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Abstract

Optoelectronic components manifest a dual capacity: they are capable of generating radia-
tion from charge carriers and converting radiation into charge carriers. A critical component

of these technologies is the incorporation of transparent conducting oxides.

The present work is focused on the synthesis and characterization of tin oxide-based
materials. The optical and electronic properties can be tailored to a specific application
through the process of doping with other elements or mixing with other oxides. The recom-
bination of charge carriers is a key factor that determines the functionality of the material

under consideration.

In the context of photoluminescence sensing it was found that the recombination of
charge carriers is significantly accelerated by the presence of O, and an increase in tem-
perature. The interaction of metal oxides with O, can be described using the principles of
resistive semiconductor gas sensing. The majority of established luminescence sensors are

based on metal-organic compounds. In the present work, both models are compared.

In the area of solar cell research, the suppression of the recombination of charge carri-
ers is imperative for achieving high power conversion efficiency. Perovskite solar cells are
considered to be among the most promising technologies. The absorption of light leads to
the generation and separation of charge carrier pair, which are subsequently separated by
polarity at the adjacent charge transporting layer. The objective of this study is to optimize

the electron transporting layer.
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Kurzfassung

Optoelektronische Komponenten kdnnen aus Ladungstrdgern Strahlung erzeugen und diese
in Ladungstrager umwandeln. Ein wesentlicher Aspekt dieser Technologien ist die Verwen-

dung von transparenten, leitenden Metalloxiden.

Der Fokus dieser Arbeit liegt auf der Synthese und Charakterisierung von Zinnoxid-
basierten Materialien. Die optischen und elektronischen Eigenschaften kdnnen durch Dotie-
rung mit anderen Elementen oder Mischung mit weiteren Oxiden auf die jeweilige Anwendung
abgestimmt werden. Die Rekombination der Ladungstrdger hat einen wesentlichen Einfluss

auf die Funktionalitdt des jeweiligen Materials.

Im Rahmen der Photolumineszenz-Sensorik wurde festgestellt, dass die Rekombination
der Ladungstrager durch die Anwesenheit von O, sowie eine Erhdhung der Temperatur
beschleunigt wird. Die Wechselwirkung von Metalloxiden mit O kann mit den Prinzip-
ien der resistiven Halbleitergassensorik beschrieben werden. Etablierte Lumineszenzsensoren
basieren in der Regel auf metallorganischen Verbindungen. Im Rahmen der vorliegenden

Arbeit erfolgt eine Gegeniiberstellung der beiden Modelle.

In Solarzellen ist die Unterdriickung der Rekombination von Ladungstrégern von entschei-
dender Bedeutung fiir einen hohen Wirkungsgrad. Perovskit-Solarzellen werden als eine der
vielversprechendsten Technologien angesehen. Die Absorption von Licht fiihrt zur Erzeugung
von Ladungstrigerpaaren, welche anschlieRend an der benachbarten Ladungstransportschicht
je nach Polaritat getrennt werden. Der Fokus dieser Arbeit liegt auf der Optimierung der

elektronentransportierenden Schicht.
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1 Outline

Optoelectronic applications accompany us frequently in our everyday lives. Microelectron-
ics, light-emitting diodes (LEDs), displays, and solar cells are already well-established tech-
nologies. The development of innovative materials for sustainable technologies is not only
relevant for research, but also for society. In particular, luminescent, transparent conducting
oxides are important components in many of these fields. The industrially relevant com-

pounds are based on earth-abundant elements like titanium, tin and zinc.[!]

In this thesis the focus is on the charge carrier recombination, which is a central aspect
of the functionality of these materials. In order to promote recombination, chemisorbing
gases can be introduced or the operating temperature can be increased. To prevent recom-
bination, charge separation of electrons and holes must be as effective as possible. Here,
tin-based oxides are adjusted to explore the respective problems. On the basis of two opto-
electronic applications, strategies to promote and prevent charge carrier recombination are

investigated, see Figure 1.

promote

charge carrier «—©
recombination Q
—>

Figure 1: Schematic overview of strategies to promote or prevent charge carrier
recombination.

1.1 Gas Sensing

Metal oxides can be used as chemiresistive or optical sensors. They are well-established as
resistive gas sensors. However, harsh measurement conditions or elevated operating temper-
atures may initially damage electrical components of the sensor before affecting the sensing
material. Consequently, optical methods are becoming increasingly attractive due to their
ability to separate electrical components and sensing materials, thereby unveiling novel con-
tactless sensing applications. The interaction of metal oxides with gases alter the material
reversibly as electrons are introduced or removed. This can be measured as a change of e.g.

conductance, permittivity or photoluminescence (PL).[>™!



