence SnOx with ~ Thickness max:7 nm, reduced n-type Highly positioned- Sputter-resistant/
Deposition sn** and Sn?* in Sn 3d. sputtering and UV damage. conductivity ALD SnOx for ETL or passivation interlayer
sputter resistance
buffer layers
Low Temperature H,0-SnOx results in Barrier quality/pinhole-free Electron High and H,0-based Electron extraction layer
SnO, [40] oxygen deficiency-linked  density enables factor for selective ALD and permeation barrier
gap states. corrosion protection contact/ EEL
Thermal [41]1 SnO/PDTON film show Thickness of SnO (40 nm), UV/ Hole transport High scalability for Act as HTL, interface,
evaporation higher Sn" ratio after O3 treatment time (20 min), (p-type) large area 25.2cm?tin  passivation agent,
under high ozone treatment PDTON concentration perovskite solar cells improves hole extraction
vacuum compared to SnO (0.005 wt%) with spin coating using SnO/PDTON efficiency, reduces
(45%) parameters. HTL defects, enhances film
quality and stability
Electron Beam [42] SnO phase is process Substrate temperature, p-type Moderate, vacuum Hole transport layer upto

evaporation

sensitive.

deposition time, film
orientation and carrier
concentration

based deposition

116V
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Table 3
Consolidatory comparison on SnOy as ETL and HTL.
Doped / Undoped Target Layer Type Band Gap and Energy Level Carrier Type and Density Change Stability Impact Ref
Undoped SnO» ETL and Hole blocking ~ Wide band gap with reduced n-type (intrinsic defects, oxygen Wider bandgap with lower [43]
layer interfacial recombination ( vacancies, and Sn interstitials). High recombination.
0.10eV (4.17-4.27 eV) and VBM electron mobility and low series
by 0.06 eV (3.43-3.49eV). CBMis  resistance, Rs = 1.26 Q cm?.
more negative (deeper)
Undoped SnO, Electron selective CBM is the lower edge and wider n-type semiconductor The device remained stable without [44]
layer (ESL) bandgap encapsulation for 30 days in ambient air.
Undoped SnO» ETL and higher Wider band gap with positive n-type or electron-selective behavior. Performance hysteresis was reported [45]
conductivity conduction band position Increased conductivity and high with 7.43% PCE and no reported stability
electron mobility
Nb-doped SnO, ETL and rutile - n-type and increased electron mobility ~ Device stored unencapsulated in ambient ~ [46]
structure (2.16 x 10-4cm?V~1S™1) and trap conditions for 12 days, and PCE was
density 1.74 x 1071° retained 90% after doping
Undoped SnO, ETL or ESL 3.6 €V (SnO., typical) / 1.62eV - >82% retention after 60h 1-sun MPPT; [47]
(perovskite) and Well-aligned 20.7% PCE after recovery; >20% after 90
CBM/CBM days shelf storage
Reduced to SnOy (x  Hole Transport Layer 1.4eVand 3.68 eV for P-SnOy. p-type P-Nano SnOy HTL significantly [48]
< 2)- Mixed (HTL) in inverted Sn- Both valence and conduction improves device stability and 9.77%
valence Sn®>Tand  perovskite solar cells bands shift upward. The deeper
sn** states CB, strong p-type.
Mixed valence ETL in planar RT SnOy eV- 4.12 and SnOy at n-type for Room temperature Higher Rrec and reduced hysteresis at [49]
sn** and Sn** perovskite solar cells 250°C- 3.74. produced and n-type with higher higher temp
states (SnO,) Ec: RT SnOy = 3.54 and SnO, at carrier density at higher
250°C=3.92 temperature
Ev 7.66 and 7.62
Mixed valence SnOy amorphous ETL 3.6eV - SnOy n-type 15.8 (best), >12 (average, 20 cells), [50]
sn?* and Sn** 0.09 cm? area, and backward scan
states (SnO,)
Mixed valence ALD SnOy on Not directly measured; affected by ~ n-type Poor device performance when a [51]
sn** and Sn** Perovskite (p-i-n) impurities and temperature direct ALD SnO,/perovskite interface;
states (SnOy) good when PCBM is used as an
interlayer or in an n-i-p structure
0@ 0; & 0O,/plasma
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<’ b Oxygen [ chemical
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Fig. 5. Schematic illustration of process-controlled SnOy deposition.
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prominent in SnOy-rich SnOy. In SnO, p-type conductivity is dependent
on acceptor-like defects (Vg,, Sn vacancies), whereas in SnO;, donor-
type defects (oxygen deficiency and/or dopants) have dominant n-
type behavior. The overall defect landscape of SnOy determined by va-
cancy concentration, valence distribution, and local disorder, ultimately
defines whether the material behaves predominantly as a unipolar
conductor or exhibits full ambipolar character [33]. Table .1 provides an
oversight into primary properties of SnO, SnO,, and SnOx

3. Deposition and fabrication strategies for Ambipolar SnOx
films

The ambipolar SnOy layers for perovskite solar cells require a
deposition route that controls the Sn>*/Sn*" ratio, oxygen concentra-
tion, thickness, and uniformity, while maintaining an interface with the
absorber. The SnOy polarity can be tuned from n-type (ETL) to p-type
(HTL) or ambipolar by exploring magnetron sputtering, atomic layer
deposition (ALD, including plasma and spatial variants), pulsed laser
deposition (PLD), and reactive evaporation/chemical vapor deposition
(CVD)-like routes. In addition to vacuum-based techniques, solution-
based SnOy films obtained via sol-gel or ink-based routes provides a
low-temperature and scalable depositions, attractive for flexible sub-
strates and large-area device fabrications. These routes resulted in film
densification, residual hydroxyl content, and defect distribution via
precursor and post-deposition treatments. Based on reported studies, the
ETL, HTL, or ambipolar behavior of SnOy is determined by the valence
balance Sn?*/Sn** and oxygen chemical environment. The deposition
method matters indirectly as long as the material composition and de-
fects are controlled [34].

Concern to polarity switch from n-typeep-type—near intrinsic in
sputtered SnOy is based on the parameters that can control oxygen
chemical potential, phase fraction, compositional balance, and oxygen-
related defect population. The significant parameters that impact SnOx
composition and polarity are 1. oxygen partial pressure (O3 flow), which
is the dominant control knob. This can control the oxidation during
growth, determine the phase fraction (SnO-like Vs SnOs-like), and
concentration of oxygen vacancies, which results in p-type or stable
polarity in a narrow oxygen window. 2. Sputtering power, 3. Pressure,
and substrate temperature knobs influences the film densification,
scattering, and 4. Reaction kinetics, which impact the defect formation
and optical properties of the composition. Also, the post-annealing
process can impact the chemical and structural evolution of SnOy,
phase shift, and transport polarity. Some of the reported surveys are
given in Table .2 and pictorial illustration in Fig. 5. Across the ALD, PLD,
evaporation, and CVD techniques, the SnOy polarity is also based on O5
partial pressure, dose, deposition temperature, plasma conditions, and
post-annealing atmosphere that aids in tuning the Sn®*/Sn*" ratio and
defect density, which shifts the phase fractions and Fermi level position
(see Table 3).

3.1. Reactive magnetron sputtering

Reactive radio-frequency (RF)/direct-current (DC) magnetron sput-
tering from a metallic Sn target using an Ar + Oy plasma is one of the
most promising ways to tune the SnOy stoichiometry and transport po-
larity. Han et al. observed that by adjusting oxygen partial pressure
during reactive DC sputtering, followed by heat treatment, gives sys-
tematic transitions in phase fraction (Sn/Sn0O/Sn03) and defect chem-
istry, enabling access to p-type SnOy within the specific oxygen/
annealing windows [52]. This complements the n—p switching by
pointing out that polarity is not only set by the plasma conditions but
can be rewritten post-deposition. Watanable et al. found that the sput-
tered SnOx initially resulted in n-type behavior and shift to p-type using
mild annealing, consistent with structural or chemical evolution to-
wards SnO-rich bonding and acceptor-like defect populations [53]. Also,
Jung et al. interpreted that SnOy films are highly absorbing, with mixed

Materials Today Energy 59 (2026) 102300

valence SnO rich composition from transparent n-type SnO by corre-
lating the sputtering power, pressure, and substrate temperature with
optical gap in the process window [54].

Sn0,-SnOy electron transport layers are excellent and scalable
modules for perovskite solar cells. Qiu and co-workers demonstrated
that room-temperature sputtered SnO, ETLs can be used to fabricate
large-area perovskite modules with excellent long-term operational
stability. Their results show that sputtering is already a practical and
scalable method for producing Sn-oxide ETLs, even when the films are
predominantly n-type [55]. Similar high-performance perovskite mod-
ules with sputtered SnO5 ETLs, results are compatible with a large area
glass substrate. Ni et al. demonstrated ambipolar behavior highly rele-
vant to perovskite tandem cells by developing SnO. y interlayers con-
taining mixed SnO/SnO; phases [56]. These mixed-valence films
exhibited simultaneous electron and hole transport, enabling their use as
a multifunctional recombination layer in all-perovskite tandem archi-
tectures. Although their deposition conditions were optimized specif-
ically for tandem stacks, the study clearly shows that reactive sputtering
followed by controlled oxidation or reduction can produce SnOy films
capable of functioning as both ETL- and HTL-like interlayers. Jia et al.
observed that p-type SnOx will be achieved by reactive magnetron
sputtering on a metallic Sn target under controlled non-stoichiometric
conditions. The main stabilizing process is the transition region be-
tween metallic and oxidized target states, which gives precise control of
oxygen incorporation. Under a controlled window, the film shows a SnO
dominant with lesser SnO2/Sn304 phases resulting in p-type hole
transport. They show that the carrier polarity of SnOx is mainly based on
oxygen, target surface oxidation state, and phase balance, rather than by
extrinsic doping [57]. In contrast, Fortunato et al. discussed that p-type
SnOx thin films deposited using reactive rf magnetron sputtering at
room temp, and followed with low temperature annealing at 200 °C in
air exhibits a clean p-type conductivity after annealing. By tuning the
oxygen partial pressure with a narrow growth window, they will show
polycrystalline films with a-SnO with minor B-Sn/SnOx phases. The
study further shows a p-type transport appears in a limited oxygen
pressure regime by highlighting the critical role of stoichiometry control
and post-annealing in stabilizing hole-conducting SnOy [58].

3.2. Atomic layer deposition (thermal, plasma, and spatial ALD)

For ambipolar SnOx, the ALD technique is the most accurate route, as
it results in A-level controlled thickness and absolute conformality at
low temperature. This allows non-dependent tuning of cation valence
and oxygen stoichiometry. The traditional thermal or plasma-assisted
ALD of SnO; using Sn precursor and Ho0/O4 plasma is widely used
for developing low-temperature ETLs (<80-120 °C) with high efficiency
and stability. Erdenebileg et al. have demonstrated that SnO; film grown
via ALD at 80 °C has efficient ETLs in n-i-p perovskite solar cells. This
achieved power conversion efficiency (PCEs) of 18.7% [59]. Kuang et al.
grew SnO; film via plasma-mediated ALD at 100-200 °C, which showed
the layers are capable of providing enhanced interfacial contact and
stability compared to TiOg ETLs, especially under UV illumination [60].
Hoffmann et al. developed SnOy at 80 °C via spatial atmospheric pres-
sure ALD as an impermeable electron extraction layer in perovskite cells,
which resulted in improved thermal stability and lowered water vapor
transmission rate that are essential for long-term device encapsulation
[61]. Recently, Gao et al. observed that ALD SnOy ETLs grown with
controlled oxygen vacancies enable perovskite solar cells with remark-
able long-term stability [62]. Zhang et al. have used low-temperature
ALD to deposit SnOy film, by tuning the deposition temperature and
oxidant conditions, the carrier types can be n-type and p-type. They also
suggested that correlating changes in electrical conductivity with
changes in the Sn?*/Sn*" ratio and defect monitoring via near-IR ab-
sorption can provide adaptable processing conditions for ALD to achieve
ambipolar SnOy [18]. The ALD-grown SnOy at 80 °C can also act as a
multifunctional interlayer in p-i-n type perovskite cell. This makes the
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fullerene/perovskite interlayer passivate and enhance the charge ex-
tractions [63]. Summing up, these studies show that ALD and spatial
ALD enable fine-grained SnO to SnO; compositions, and that ambipolar
SnOy ETLs/HTLs are possible by altering deposition temperature,
oxidant, plasma conditions, and post-annealing. Gomersall et al.
observed p-type SnO can be deposited by atomic layer deposition (ALD)
using Sn(Il) bis(tert-butoxide) and H20 as the oxidant. They highlighted
that ALS is an emerging alternative to conventional sputtering-based
routes. This also illustrated that the deposition requires optimization
of Sn precursor pulse length, substrate temperature, and multi-phase
delivery mode, along with post deposition annealing and Al,O3 passiv-
ation, which are needed for p-type TFT behavior. It is also noted that
using multiple Sn pulses per ALD cycle will improve the crystallinity and
device performance than single pulse process. This shows that the pre-
cursor dosing is a crucial strategy for p-type SnO stabilization [64].

3.2.1. Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) gives a stoichiometric transfer from a
ceramic target, high purity, and good control of film density. The PLD is
a traditional lab-scale technique; a recent report states that it is scaled
and engineered for low damage SnO2/SnOx ETLs. Zanoni et al. used a
widespread PLD tool with a droplet trap to deposit SnO, ETLs and
studied how the pressure and the oxygen concentration would influence
the surface roughness and oxygen vacancy content. The optimized SnO,
ETL from PLD has resulted in PCEs >18% in n-i-p PSCs. On comparing
the ALD SnO,, the PLD-produced SnO5 or SnOy film will produce high-
quality ETLs with tunable vacancy concentration [65]. Also, Soltanpoor
et al. have produced “low damage scalable PLD” SnO», which is suitable
for p-i-n type PSCs, with the flexible substrate, controlled laser fluence,
and lowered gas, which will minimize the ion bombardment and protect
perovskite integrity. The produced devices have obtained efficiency
comparable with the ALD-based reference, which states that the
PLD-fabricated SnO5/SnOx film is compatible with low thermal budget
and flexible architecture [66]. The PLD can process independently by
controlling the oxygen partial pressure during growth, which can be
well applied to grow non-stoichiometric SnOyx with tunable oxygen va-
cancy profiles. The PLD method can be considered for producing
ambipolar SnOy interlayers and buffer layers.