1 OUTLINE

In this work the focus is on the detection of PL. In the presence of oxygen (O2) the
emission intensity and lifetime are both quenched, so the charge carrier recombination is
promoted. Commercially available PL gas sensors are based on metal-organic compounds.
They exhibit great sensing properties, but are quite sensitive to radiation.l®! In contrast,
metal oxides are more promising in terms of photostability. The emission lifetime of binary
oxides can be very short (ps to ns), which is difficult to detect with a simple setup. Therefore
a ternary system with a much longer lifetime was chosen. Zinc tin oxide (ZnySnO4, ZTO)
stands out with a defect-based emission in the visible spectrum with a lifetime in the ms
range.[%7] It is a mixed metal oxide based on zinc(Il) oxide (ZnO) and tin(IV) oxide (SnO,)
with a wide band gap (ca. 3.6 €V) in the UV range. The models to describe PL sensing
are typically about (metal-)organic compounds in a liquid. The interaction of Oy with the
surface of a metal oxide is described with the models for semiconductor gas sensing. There-
fore, adjusting and refining the models is necessary for a better understanding of PL sensing

with metal oxides.

The operating temperature is a central parameter in both models and provides further
insight into the sensing mechanism. With increasing operating temperature the PL intensity
and lifetime are also quenched, so the charge carrier recombination is further promoted.
Investigating the concentration dependence of simultaneously measured PL intensity and
conductance reveals the incomplete gas accessibility and a non-linear relation of both mea-
surands.!® Studies about the temperature quenching contribute to a better understanding
of ZTQ's interaction with 0,.19

1.2 Solar Cells

Solar cells are becoming increasingly important in our everyday lives. They are multilayer sys-
tems, where each layer has a specific function. Classic systems are based on silicon and have
dominated the market for over 40 years. In the last two decades the efficiency of silicon cells
stagnated around 27 %.11911 The efficiency of a single solar cell is physically restricted by
the Shockley—Queisser limit, which predicts a maximum efficiency of ca. 30 %.[12 Currently
[1I-V multijunction systems achieve efficiencies of nearly 50 %, but are used just in military
or aerospace fields due to high production costs.[!3] New technologies are e.g. dye-sensitized
or quantum dot cells, yet perovskite solar cells (PSCs) are by far the most promising. In
less than 15 years of research PSCs reached an efficiency of 27 % as single cells and 30 %

in tandem setups. (1]

A PSC typically consists of five layers: Anode on a substrate, electron transporting layer
(ETL), perovskite layer, hole transporting layer (HTL) and cathode. The perovskite layer
is the photoactive layer, where electrons and holes are generated. The PSC is illuminated
through the substrate, which requires the anode and ETL to be transparent. Fluorine-doped
SnO; (FTO) or tin-doped indium(ll) oxide (ITO) coated glass substrates provide the basis



1.2 Solar Cells

as anodes.l SnO, ETLs are very common as low process temperatures are required, the
band alignment is quite favorable and the photodegradation of the perovskite layer is com-
parably small.[1%]

Within the scope of this thesis a new SnO, ETL synthesis is presented. ETLs are required
to exhibit excellent electron transport behavior to extract electrons from the perovskite layer
and to block holes. The recombination of charge carriers is prevented by effective charge
separation, which is manifested in the efficiency of the solar cell. SnO; ETLs can be prepared
either by spin-coating nanoparticles or by directly growing a layer on the substrate surface.
Industrially the application of nanoparticles is more interesting as spin-coating is fast and
easy to scale up. Established methods to grow SnO; layers on FTO require several hours,
but higher efficiencies are achieved. Therefore there is a need to develop a fast SnO5 layer
deposition (< 10 min). Fast coating not only makes PSCs more accessible for industrial
production, but also simplifies processing in the laboratory, as the application of this layer
is the speed-determining step. The presented synthesis reduces the reaction time from 12 h

to 6 min by replacing several harmful chemicals with one non-toxic salt.[1®!






2 Theoretical Background

2.1 Transparent Conducting Oxides

Indium(I11) oxide (In203), tin(IV) oxide (SnO3), titanium(IV) oxide (TiO2) and zinc(Il) oxide
(Zn0O) are the most common transparent conducting oxides (TCOs). Each oxide, either pure,
doped or as a mixed oxide, is industrially important.l'17l SnO, is a central component in
both solar cells and gas sensors.[1218] ZnQ is also frequently used as a gas sensing material,
but also exhibits interesting photoluminescence properties.1219 Zinc tin oxide (Zn2Sn0y,
ZTO), which is the mixed metal oxide of SnO2 and ZnO, shows favorable photoluminescence

properties compared to the pure oxides.[20]

2.1.1 Tin Oxide

Tin can either form tin(Il) oxide (SnO) or tin(IV) oxide (SnO2) with oxygen. SnO is
metastable and disproportionates at elevated temperatures to SnO5 and Sn.[21] SnO, is one
of the most frequently used n-type (electron conduction) metal oxides, due to its outstanding
optical and electrical properties. The wide optical band gap (ca. 3.6 €V - 4.0 €V) ensures a
high transmittance in the in the visible spectrum.[?2l A natural high electron mobility is based
on a uniform distribution of electron charge density and low scattering of the conduction

electrons.