3.3. Reactive evaporation and chemical vapor deposition (CVD)

Beyond all the previously discussed techniques, reactive e-beam
evaporation and CVD processes allows a fine control over the oxygen
content and crystal quality of SnOy layers. Thus, Hossain et al. illustrated
that crystalline TiOx and SnOy layers were deposited via reactive e-beam
evaporation in controlled Oy pressure along with annealing at 200 °C.
They reported that varying oxygen pressure during metal evaporation
will control oxide stoichiometry and band positions. This conditioned
processed crystalline SnOy film will significantly enhance the PSC per-
formance by tuning the electron extraction and hole blocking [67]. On
the other hand, Yang et al. have examined SnOy as a buffer layer be-
tween ETL/Perovskite and sputter TCOs. This verifies whether the
electrical and barrier properties are dependent on deposition conditions
and oxidation state. Authors stated that the SnOyx grown under
controlled conditions will potentially secure the underlying layers from
sputter damage by maintaining good carrier selectivity and band
alignment [68]. These vacuum evaporation/CVD-type routes are
attractive for ambipolar SnOyx due to the stabilizing factors for mixed
sn?*/Sn** states and Fermi level position, such as oxygen partial pres-
sure, plasma assistance, and post-annealing.

Saji et al. have illustrated in their review that p-type SnO is pre-
dominantly obtained via physical vapor deposition routes such as
sputtering, Pulsed laser deposition, and evaporation deposition, which
require a narrow process window due to SnO metastability. They
showed that oxygen partial pressure, growth temperature, and deposi-
tion rate are critical in determining whether a pure-phase SnO film or a
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mixed Sn/SnO/Sn0O- film is obtained. Also, their review further shows
that the metallic Sn, SnO,, and mixed phase targets have been used,
while post deposition oxidation and disproportionation remain the key
challenges for phase stability. Thus, the fabrication of p-type SnO de-
pends on perfect stoichiometry and process control to stabilize the hole-
conducting SnO phase [69].

3.4. Ambipolar SnOy interlayers in tandem architecture

The techniques described above focus on n-type ETLs; ambipolar
SnOy has been widely used as a recombination and interconnecting layer
in tandem. Palmstrom et al. developed SnOy-based inorganic recombi-
nation layers in flexible perovskite tandems, combining vacuum-
deposited oxides with organics and perovskite subcells. Their study
found that well-engineered SnOy layers can provide sufficient conduc-
tivity for electron-hole recombination while remaining optically thin
and mechanically durable [10]. Xiu et al. stated that highly efficient
perovskite-organic layered solar cells, which use a simple ambipolar
SnOy interconnecting layer, facilitate the recombination of electrons and
holes from the two cells, ultimately reducing voltage loss and phase
segregation. This demonstrates that controlling the stoichiometry and
defect states of vacuum-processed SnOy allows it to function as a true
ambipolar transport layer rather than purely an electron-selective ETL
[70]. This supports that SnOx grown under controlled vacuum-deposited
SnOy can yield ambipolar transport and intermediate concentrations.

4. Validating SnOy as the electron transport layer (ETL) in n-i-p
perovskite solar cells

In n-i-p perovskite solar cells, the electron transport layer (ETL)
controls the electron extraction, hole blocking, interfacial recombina-
tion, and operational stability. Among inorganic ETLs, tin oxide (SnOx,
typically SnOs-rich) has emerged as an ideal choice. The SnOy is found as
an efficient replacement for TiO5 in high-efficiency planar architecture.
Recent reports state that SnOy-based ETLs are efficient and stable n-i-p
devices, due to their combined advantages of wide bandgap (high
transparency), high electron mobility, perfect band alignment with lead
halide perovskites, and closeness with low-temperature processing
routes [71]. Below are the factors that make the SnOx more beneficial
than the conventional TiO, ETL layer.

4.1. Energy level alignment and charge selectivity

The SnOy ETLs function well due to their adjustable band alignment
with iodide-rich perovskites, such as MAPbI3, FAPbI3, or mixed halides.
These kinds of perovskite have CBM around —3.9 to 4.1eV, whereas the
SnO; and oxygen-rich SnOy films generally provide CBM of —4.3 to
—4.5 eV, which is slightly lower than the perovskite CBM. This energy
offset can result in a downhill pathway for electron extraction from
perovskite to SnOy, making them an ideal choice for ETLs in n-i-p PSCs.
Additionally, SnO5 blocks the holes due to its deeper valence band, and
fewer defects that lower the traps and recombination at the interfaces.
Chen et al. summarized that SnO; offers a higher electron mobility and a
more adaptable CB alignment for electron extraction than TiO,, and that
its valence band blocks holes and reduces interfacial recombination
[72]. Furthermore, Park and Zhu observed that when interface traps are
made unreactive, SnO, ETLs can achieve high open-circuit voltages and
reduced hysteresis in planar n-i-p cells. This demonstrates that SnO5 has
an intrinsically well-aligned band structure for improved charge
extraction from the perovskite absorber [73]. These energy level con-
siderations are closely related to the ambipolar SnOy design. As the
Sn**/Sn** ratio and oxygen-vacancy concentration are adjusted, the
positions of the CBM, VBM, and mid-gap states shift accordingly. These
changes allow SnOy to evolve from a highly electron-selective ETL-like
material to one that supports more balanced, ambipolar charge trans-
port. Thus, the SnOs-rich SnOy has favourable CB alignment for electron
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Composition-Function Map for SnOx Contacts
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Fig. 6. Composition—function map for SnO, contacts in perovskite solar cells, relating the Sn>*/Sn*" composition and defect density to SnOy functionality, transition

from n-type, p-type films through mixed ambipolar regime.

extraction and deep VB for hole blocking. Tuning Sn?*/Sn** and oxygen
vacancy concentration shifts CBM/VBM and gap states, which result in
SnOy rich in ETL or more ambipolar transport.

4.2. Defect and doping engineering of SnOyx ETLs

Essentially, SnO, is n-type; its ETL properties depend on carrier
density, oxygen vacancies, and dopants. Controlling its n-type nature
can enhance conductivity and lower series resistance. Increased oxygen
deficiency creates deep defects that can reduce Voc and stability. A more
detailed review by Hoang et al. shows that aliovalent cation doping (e.g.,
Zr, F, Cl, KF, SbFs, Mg, and Nb) can adjust the carrier concentration,
mobility, and band positions of SnO, while maintaining high trans-
parency [74]. Meanwhile, Tian et al. developed Zr/F co-doped SnO,
(Zr/F: SnOy) ETLs at temperatures <150 °C, showing higher conduc-
tivity, fewer defects, and better band alignment with perovskite. This
resulted in planar n-i-p PSCs with PCEs over 20% and significantly
reduced hysteresis [75]. Similarly, Eliwi et al. improved nanostructured
SnO, ETLs for planar n-i-p cells by combining compact and nano-
particulate layers. Modifying the ETL structure revealed that a bilayer
arrangement can improve electron extraction and lower J-V hysteresis
[76]. Therefore, these defect and doping studies demonstrate that the
Fermi level and CBM/VBM can be tuned by carefully adjusting vacancies
and dopants. As the Sn?' fraction and oxygen deficiency increase
beyond the strongly SnO,-rich regime, these factors serve as adjustable
controls that gradually shift SnOy toward more ambipolar transport,
maintaining sufficient electron selectivity for stable ETL operation. SnOy
is generally n-type, and its defects, like oxygen vacancies, can strongly
affect the conductivity, V. and stability. Thus, the doping and
co-doping can help in adjusting the carrier density, energy levels, and
lower the defect-related losses by retaining the film transparency.