SnO; crystallizes in the tetragonal Rutile-type structure (Figure 2). Sn atoms (pink) are
octahedrally surrounded by O atoms (dark blue) and octahedrons are corner-connected.??!
Missing O-atoms provide n-type semiconducting behavior.[2*l Formally, the oxygen deficit

allows coexistence of Sn**- and Sn?*-ions and enhances the electron mobility.[25] In contrast,

SnO exhibits p-type (hole conduction) character, which is highly affected by the available
[26]

O» content and synthesis temperature.

Figure 2: Rutile-type crystal structure of SnO,. Tin atoms are pink and oxygen atoms are
dark blue.[27]



2 THEORETICAL BACKGROUND

SnQO; can be synthesized by various concepts, depending on the aimed application. For
powder samples, wet-chemical synthesis approaches!?® are as suitable as methods based on
mechanochemistry!29 or solid-state reactions.[3% Sol-gel chemistry allows the formation of

thin layers, nanoparticles or powders.[31]

A sol consists of solid particles in a size range from 1 to 1000 nm, dispersed in a liquid
phase. Thus a sol is a suspension or a colloidal solution. Between the particles van der Waals
attraction and surface charges are the dominant forces. Starting with inorganic salts or alkox-
ides, the formation of colloid particles is based on two different reactions: hydrolysis and
condensation. Tin salts for synthesis of tin oxides are e.g. Sn(11)Cl-2 H,0,B3% Sn(1V)Cly-5
H,0,B331 Sn(0*Bu),4 134 or NaySn03-3 Hy0.13%] As solvents water or alcohols can be used.[3!

In aqueous solutions the metal salts are solvated and hydrolized. An equilibrium is es-

tablished between the aquo, hydroxido and oxido species (Equation 1).[36]

[M(OHo)*t = [M — OH]EVF 4+ HY = [M = 0]F~2F 2pt (1)

M-(OH,) M-OH M=0
Aqua Hydroxo  Oxo

Depending on the metal M, additional ligands and pH value, the equilibrium is set.
Esterification occurs in alcoholic solutions. Hydrolyzed or esterified groups can condensate

via a nucleophilic substitution (Sy) (Equation 2).13]

X

1
M —OX+ M, —OY — M; — O — M, +0Y (2)

If the metal ion is coordinatively unsaturated, a nucleophilic addition occurs (An) (Equa-
tion 3).136]

X

1
Mi—OX+ M, —OY — My — 0 — M, —OY (3)



2.1 Transparent Conducting Oxides

Since the pH value determines which species is dominant, it also controls the reaction

rate of hydrolysis and condensation. The type of reaction determines the particle size.[3¢!

The perpetual condensation creates growing clusters until a continuous solid network
is formed: a gel. An abrupt increase in viscosity occurs and the often clear, colorless sol
turns turbid, which indicates cluster growth. The pores of the gel are filled with the solvent,
which can be extracted by supercritical drying to form aerogelsi37:38] or be evaporated to

form xerogels,[3¥ which no longer exhibit a porous structure.30]

The deposition of a thin-layer is easy to adapt for an industrial setup. Typically a sol
is spin-,149 dip-[41] or blade-coated,[*? followed by a thermal conversion. Already prepared
(nano)particles can be dispersed and printed like an ink.[*344 Layers can also be grown
directly on a substrate by chemical vapor deposition (CVD)[*? or chemical bath deposition
(CBD).[] In contrast to other TCOs a solution-based deposition is preferred for SnO,, as
the raw materials are inexpensive, easy to process and scale up.['”] Figure 3 summarizes the

mentioned methods.

Spin Coating Dip Coating Blade Coating
o) H @)
@)
@ .
Printing Chemical Vapor Chemical Bath
Deposition Deposition
gas flow
l —_
] bl
— |

Figure 3: Methods for thin-layer deposition.



2 THEORETICAL BACKGROUND

Frequent applications of SnO, can be attributed to its electron transportation behavior
and transparency. The areas of application can be divided into the fields of microelectron-
ics, environmental decontamination, energy production, and energy storage (Figure 4).[46]
In microelectronics SnO> thin-layers are used as transistors7#8] or capacitors.[*9%% SnO,
is the most used metal oxide in gas sensing. It can detect gases like CH4, CO or Hy and
its interaction with Oy is well understood.1753] As a photocatalyst it can degrade organic
pollutants(®*55] or participate in water-splitting to generate H,.56:57] |n future-oriented en-
ergy production fields like solar®859 or fuel cellsl®%6 SnO, can be used to transport the
generated electrons or protons. SnO; is also of interest for energy storage as an electrode

material in batteries.[62:63]

Solar Cells
Water Splitting

Fuel Cells

>
e
[

Transistors )
Batteries

Capacitors

Figure 4: Applications of SnOs,.

Dopants are frequently introduced to SnO; to improve its properties, such as electron
mobility.1??l SnO, is mostly doped with fluorine (fluorine-doped tin(IV) oxide, FTO), which
generates an electron excess due to the lower valency of F~ compared to O%. Optimal doping
concentrations vary in the literature, whereas 2 at% seems to be the common concentra-
tion.[6465] The SnO, crystal structure is not distorted due to F-doping, since ionic radii of F-
(Re- = 1.33 A) and 0% (Rg2- = 1.32 A) are comparribly similar.[56] Commercially available
FTO is deposited on glass substrates e.g. by atmospheric pressure chemical vapor deposition
(APCVD).[67]

Other dopants may be (transition) metals with the same or lower valency than Sn**,
which may affect the conduction type (n-type or p-type). The conduction types will be
discussed in more detail in subsubsection 2.2.2. Table 1 displays examples of dopants and

their effect on the conduction type.

Table 1: Examples of SnO; dopants.

doping type dopant

n-type F[64—66], Nb[68], V168l
isovalent Tilo8]
p-type Allos] BI69T  Cgl68] (701 |jl68] Njl72l | gpl72]




2.1 Transparent Conducting Oxides

2.1.2 Mixed Transparent Conducting Oxides

The commercially most relevant mixed TCO is tin-doped In,O3 (indium tin oxide, ITO).[*"]

Sn is soluble in the In,O3 lattice with an amount up to 6 at% without causing any lattice
distortion. Usually ITO contains ca. 10 at%, which results in a mixed phase.[’374 |TO is
used as an electrode material in solar cells, displays or touchscreens, and is required to be

recycled as indium is considered a rare element.[75~77]

Zinc tin oxide (ZnySn0y4, ZTO) is a mixed metal oxide, with a stoichiometry of SnO; and
2 ZnO. This n-type semiconductor has an optical band gap of ca. 3.6 eV, which ensures a
high transparency in the visible spectrum, and exhibits high electron charge transport be-
havior. The abundance of Sn and Zn makes ZTO an interesting alternative for established
TCOs. In comparison with pristine SnO5, the ternary composition allows more degrees of

freedom to adjust the Sn:Zn ratio for a precise property engineering.[!

ZTO crystallizes as the inverse spinel type (Figure 5).[78 The inverse spinel structure
is characterized by corner-sharing MO, tetrahedra and MOg octahedra. One half of the
Zn?*-ions occupy tetrahedral and the other half octahedral sites, while all Sn**-ions occupy
octahedral sites. Conventionally, a random distribution of Zn%*- and Sn**-ions within the
octahedral sites has been considered.[798% DFT calculations indicate that Sn**-ions order
along the [110] direction, leading to the formation of Sn-Sn chains.[8Y The overlap of

unoccupied s-orbitals of the cations may result in the formation of electron highways.[82]

o

o

Figure 5: Inverse spinel type crystal structure of ZnSnO4. Tin atoms are pink, zinc
atoms are green and oxygen atoms are dark blue.[83!



2 THEORETICAL BACKGROUND

The synthesis of ZTO is very versatile. The easiest synthesis is a solid-state reaction of
Sn0O, and ZnO (1:2) to ZTO at temperatures above 800 °C.[84-80] Solvothermall?0:87:88] or
sol-gel-based[8990] syntheses are primarily used. Low-temperature approaches are also inves-
tigated and can either result in the phase-pure ZTOP or introduce only Snl92] or Znl93.94]

into the lattice.

Thin-layer preparation and applications of ZTO are very similar to SnO,. ZTO thin-
layers are prepared e.g. by sputtering,[9%:9! spin-coating,[97:98] CVDI9! and printing tech-
niques.[190.101] |5 microelectronics the common use for ZTO are transistors.[102103] Com-
pared to pristine SnO5, foremost photocatalytic applications,[87:104105] including water split-
ting,[106'107] are much more common for ZTO. Solar cells,[198-110] patteriesl111:112] 5pd gas

sensors!113-115] are also central applications of ZTO.