4.3. ETL stacking, interfacial engineering, and nano-structuring strategies

Despite single-layer compact SnOy, the stacked or nanostructured
ETLs are highly used in high-performance n-i-p devices and are
considered interfacial engineering for reducing recombination and
enhancing stability. Zou et al. have fabricated low-temperature UV-
Ozone sintering for ZnO/SnO4 bilayer ETLs. The ZnO underlayer is
encapsulated by UV-treated SnOj film. The dual-layered structure
combines the high mobility of ZnO with the deep valence band and
chemical robustness of SnO,, enhancing improved electron extraction,
open-circuit voltage, and better stability compared with single-layer
SnO; [77]. SnO; nanostructure has also been explored by Zhang et al.
who observed that SnO, nanorod arrays with controlled area density
will function as efficient ETLs, resulting in enlarged interfacial area for
charge extraction without recombination [78]. In brief, Park and Zhu,
and Chen et al. a wide range of surface-treatment and passivation stra-
tegies such as halide-based treatments, small-molecule modifiers, and
self-assembled monolayers are routinely applied to SnO; ETLs to reduce
interfacial trap densities, tune surface energetics, and promote
high-quality perovskite crystallization [72,73]. These same approaches
can be directly applied to SnOy films that are intentionally
oxygen-deficient or mixed-valence, ensuring that even ambipolar SnOy
compositions can be engineered to remain sufficiently electron-selective
for ETL operation. In brief Bu et al. reported the universal potassium
interfacial passivation strategy produced out of slot-die printed tin oxide
(SnOy) ETL that achieves high-efficiency, hysteresis-free flexible PSC.
The hysteresis will be suppressed by potassium ions at the interface of
SnO, and perovskite layers. This strategy achieved them with
hysteresis-free rigid PSCs with PCE of 20.50% (reverse scan) and 20.46%
(forward scan). The passivated device showed excellent light and
long-term stability with lower than 5% efficiency loss. Also, it promoted
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the grain growth and passivated the interface, leading to lowered trap
density, carrier density, and improved charge collection as shown in
Fig. S3. Thus, the universal interfacial passivation strategy can offer a
potential route for developing high-performance, stable, and
hysteresis-free flexible PSCs [79].

The SnOj-dominant end of the SnOy spectrum inherently offers
strong electron selectivity in n-i—p PSCs because of its deep valence
band, favourable conduction-band alignment, and low density of mid-
gap states. The systematic introduction of ambipolar behavior can be
achieved by increasing the Sn?" fraction and adjusting oxygen-vacancy
levels, which shift the CBM/VBM positions and alter the defect state
distribution. Throughout this compositional adjustment, established
interfacial and defect-passivation strategies originally optimized for
SnO, remain fully applicable, ensuring that even mixed-valence or
oxygen-deficient SnOy films can be engineered to maintain sufficient
electron preference when ETL functionality is needed [80]. In contrast,
the presence of a lower valence state in the SnOy can present a few de-
fects, such as the film might produce with high-density oxygen vacancies
and uncoordinated Sn atoms. Also, SnO-rich ends in SnOy can cause
charge trapping, which can result in a non-radiative recombination at
the ETL/Perovskite layer, eventually increasing the contact resistance
and reducing the open circuit voltage. In addition, the SnO can also
result in unfavourable energy level alignment within the perovskite
layer, which has an energy barrier for electron transportation. This ob-
structs the efficient carrier extraction and results in charge accumulation
at the interface. If the defect sites are prone to absorbing water, this can
lead to degradation of the perovskite and reduce the long-term stability
[81]. Thus, the stacked or bilayer and nano SnO5 ETLs are reported to
increase the charge extraction and lower the recombination. Also,
passivation suppresses the interfacial traps and hysteresis.

5. Validating SnOy as the hole transport layer (HTL) in p-i-n
perovskite solar cells

In p-i-n perovskite solar cells, the deposition of the hole transport
layer (HTL) on transparent conductive oxide (TCO) allows for hole
extraction, electron blocking, interface recombination, perovskite
nucleation or crystallization, and operational stability. In contrast,
conventional organic HTLs (e.g., PEDOT: PSS, poly(triarylamine), which
are processed simply, can lead to chemical instability and hidden
interfacial losses. These traditional HTLs can also cause issues like
interfacial degradation and faster device aging. Due to their resistance to
moisture, UV light, and oxygen, they provide weaker diffusion barriers.
To address these drawbacks, an inorganic alternative is needed [82,83].
Therefore, SnOy (1< x < 2) can be used as an HTL when it exists in SnO
or mixed valence (Sn?t/Sn*") regimes, enabling p-type or ambipolar
transport and tunable valence band positions. Over SnOy, a SnO,-rich
oxide acts as an electron-selective layer in p-i-n architecture, Fig. S4
shows the energy and photoelectronic measurement of Sn-based PSC
and PEDOT: PSS [84]. The significance of SnOy as a p-type material is
also reported by a few researchers in various applications, Lv et al., who
have reported an article based on the radiation stability of the p-Type
SnOy TFT with Al,O3 and HfO, passivation layers. This validates the
SnOy as a promising p-type semiconductor suitable for HTL in TFTs.
They have passivated Al,O3 to enhance the SnOy device stability and
radiation tolerance, which makes them a suitable choice for applications
in radiation-prone environments like space or nuclear fields. Their
report provided insight for improving the SnOx device reliability via
proper passivation [85]. On the other hand, via hydrogen plasma
treatment and Al doping on SnOy film shows stable p-type conductivity,
enhances mobility, and carrier transport was reported by Pan et al. This
demonstrated a strong electrical performance with a threshold voltage
of about —5.2V and an on/off current ratio (Ion/Ioff) of 10°. Also, the
subthreshold swing (SS) slightly increases with doping but shows a
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range of (183.6 mV/dec). The theoretical analysis, such as DFT, resulted
in Al doping having widened the bandgap (0.013 eV to 0.237 eV) and
lowering the hole effective mass [86].

5.1. Energy-level alignment and hole selectivity

To work efficiently, the hidden interface contact produces low-
barrier hole extraction and electron blocking selectivity, suppressing
interfacial nonradiative recombination. In SnO/SnOy, the SnO is a rare
p-type oxide with dispersive valence state and critical contact design
(work function, which can be high depending on surface termination
and growth conditions). The SnO has work function values ranging from
4.3eV to >5eV. DFT reports show an average value of around 5.8 eV,
with an experimental value of 5.2 eV, collectively highlighting strong
tunability [87]. The device-level validation of SnO as HTL has illustrated
that SnO thin films can work as HTL in PSC. SnO/SnOy can result in hole
contact in p-i-n PSCs due to its p-type oxide and tunable work function,
which allows low-barrier hole extraction and electron blocking with
designed interfaces.

5.2. Low-temperature SnO, HTLs for planar p-i-n architecture

A practical advantage of SnOy as an HTL source is compatible with
low thermal budgets, which is crucial for HTL as it has a buried interface
layer and remains favourable with a TCO substrate, subsequent perov-
skite deposition, and a flexible temperature-sensitive route. The thin
film engineering shows that low temperature growth of ambipolar SnO2
can be a transportation layer or interconnection layers in perovskite
devices [88]. In addition, the plasma-mediated processing has been used
to prepare a SnOy layer that works as a bottom HTL in inverted tin-based
perovskite stacks, which shows that low temperature, scalable surface
control can yield HTL-relevant SnOy [89].

5.3. Defect and doping engineering to induce p-type /ambipolar transport
while suppressing recombination

The SnOy-rich SnOy (n-type), SnOy acting as HTL needs acceptor-
type conduction and minimal trap-assisted recombination at the hid-
den interface. This refers to controlling the Sn?*/Sn** ratio (Stabilizes
the bonding without SnO; oxidation), cation/oxygen vacancy balance,
and dopant/alloy strategies, which improve the hole mobility and sta-
bilize the p-type condition. The recent work details the target of p-type
SnOx (x < 2) and observes that the incorporation of elements like Ge can
boost the hole mobility, which benefits in low series resistance and
higher fill factor (FF), reducing interfacial charge accumulation and
nanoradiative recombination [90]. Computational studies (DFT and
band-alignment analysis) show that SnO-based SnOy can achieve a suf-
ficiently high work function, which is required for efficient hole
extraction and electron blocking. Therefore, controlling defects and
employing alloying and dopant engineering are essential to ensure that
SnOx consistently behaves as a reliable HTL.

5.4. HTL stacking, buried interface engineering, and crystallization
control

In p-i-n devices, the hidden HTL or perovskite interface is often the
dominant loss channel due to nucleation, defect formation, and inter-
facial recombination. In brief, buried HTLs (e.g., via nanoparticle ho-
mogenization, interface passivation, and energetics control) are
important to unlock the high fill factors and stability [91]. The SnOx--
based HTLS, with control over its surface chemistry or growth process
(plasma, ozone, chemical treatments), tunes its function and wettability
to promote uniform perovskite growth. The bilayers or stacked HTLs act
as basic HTLs or passivated interlayers, which, on pairing with high
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Table 4
Stability metrics and PCE of various SnO»-based PSC.
Type Processing Perovskite composition Test Condition Stability Test Type Retention Voc (V) Best PCE Ref
Technique
SnO, ALD @ 200°C FAMAPD(IBr); Thermal Heat stability of SnO, Sheet 0.93 15% [108]
with a thickness Treatment for film (sheet resistance resistance
of 15nm 24h at various change) <9% after
temp. heat
treatment
SnO, @ various ALD@80 °C with Methylammonium lead - Thermal stability 1.07- 18.3%- SnO, [109]
temp =180 °C, 5-15nm iodide (MAPbI3) analysis of SnO film SnO, @180°C
300°C and as thickness @180°C
deposited
SnO, nanocrystal ~ Low temp wet (FAp.85sMAy.15)Pb UV illumination UV and operational 96.3% 1.17V 19.20% [110]
and Flexible chemical sol gel (Io-g5Bro-15)3 and with N- filled  stability. retained after
SnO,, substrate (reflux:40 °C); chamber with 100min UV
Spin coating and AM-1.5G without and 60% after
UV-Ozone UV and MPP over 50h
treatment 50h
Mesoporous- Spin coating of Cs0.05(FAg.70MAg.16)Pb 1.5 a.m. solar UV and operational End-of-test 0.98 on 13.1% on [111]
SnO, (m-Sn03)  SnO,@ high (Io.83Bro.17)3 light (100 mW/ stability PCE AZO and AZO and
temp 450 °C, sz) MPP (t=10h): m- 0.94 on 11.4% on
spray pyrolysis of tracked for 10h TiO, 13.0, FTO F5TO
SnO, at N-atmosphere. planar SnO,
15.6, m-SnO,
10.4
PAA-SnO, Slot die printing FAPbI3:MACI Storage at Storage capacity at Retained 80- 1.18 22.5% and [112]
of Sn0O, ambient ambient, thermal 95% on 16.4% for
nanocrystal inks conditions for aging @ 85°C, average for 30 x 30 cm?
1000h and also operational stability every time,
for 85°C. via light soaking various, and
continuous 1- (unencapsulated), and 86% PCE
sun illumination, flexibility check after 2000
MPPT for 500h bending cycle
Bilayer SnO» Bottom-ALD o-FAPDI3 N environment Storage stability 85% 1.15 23.86% [113]
SnO; and Top- at 20% humidity efficiency
Sol-gel SnO, for 1300h after 1300 h
ZnO-SnO, ALD: SnO, C50.0sFAg.sMAg.15Pb - - - 1.23 18.1% [114]
bilayer (17 nm) on ZnO (Ip.75Bro.25)3
(28nm) @ 120°C
and annealed @
200 °C for 30Min.
NH4Cl Spin coating and Mixed cation- AM1.5G Operational stability Sn0,-78% 1.15 21.3% [115]
coagulated modified 50 mM FAy.95MAg.o5PbI3 illumination, (MPPT and after 1500h
SnO, NH4Cl and MPPT and unencapsulated) and NH4Cl-
annealed @ 60 °C duration SnO,, reatined
explicitly. 90%
SnO, dots Colloidal SnO,: Csp.05(MAg.17FA¢.83)0-95Pb - - - 1.13 20.79% [116]

Spin coating

(Io.83Bro.17)3 : Triple cation

with mixed halide

mobility HTLs, can reduce contact resistance by retaining the chemical
robustness [92,93].

6. Doping, alloying, and interface passivation for enhancing
electronic structure control in SnOyx

Doping, alloying, and interface engineering are considered signifi-

cant processes for converting “baseline” n-type SnOg-rich films into
electronically structured and partially reduced SnOy layers that can
operate as high-end ETLs, HTLs, or ambipolar interlayers. These ap-
proaches can work by shifting the conduction and valence band edges,
controlling carrier polarity and density via oxygen vacancy and Sn®*/
Sn** balance, and suppressing non-radiative recombination at buried
interfaces.

6.1. Aliovalent, doping, and alloying to tune band structure and ETL
energetics

SnOy ETLs with SnO,, aliovalent cations, and anion dopants are
widely used to modulate band-edge positions and carrier density while
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maintaining high transparency. In recent reports, the Cerium (Ce)
doping by Ahmmed et al. onto the colloidal SnO, ETLs showed a Ce3*/
Ce** redox couple. This can passivate the surface defects and upshifts
the SnO, CBM close to the perovskite absorber, that resulted with the
Voc loss associated with an overly deep CBM and reduced surface oxy-
gen vacancy. The PCE was increased from 21.1% to 23.0% after doping
Ce onto SnO at 100 mV, having improved Voc and lowered hysteresis.
In addition, 2D phenethylammonium iodide was capped as a layer,
which produced a Voc of 1.19V and PCE of 23.3% are achieved on
0.09 cm? devices, as shown in Fig. S5 [94]. On the other hand,
halide-related alloying provides another perspective on band alignment
and defect chemistry. Zhang et al. used potassium fluoride (KF) to
introduce K'/F~ at the ETL surface, eliminate -OH-related deep traps,
and lightly raise the effective CBM. This reduced interfacial recombi-
nation and enhanced Voc from 1.18 to 1.31V, with PCE raised from
13.40% to 15.39% in FTO/ SnOy/KF/CsPbl,Br/ carbon devices [95].
Transition metal or main group dopants can be adjusted to control
the electron density and mobility. Ye et al. doped Zinc (Zn) onto SnO; as
a low-temperature ETL in carbon-based planar PSCs, using Zn>' to
modify the carrier concentration and film morphology. This resulted in
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PCE:s of up to 17.78%, significantly higher than the SnO, control, which
maintained high optical transparency [96]. Theoretical work by Sannino
et al. explained that Mg?" doping in SnO, caused an upward shift in
CBM and reduced intra-gap states, potentially controlling Mg with an
improved CBM by 0.1-0.2 eV and Voc [97]. These aliovalent doping and
alloying strategies are applied to ambipolar SnOy by controlling Sn*
through average cation/anion doping. This adjusts the CBM (ETL
functions), VBM, and Fermi level (HTL functions), by reducing defects,
and the Fermi level can be blocked despite the doping techniques.