2.2 Optical Oy Sensing

Optical measurement methods enable contactless detection of gases, which opens up new
areas of application. Since oxygen (O2) is not only essential for our survival, but also plays
an important role in various areas of life or industrial applications, its detection is a central
point of gas sensor technology. In biological systems O5 is a generic marker that contains
a lot of information, for instance about viability or metabolic status.[16] Monitoring the
atmospheric composition is also a wide application field, which includes monitoring of food

[119.120] Commercially relevant O sensors are

packaging, 17! exhaust gases[!8l or air quality.
e.g. the Clark electrodel™! or zirconia-based sensors,[122 both of which are based on elec-

trochemical principles.

O5 can be detected optically either by absorption or luminescence. In this work the focus
is on luminescence sensing. Here, the presence of O, reduces the intensity and lifetime of the
emission. It is quenched.[123124] Syjtable materials for luminescence-based O sensors can be
organic molecules, [125] metal-organic compounds, [12%] metal-organic frameworks (MOFS)[126]
or luminescent inorganic (nano)materials.[*2”] Organic and metal-organic compounds can be
used both in solution and as solid-state sensors. MOFs and inorganic (nano)materials can

only be applied as solid-state sensors.!
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2.2 Optical Oy Sensing

2.2.1 Metal-Organic Compounds

Metal-organic compounds are the most frequently used in luminescence-based O5 sensors and
are commercially available.'?!] Commonly used metal-organic compounds are Ru(ll) com-
plexes like Ru(bipyridine)s (Ru (bipy)s, Figure 6a), Ru(1,10-phenantroline)s (Ru(phen)s,
Figure 6b) or Ru((4,7'-diphenyl-1,10'-phenanthroline)s (Ru(dpp)s, Figure 6¢). By introduc-

ing additional functional groups, the luminescence properties are further refined.[5128l

Figure 6: a Ru(bipy)s, b Ru(phen)s and ¢ Ru(dpp)s.

Though the Ru(ll) complexes are the most prominent compounds, the complexes of
many other transition metals like Ir(111),[1291 Os(11),[130 Pt(1)[131 or Pd(11)[*3! are suitable

for O5 detection as well.

The photoluminescence (PL) process of a luminophore and interaction with Oy can be
described via a Perrin-Jabtonski diagram (Figure 7). The absorption of radiation elevates
electrons from the ground-state (Sp) to the first or second excited state (S1 or Sz). Regard-
less of which excited state the electrons enter, they vibronically relax to the lowest energy
level of S;. The electrons from S, get through internal conversion (IC, kic) to S1. Both
vibronic relaxation and IC are nonradiative transitions. From S; electrons can relax to Sp
via radiative (k7’) or nonradiative transitions (k7). This phenomenon is called fluorescence.
By intersystem crossing (ISC, kisc) electrons can also undergo a spin-forbidden transition
to the triplet state (71), which is less probable hence less intense. From T; electrons can
also relax to S radiatively (k[) and nonradiatively (k;,), which is called phosphorescence.
The phosphorescence is considerably longer than fluorescence. The presence of heavy atoms
promotes the ISC between S; and T; due to spin-orbit interaction and can enhance the
phosphorescence intensity and decrease the lifetime. Both fluorescence and phosphores-

cence contain less energy than the absorbed light (Stokes' shift).[125:132]

11



2 THEORETICAL BACKGROUND

In the presence of triplet O, static or dynamic PL quenching can occur. During static
PL quenching, the luminophore forms a nonradiating complex with the quencher molecule,
which results in a decrease in PL intensity, but not in lifetime. In case of dynamic quench-
ing, both the PL intensity and lifetime are affected by the quencher. Collisions between
the luminophore and the quencher can cause an exchange of energy or electrons.[125:133]
The exact mechanism is not yet completely understood, but an energy transfer mechanism
is suggested. The ground-state molecular O3 is in the triplet state (32;), which can be
excited to a highly reactive neutral (1A,) or positively charged (123) singlet state. The
collision may cause O, to get into the 1O state, while the ISC between S; and Ty of the
luminophore is promoted.[125:132]

k.
s, 4. NN
A
S LS A p

q
S 1¢ +
T \/\/\A
m,nr Zg

S lko § 3.

Absorbance Phosphorescence

Luminophore 0O,

Figure 7: Perrin-Jabtonski diagram of a luminophore interacting with O,. Adapted from
Quaranta et al..[125]

The lifetime 7, of fluorescence or phosphorescence contains both the radiative 7, , and

nonradiative T, . lifetime (Equation 4).[127.134]
1 1 1
o (@
Tm Tm,r Tm,nr

The index m specifies the validity for monomolecular cases. The reciprocal lifetimes are
called recombination rates. The collective lifetime is dominated by the transition with the

highest recombination rate and thus the shortest lifetime.[127:134]

In the presence of O, an additional nonradiative path is introduced. For the lifetime,
1

m,[07]
O, concentration [O,]. With increasing O, concentration this path becomes more probable