6.2. Enabling p-type and ambipolar behavior in SnO,

The ambipolar SnOy films needed a shift from the conduction band
side (n-type) to mid gap or even close towards the VBM (p-type), without
affecting the transparency or mobility. Basic defect chemistry analysis
by Scanlon and Watson illustrated that by incorporating acceptor dop-
ants (eg., Mg?", Zn?*, and In>*) without any loss of oxygen vacancies,
and perfect growth conditions can significantly stabilize the acceptor
defects [98]. He et al. realised that Mg?" substituting for Sn*" creates an
acceptor level which drives the Fermi level to VBM, resulting in a hole
concentration of 10'7-10'%cm2at room temperature with hole
mobility of a few em?v-1s~1 [99]. Later, Fu et al. have achieved wide
bandgap p-type SnO; via two step oxidation/reduction process, which
obtains a reproducible p-type conductivity (hole concentration
~2 x 108 cm~3) and Fermi level positioned within 0.2 eV of VBM with
bandgap of >3.5eV [100]. As these studies are not yet combined with
PSCs device stacking, these reports provide a scientific insight for using
Mg or In-doped SnOy as HTL or ambipolar layer in p-i-n devices. Mainly,
the SnO,-rich composition can be combined with SnO4-rich ambipolar
phases, which result in SnO/SnO.y stacks. Such stacks are structured
with SnOy (n-type) for electron extraction and the perovskite region
with a high fraction of Sn?*, providing them with a shallower VBM and
efficient hole extraction, resulting in an electronically ambipolar SnOy
layer. Fig. 6 illustrates the compositional map for SnOy in PSCs.

6.3. Interface engineering and defect passivation at SnO,,/ perovskite
contacts

On desired SnOx composition, the hidden interface losses can
dominate. The interface engineering (molecular modifier, 2D in-
terlayers, and ultrathin oxides) is essential for reducing band offsets and
non-radiative recombination, which can result in an intrinsic ambipo-
larity of SnOx. When Yang et al. produced E-SnO, ETL by complexing
SnO, colloids with EDTA, they resulted in a higher work function,
enhanced electron mobility, and lowered surface traps. Using E-SnO5 in
planar PSCs, E-SnO5 will achieve PCEs of 21.5-21.6% and reduced VoC
decay and negligible hysteresis due to concealed interfacial recombi-
nation with an excellent mobility matching with the HTL [101]. Addi-
tionally, an ultrathin ALD passivation layer will provide a high degree of
freedom. Zhang et al. have reported an ITO/SnO, interface using
sub-nanometered Al;O3 grown by ALD to passivate the defect that acts
as a recombination centre, the devices will exhibit the higher VoC and
fill factor, and PCEs >21%, by maintaining good electron extraction
through tunnelling [102]. All the above concepts justify that ambipolar
SnOy layers can be used as the HTL side contact in p-i-n cells. For
example, the SnO rich with a slight p-type and SnOx with a 2D perovskite
capping layer at the perovskite/HTL interface will shift the interfacial
Fermi level towards the VBM and block electron back injection. Sutanto
et al. and Zhong et al. have reported that the 2D/3D perovskite heter-
ostructures will reduce the non-radiative loss that will dominate in
losing VoC from the bulk perovskite. The mixed Sn-Pb devices having
both ETL and HTL interfaces are equally passivated. Also, the typical
phosphonic and carboxylic acid-tuned metal oxides will function at
0.2-0.4eV, with 50-150 mV of improved Voc when the shift reduces the
interfacial band bending and suppresses recombination [103,104]. From
the above studies and discussion, it is understood that the SnOy layer has
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the potential to act as an efficient ETL and HTL by combining bulk
doping/alloying (Ce, Mg, Zn, Halides, etc.) with perfect interface mod-
ifiers (SAMS, 2D perovskites, and ALD oxides), whose CBM and VBM
will be independently structured to perovskite bands.

7. Stability, degradation mechanisms, and reliability of
Ambipolar SnOy contacts in PSCs

7.1. ETL-mode SnOs-Rich SnO, (electron-selective)

SnO,-rich SnOy is typically robust and UV-tolerant relative to many
other oxides, but its durability is highly dependent on interfacial defect
chemistry. Also, the dense film formation can physically prevent the
contact of moisture or air, and control the surface defect landscape
[105]. The high oxygen vacancy (Vo) populations produce a reactive/
adsorptive site that results in iodide diffusion and accelerates FAI
deprotonation (Formamidinium iodide), which raises the interfacial
nonradiative loss and long-term drift. As a complementary durability
lever, the high-density ALD SnO; in a dual-layer ETL has been reported
to inhibit vertical ion migration, which can increase the thermal dura-
bility (e.g., 85°C/10% RH for 1000h) relative to fullerene-based ETL
stacks [106]. A commonly reported device-level stability or degradation
failure in p-i-n can be prevented by SnO; as a barrier layer design
(electrode-ion diffusion (e.g., Ag+) into ETL stack), which can stop ion
diffusion at thermal aging [107]. Table .4 Provided the PCE and stability
matrices of various SnOo

7.2. HTL-mode SnOy (SnO-like/mixed valence hole selective)

When SnOj is rich with Sn?*, the system can provide a high work
function, hole-selective contact without the acidity/hygroscopicity
penalties of some organic HTLs. Also, the key intrinsic failure mode is
Sn?*—Sn** oxidation under wet conditions, which can slowly change
the SnO to SnO- character (hole selective to electron selective contact)
by change in conductivity and band alignment. This Sn>" rich film has
controlling factors such as oxygen exposure and oxygen diffusion, as
SnO (Sn** rich film) can easily oxidize to Sn*" under an aggressive
aqueous medium [117]. Secondly, there will be a partial oxidation that
results in a SnO-SnO;, p-n junction, which can introduce internal band
bending and resistive loss that end up in fill factor loss and contact limit
extraction [118]. Practically, the solution-processed SnOx as HTL in the
perovskite solar cell device has shown 90% retention efficiency after
1000h of maximum power point tracking, which was observed that SnOy
as stability improving alternative to PEDOT: PSS, as shown in Fig. S6
[119].

7.3. Ambipolar or interlayer SnOy (interconnecting or recombination type
layer)

When SnOy is used as an ambipolar interlayer (e.g., in tandem or as
multifunctional interfacial layers), it must balance carrier transport and
recombination, have low parasitic adsorption, and be chemically robust
against solvent or ion diffusion and electron-ion migration to prevent
midgap-assisted recombination losses [120]. In perovskite-organic cells,
the simple ambipolar SnOy layer can reduce phase separation and
voltage loss, enabling high-performance layers with both electronic and
chemical stabilization [121]. Generally, the interconnecting layer
highlights that performance and stability are sensitive to layer tuning,
Fig. S7 shows device performance of PSC tandem cells.

8. Performance and commercial outlook

Currently, SnOy contacts are not only “supporting layers” but also
valuable levers for improving efficiency and stability compared to cer-
tification, operational tracking, and process windows. SnOs-rich SnOy is
the leading high-PCE endpoint due to its strong hole blocking and defect
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Table 5
Industrial approach, Peak PCE of Several Reports on SnO,.
Cell/module SnOx Role Active Area Deposition Scalability Peak PCE % Stress Condition Industrial Approach Ref
FTO/bi-TiOy/mp- m-SnO, as ETL inn-  0.916 cm? for Paste based Spin coating High-intensity UV UV-stable ETL/ [126]
TiO2/ i-p structure encapsulated for m-SnO, (365 nm, 60 mW/cm?, perovskite interfaces,
Perovskite/ inverted device ~13 x AM1.5 UV highlighting PCBM as
Spiro-OMeTAD/ (FTO/NiOx/ intensity); also 1 sun a promising ETL for
Au, FTO/bi- perovskite/ AM1.5G (100 mW/cm?); durable
SnO5/mp-SnOy/ PCBM/AU) tests in No-filled glovebox
Perovskite/ (inert) and ambient (40%
Spiro-OMETAD/ RH)
AU, FTO/NiOx/
Perovskite/
PCBM/AU)
Single-junction p-i-  ETL & internal 0.06 cm? (for ALD within or ex-situ 24.2 Operational stability tested ~ High-yield, durable, [127]
n PSC & 2-termi- barrier single cell ozone nucleation; at 65°C, 1-sun efficient PSC and
nal all-perovskite testing); larger flexible with roll-to-roll illumination, N tandem modules for
tandem solar area in tandem & spatial ALD for large atmosphere, quasi-MPP commercial use.
cells modules scale (ISOS-L2-2I) for 1000 h;
additional solvent,
thermal, and ambient aging
stress tests
Single junction PSC ~ ETL and coherent Not stated Solution processing spin RS-25.8 & FS- ISOS-L-11 protocol: Defect-minimizing [128]
as n-i-p structure interlayer (Cl- coating, and chemical 25.6 unencapsulated device, 1 scalable interface
bonded SnO,) bath deposition Sun illumination (AM 1.5G,  strategy for highly
100 mW/cm?, xenon efficient stable PSCs.
lamp), ambient/inert,
500 h, no UV cutoff
Single junction PSC  ETL deposited as 5mm? (lab-scale Highly scalable; low- 19.3 Unencapsulated devices, Potential for [129]
as n-i-p structure SnOy via reactive device, up to temperature reactive continuous illumination in commercial use as a
electron-beam 16-25 mm? electron-beam air (AM 1.5, 160 h); also, rapid, low-cost &
evaporation (r- tested for larger- evaporation is dark storage in N5 (12 temp, and roll-to-roll
SnO,) area pixels compatible with roll-to- days) compatible process
roll processing, flexible for SnOy ETLs.
substrates,
Single-junction as Electron extraction 0.1 cm? for ALD SnOy is process- 21.8-C, 24- Ag, Accelerated ISOS-L-21 3 x lifetime [130]
p-i-n PSC interlayer (ALD carbon-PSC; agnostic: conventional & 24.5- BCP/ protocol: N, atmosphere, 1-  improvement and
Sn0y), inserted 0.06 cm? for Ag- ALD for lab, but Ag sun equivalent 60% lower BOM cost
between C60 ETL PSC compatible with high- illumination, 45-105 °C, over Ag reference;
and carbon cathode throughput spatial ALD MPP tracking; lifetime establishes a scalable
to enable efficient and roll-to-roll printing projections at 30°C design rule for
electron collection for industry; carbon durable, low-cost,
(polarity inversion) cathode is solution- industrial perovskite
printed (scalable) PVs.
Single-junction as P-SnOy (plasma- Not stated Plasma-assisted in situ 14.0-P-SnOy as Long-term storage: scalable, low-cost, [131]
p-i-n PSC assisted SnOy)- deposition- suited for HTL & T-SnOy- Maintained initial inorganic HTL/ETL
bottom HTL & T- scalable, industrial roll- 13.5+0.32% performance for 50 days approach for lead-free
SnOy as top in situ to-roll processes; under N, PSCs, replacing
protection (ETL), perovskite and C60 (unencapsulated); unstable PEDOT: PSS
reducing Sn*" to layers are solution- operational MPP stability and providing robust
Sn** and decreasing processed/spin-coated test under 1 Sun in situ protection
trap density illumination for at least
100s
Single-junction as HTL Not stated Spin-coating at low 11.11 Encapsulated device, MPPT  stable, low-cost, [132]

p-i-n PSC

temperature (100 °C
anneal); compatible
with scalable, solution-
based, low-cost
manufacturing

under continuous
illumination for 1000 h;
90% efficiency; thermal
stability (85°C, 72h).

solution-processable
HTM PSCs,
overcoming PEDOT:
PSS instability and
enabling higher long-
term stability

landscape tuning through surface capping, passivation, and band-offset
shaping, rather than bulk transport optimization. In 2025, inorganic La-
capping on SnOs creates an interfacial conduction-band spike, reduces
buried-interface strain, and maintains over 80% efficiency after 800 h of
continuous illumination, resulting in 26.2% PCE and 25.6% certified
efficiency. This positions SnOyx ETL progress as “recombination/strain
management at the junction,” not “electron mobility in the junction”
[122]. The commercial distinction depends on whether the same SnOy
chemistry can be applied uniformly and withstand stress testing, where
factors like thickness control, lateral electronic homogeneity, and defect
moderation influence yield and drift. A study by Lee et al., suggests ul-
trathin, oxygen-deficient SnOy interlayers as a feasible method for
“cell-to-module translation” because they can smooth local energy dis-
turbances at the TCO/oxide/perovskite interface and maintain low
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thermal budgets. Using plasma-modified ALD SnOy, module PCE
increased from 17.9% to 20.1% on a 23.2 cm? active area, with 92%
retention after 2700 h at 85 °C/85% RH and 96% retention after 1000 h
under MPPT, supporting the idea that SnOy layers can be designed as
manufacturing-grade extraction junctions rather than lab-scale interfa-
cial modifiers [123]. Beyond single-junction architectures, SnOy is
gaining importance as a process-enabling buffer in tandem and flexible
stacks, where conformity, sputter/process damage tolerance, and me-
chanical durability are as critical as energy conversion. The flexible
perovskite/silicon tandem achieved 33.4% (1 cmz) and 29.8% on a
260 cm? wafer, with minimal losses after bending and thermal cycling.
This indicates that SnOx based buffer/interfacial designs can meet both
electrical and mechanical requirements [124]. Lastly, commercial
prospects depend on cost-of-ownership, metallization strategy, and
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2024 25.74% (Certified and Air
Jfabricated PSC by Sn0,, Yang.et.al,) { Jagths
2023- 9.77% (SnO, nanoparticle bound ’ 2025- 1L11%
24 inorganic PSC) (Kitamura.ct.al.,) ( (Sol  processed
Sn0, HITL,
. S Ferdoud.et.al.,)
2022- 10.89% (Avg) -22.1%
(Champion) (Wang.et.al..) 2023-  23.2%
22 _ Xiao.et.al
2019- 20.2% (Stabilized
power out), RT sputtered .
Sn0, ETL , Qiu.et.al.,)
20 + 2020- 23.1%-21.3%
2018- 21.60% High (flexible),
efficiency  planar Palmstrom.et.al.,
type, yang.et.al., ®
18 - (WY 2019 24.80%-22.1% (Small
Vs 1 em? class), Wang.et.al.,
2015- 16.02% Low
temp sol processed
16 tin oxide, Ke.et.al.,
o - $n0, rich Sn0O, ETL
Q - SnO, Interlayer /tandem architecture
14 o - SnO-rich SnO, HTL