[127,132,134]

this means that a further recombination rate (- ) is added, which is dependent on the

as more collisions occur. Equation (4) is extended to Equation (5)
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2.2 Optical Oy Sensing

r_r,r 1 -[04] (5)

Tm Tm,r Tm,nr Tm,[02]

In practice, the lifetime can be determined by exciting the material and deactivating the
light source. For lifetimes ranging from ps to s, straightforward configurations equipped with
a mechanical shutter can reliably deliver the lifetime. In order to measure lifetimes in the
fs to ns range, it is necessary to employ time-correlated single photon counting (TCSPC)
or a streak camera.[1347136] | the context of O, sensors, lifetimes in the ps to ms range
are optimal due to the simple detection process. The subsequent decay behavior, known
as the afterglow of the emission, is often characterized by a single exponential decay, as
demonstrated in Equation (6). The intensity at t = 0 is I, t denotes the time and 7, [0,]

stands for the lifetime at the corresponding O concentration.[127:132]

t

I(t)=Ipe ™ (6)

The lifetime is defined as the time of intensity decay to a value of 1/e, Equation 7.

Hrm) = To- @

Figure 8 illustrates the single exponential decay of the intensity in the absence and pres-

ence of O».

A
I (t) absence of O,
1 4 presence of O,
1/eA
>
t

Figure 8: Exponential decay of PL intensity after deactivating the light source in the
absence and presence of O».

For metal-organic compounds the lifetime can range from fs to psl®137] and can easily

be engineered e.g. by the modification of the ligands.[138]
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2 THEORETICAL BACKGROUND

The kinetic of dynamic quenching is described with the Stern-Volmer Equation (Equa-
tion 8). Ip and Ijp,] or To and Tjp,] are the intensities or lifetimes in the absence and presence
of Oy. kg is the bimolecular quenching constant, Ksy is the Stern-Volmer constant and
[02] denotes the Oy concentration.[132]

I T
1_70 -0 94 kqT0[02] = 1+ Ksy[O9] (8)
[02]  T[02]

The intensity and lifetime are linear to the Oy concentration (Figure 9). Stern-Volmer
plots can also be generated from lifetime measurements.[139 In large molecules or solid sys-
tems, where the metal-organic compound is embedded e.g. in a polymer™? or a porous
matrix,[141] the luminophore may show a deviation from the linear behavior. An upwards
curvature indicates, that dynamic and static quenching both occur. A downwards curvature
indicates that just a fraction of luminescent centers interacts with the quencher. S. S. Lehrer
first proposed a model for this case for proteins.[*42l Multiple luminescence centers may be
present here and, depending on the chemical environment, the centers may be differently

accessible to the quencher.[132:142]

A

incomplete accessibility

b
ho,;

linear relation

dynamic and static quenching

>
[O.]

Figure 9: Deviations from the linear Stern-Volmer plot attributed to incomplete
accessibility of the quencher or the coexistence of dynamic and static quenching.
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2.2 Optical Oy Sensing

In terms of incomplete accessibility, it is hypothesized that two luminescent centers are
present, while only center a is accessible to the quencher. Mathematically the Stern-Volmer

equation, Equation 8, is extended. In the modified Stern-Volmer equation f; is the accessible

fraction and K2, the Stern-Volmer constant for center a (Equation 9).[132:142]
Iy 1 1
- ;= 9
b-To)  FKI01 " % ©)

For luminophores with multiple luminescent centers that interact via different kinetics

with the quencher Equation (10) is applicable.}43l

I[0,) fj
log -5~ & (10)
fo ; 1+ Ky [02]

For each center an additional term can be included, whereas the sum of all f; is 1.

Metal-organic compounds show excellent sensing properties. Excitation and emission
wavelengths are usually located in the visible spectrum. O concentrations below 100 ppm
can be detected reliably with response times e.g. < 0.2's (0.0 vol% — 0.55 vol% O,).[144]
Though the materials can be quite expensive to synthesize, just a few mg are required to
fabricate a sensor. In contrast, these fast and sensitive materials have disadvantages with
the long-term stability. Ru-complexes show significant photobleaching under irradiation and
especially in O containing environments.[14571471 10, which may form during collisions
of the complex and O,, damages the compounds and therefore compromises the emission
intensity and lifetime in the long term.*%! Stabilization!*”] or 10, scavangers['#%] may

enhance the photostability.
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2 THEORETICAL BACKGROUND

2.2.2 Metal Oxides

Semiconducting metal oxides are already deeply established materials in the field of gas
sensing (see 2.1). They are commonly used as resistive gas sensors, 11l but optical applica-

tions*148] have also been explored.