Fig. 7. Performance timeline of SnOy-based ETL, HTL, and Interlayer archi-
tecture devices from 2015 to 2025 [10,35,43,48,84,101,133-135].

lifetime economics, where SnOy can enable lower-cost electrodes
without sacrificing performance. A 2025 J paper shows that a tailored
ultrathin SnOy interlayer can invert the effective polarity at a printed
carbon rear electrode in p—i-n PSCs, narrowing the efficiency gap be-
tween carbon (21.8%) and Ag (24.0%) while delivering a threefold
improvement in projected operational lifetime (>8000 h) and over 60%
reduction in materials costs—exactly the kind of quantified trade that
can elevate SnOy from “best-in-class contact layer” to an industrializa-
tion enabler for scalable, metal-lean manufacturing lines [125] and
Table .5 shows various SnOx PCE for commercial design.

9. Research gaps and future perspective

Ambipolar SnOy contacts offer a composition-tunable oxide platform
for perovskite solar cells and hold long-term potential for contact ap-
plications because of their optical transparency, compositional
tunability, and compatibility with diverse device architectures. Still,
their mixed-valence and oxygen-nonstoichiometric chemistry creates a
central limitation: achieving true ambipolarity without introducing
recombination-active tail states, Fermi-level pinning, and time-
dependent energetic drift. Many SnOy films that appear ambipolar in
simple electrical tests can behave as recombination-active interlayers in
devices because mixed Sn?*/Sn** phase fractions, oxygen-vacancy
populations, and SnO/SnO, boundaries generate a sub-gap density of
states (DOS) that erode Voc and FF. A practical research gap is therefore
the lack of a transferable composition-function map that links measur-
able descriptors, such as the Sn®t/Sn** fraction, O/Sn ratio, vacancy
signatures, density, surface termination, and sub-gap absorption/tail-
state metrics, to device-relevant outputs, including work function and
band bending, CBM/VBM offsets, contact resistivity, interfacial recom-
bination velocity, hysteresis, and operational drift across n-i—p, p—i-n,
and tandem stacks. Another critical gap, especially for p-type SnO and
SnOy, is the chemical and phase instability of Sn?*-rich films. Because p-
type conductivity is associated with SnO-rich compositions, the sus-
ceptibility of Sn®" to oxidation can progressively shift the material to-
ward SnO,-rich regions, alter the work function and hole selectivity, and
induce heterojunctions that increase series resistance and recombina-
tion. In addition, p-type SnO/SnOy typically exhibits a narrow fabrica-
tion window; even small variations in oxygen activity, plasma
chemistry, energetic flux, or thermal budget can significantly alter phase
balance, defect density, and transport polarity. These factors create
challenges for reproducible large-area processing and practical manu-
facturability. From a device perspective, p-type SnO and SnOy also face

14

Materials Today Energy 59 (2026) 102300

challenges in achieving sufficiently high hole conductivity, robust band
alignment with perovskite absorbers, low interfacial trap density, and
operational durability comparable to those of established hole-selective
contacts. Thus, SnOx has realistic long-term potential for practical
application because of its inorganic nature, transparency, and compo-
sitional tunability, but its viability can depend on overcoming current
limitations in phase stability, defect control, charge selectivity, and
scalable processing. Although SnOx-based contacts are promising, they
are not yet sufficiently developed for broad practical applications; spe-
cifically, phase stability, defect control, and reproducibility remain
major unresolved challenges for p-type SnO/SnOy.

Future work should therefore treat ambipolar SnOy as a stack-
engineered contact system rather than as a single film. Using SnOy as
a bilayer or compositionally graded contact may optimize the bulk re-
gion for low-resistance charge transport while engineering the near-
surface region as a thin selective skin with lower chemical reactivity
and fewer sub-gap defect states. For p-type SnO/SnOy specifically,
research should focus on stabilizing Sn®"-rich hole-selective phases
through denser films, diffusion-barrier overlayers, low-temperature
capping layers, and targeted passivation strategies that suppress oxida-
tion and defect evolution during operation. Additional progress may be
achieved through controlled doping or alloying, interfacial dipole en-
gineering, and hybrid contact designs that improve hole extraction
while preserving transparency and low-temperature processability.
Equally important is practical device validation beyond peak power
conversion efficiency, including film uniformity, contact resistivity, sub-
gap and tail states, and long-term durability under maximum power
point tracking, damp-heat exposure, and thermal cycling. Under this
framework, ambipolar SnOy, including p-type SnO-like contact layers,
could evolve into a practically relevant contact platform for single-
junction and tandem perovskite solar cells if the field converges on
quantitative metrology and robust process windows that reliably link
composition and defect chemistry to selectivity, recombination, and
operational stability in realistic device architectures. Fig. 7. A timeline
on SnOx-based ETL, HTL, and interlayer performance.

10. Conclusion

Ambipolar SnOx is a versatile oxide-contact platform for perovskite
solar cells, allowing for modulation of transport polarity, band align-
ment, and interfacial reactivity by controlling Sn®*/Sn** speciation and
oxygen-related defects. The behavior of film as electron, hole, and
ambipolarity is generally decided by the film's actual chemistry and
defect structure, more precisely its composition (Sn?>*/Sn*" balance,
dopants/impurities) and the types and distribution of defects (e.g., ox-
ygen vacancies, tin interstitials, and defect clusters). Unless stoichiom-
etry and valence states are tightly regulated, the same structural or
chemical disorder that can enable ambipolarity can also create the
density of states, gap states, and trap-assisted recombination, causing
time-dependent energetic drift and polarity instability. Reactive sput-
tering, ALD variations, PLD, and evaporation/CVD-like methods pro-
duce various phase fractions, vacancy populations, and surface
terminations due to oxygen chemical potentials and energetic fluxes.
These changes explain why comparable SnOy layers have different
contact resistivity, recombination losses, and stability. In ETL-mode
operation, SnO,-rich SnOy exhibits significant electron selectivity, but
performance is dependent on oxygen-vacancy management and inter-
facial trap creation. Although SnO-like or mixed-valence films can
enable hole transport in HTL-mode operation, they are susceptible to
Sn?* oxidation, interdiffusion, and chemical processes that cause po-
larity drift. Ambipolar SnOy is appealing for tandem interlayers, but
repeatability involves suppressing mid-gap state creation and main-
taining balanced transport. Thus, narrow, measurable process windows
linked to valence/defect descriptors, doping/alloying and passivation
strategies that decouple conductivity from recombination, and stand-
ardised reporting and metrology for composition, energetics, polarity,
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and stability under operating stress are necessary to manufacture SnOx
contacts.
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