In a metal oxide the valence (Ey) and conduction band (Ec¢) are separated by an energy
barrier, the band gap E¢. Unlike the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) in a molecule, these bands are not discrete, they may
overlap, interact and are continuous. In Ey electrons are unable to move in the lattice.
Energy absorption in form of e.g. thermal or photon energy excites electrons to Ec. In Ec
the electrons are mobile and participate in conductance. Classical semiconductors have band
gaps between 0.1 eV and 3 eV. Despite their large band gaps, many metal oxides show a
significantly higher electron mobility as compared to insulators, since (un)intentional doping

generates additional states in the band gap (Figure 10).[14]

o electron

+“—> o ° (] o

Ec hole

@® bound electron and hole
shallow donor level

deep hole traps
shallow acceptor level

v
.

Figure 10: Simplified band scheme of a semiconductor with different defect states.
Adapted from Wijesinghe et al..[15]

Levels closer to Ec are electron-rich and act as donors, whereas levels closer to Ey are
occupied with holes and act as acceptors. Depending on the position of these levels the
Fermi level (Ef) is closer to Ec or Ey. Is EF closer to Ec, electrons are charge carriers and
the material shows n-type conduction. Is EFr closer to Ey/, conduction is based on the move-
ment of holes (p-type). In case of Si, a typical intrinsic semiconductor (Eg = 1.2 &V),[151]
Er is exactly between Ey and Ec. Doping with electron-rich or -depleted atoms shifts Eg

accordingly.[152]

Metal oxides may also exhibit PL. The absorption of radiation excites electrons from Ey
to Ec (Figure 11 i), when the energy of the radiation has the same or a higher energy than
Ec. The excitation generates excitons. An exciton is a couple of an electron and a hole,

16



2.2 Optical Oy Sensing

which are attracted over several lattice constants via Coulomb forces, and represents the
lowest excited state in a semiconductor. Excitons possess a binding energy and move as a
bound entity. In the case that the binding energy is overcome, both electrons and holes can
move through the lattice separately. From E¢ the excited electrons can relax to Ey via dif-
ferent channels. The parity selection rule defines that radiative (electromagnetic) transitions
can only occur between states with a different parity. Regarding nonradiative transitions,
there are three possible options. First and most often, the excess energy is released as a
series of phonons, i.e. lattice vibrations manifesting as heat. Secondly, recombination has
the potential to generate new point defects within the lattice. Thirdly, alteration of the
material through photochemistry is another possibility. The band-band transition (ii) is the
transition with the highest energy. Semiconductors can have a direct or indirect band gap,
which further classifies the form of recombination. In case of a direct band gap the k-vector
(crystal momentum) of excitons stays constant during the recombination. With an indirect
band gap, the recombination is supported by a phonon, whereby the k-vector changes. The
band-band transition typically occurs in direct band gap materials with high purity and is
the fastest radiative transition. The described donor (Ep) and acceptor levels (E4) within
the band gap also generate luminescence centers. A donor transition (iii) is a radiative
transition between Ep and Ey. An acceptor transition (') occurs between Ec and Ea.
The donor-acceptor transition (v) is the transition with the lowest energy. Transitions via

defect levels prolong the lifetime.[134152]

Ec

Ep m— Ep mem——

Figure 11: Band scheme with possible radiative and nonradiative transitions in a
semiconductor. i Absorption, ii band-band transition, iii donor transition, i acceptor
transition and v donor-acceptor transition. Dotted lines indicate nonradiative transitions.

In real systems Ey and E¢ are bent near the crystal domain surface due to defects, sur-
face groups or disorder in the crystal lattice. In ambient air Oz, H,O and CO; are present
and can either physisorb or chemisorb to the surface. The chemisorbed groups can be bound

quite stronger, requiring temperatures of at least 300 °C to be completely removed from the
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2 THEORETICAL BACKGROUND

oxide surface.[24153.154] Figure 12 illustrates a realistic oxide surface in ambient air.

vacancy molecular atomic molecular  hydroxyl carbonate surface
0O, 0O, H,O restructure

O @ e & e ¥ A

— e e - e e e e -

Figure 12: lllustration of real oxide surface in the presence of ambient air (O2, CO; and
H,0). Adapted from Staerz et al..['4]

P-type semiconductors exhibit downwards and n-type semiconductors upwards bending.
Given that all metal oxides presented in this work are n-type semiconductors, only this mech-
anism will be described below. Figure 13 depicts an exemplary band scheme of a defect-rich
n-type semiconductor under inert conditions and constant irradiation. The photon penetra-
tion depth determines the relevant region. Due to the presence of defect levels Ef is located
near Ec. Electrons from Ey are excited to Ec as a consequence of absorption (Figure 13 i).
Alternatively, the electrons can also be thermally activated to Ec from donor levels (Figure
13 ii). Radiative transitions originate from these levels (Figure 13 iii). The continuous
irradiation generates a space-charge layer near the surface. Holes accumulate at the surface,
which reduces band-bending, and electrons move into the bulk. The resulting electric field

near the surface lowers the recombination rates so that there are hardly radiative transitions

in this layer. Therefore, it is also called a "dead-layer" [3:153.155]
[ ] [} o ——»
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Figure 13: Band scheme of an n-type semiconductor in a pure Ny (light blue molecules)
atmosphere. Electrons can be optically i or thermally ii activated to Ec. Emission iii from
Ep.
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2.2 Optical Oy Sensing

The detection mechanism of gases with metal oxides can be described with the ionosorp-
tion model. N-type semiconductors act as electron donors in the presence of O, due to
the electron-rich defect levels. O, has the capacity to engage in either physisorption or
chemisorption on the surface. The chemisorption of O traps electrons from Ec at the
surface and new nonradiative transitions are generated (Figure 14). This results in the for-
mation of an electron depletion layer, which is analogous to the space-charge region. Hence,
the space-charge region increases due to O adsorption. The localization of electrons at
the surface reduces the conductance, emission intensity and lifetime. Ef is lowered and
band-bending increases. The position of Efg is limited by the LUMO position of O,. If Ef
and LUMOg, are equal, the surface is saturated with 0,.13:8]

o «—» L4
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) photon penetration depth )

Figure 14: Band scheme of an n-type semiconductor in an Oy containing (dark blue
molecules) atmosphere. Electrons can be optically i or thermally ii activated to Ec.
Emission iii from Ep. Increase of space charge layer and band bending, reduction of Ef
and emission intensity due to O, adsorption.

The present O; species is dependent on the operating temperature. At temperatures up
to 80 °C, the predominant O, species is the neutral O, molecule. The presence of a single
negatively charged superoxide ion (O27) is also notable. At approximately 150 °C, there is
an increase in the prevalence of the superoxide species. Exceeding 200 °C, the presence of
single O-ions (lattice-like, oxide, O%) has been reported. The temperatures described refer
to SnO, and ZnO; it is fair to assume that a comparable situation exists for ZTO.18 Figure

15 illustrates the potential species of O,.
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molecular superoxide oxide
02 02- 02-

S e e e

Figure 15: Potential surface adsorbed species of O,.

For PL gas sensing the form of excitation is relevant. Electrons can also be excited
directly to Ep (Ev — Ep) and exhibit PL. This can be the case e.g. for doped insulators
with high energy band gaps. The indirect excitation, i.e. the route via Ec, is required in
order to detect O,.[127]

The detection of other analytes like Hy, CO or HyS is based on the above-described
mechanism. The test gases react with the surface-adsorbed O-species. The reaction with
oxidizing gases (e.g. O3 or NO) results in a decrease in conductance, while the reaction with
reducing gases (e.g. Hz or CO) leads to an increase in conductance. This principle should
also apply to PL sensing; however, the operating temperature of resistive semiconductor gas
sensors typically ranges from 300 °C to 600 °C. It should be noted that for resistive gas sens-
ing the optical activation (illumination with Aex ~ Eg) lowers the operating temperature
significantly, [153:155-157]

PL is very sensitive to temperature fluctuations. With increasing temperature nonradia-
tive transitions become more dominant and new nonradiative transitions may occur. This
type of behavior is called a Schon-Klasens mechanism, where multiple radiative and nonra-
diative transitions are involved.[1%8-160] The temperature dependence of PL intensity I(T)

can be described with Equation (11), which is related to the Fermi-Dirac statistics.

I(T =0K
(r) = — AT =0K) (11)
1+Cexp{—k;°T

I(T = 0K) is the PL intensity at 0 K, C denotes a dimensionless constant, E,.: the
activation energy, kg Boltzmann's constant and T the temperature. E,.; can be regarded
as the ionization energy of the luminescent center. In case of an acceptor level, holes are
thermally emitted to Ey/. In donor levels electrons are thermally emitted to Ec. According
to this model, the PL intensity remains constant at low temperatures until a critical tem-

perature is reached. Beyond the critical temperature the PL intensity is quenched (Figure
16).[158]
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Figure 16: Temperature dependent PL intensity course.

In comparison to the single exponential PL decay of a molecule, in a semiconductor both
the electrons and holes affect the dynamics of recombination. This bimolecular-analogous
behavior cannot be described with a single or with multiple exponential functions. The in-
tensity I(t) is a power-law function of time (Equation 12). In addition, the emission intensity
is dependent on the excitation intensity, which makes the system susceptible to fluctuations

of the light source intensity.[134.161]

Iy

(vvIot + 1)

B

I(t) = with v = (12)

4

The recombination rate is considered as the bimolecular recombination coefficient S,
Equation 13, which is the sum of the radiative 8, and nonradiative bimolecular recombina-
tion coefficients B,,. In the presence of O, the function is extended with the bimolecular
recombination coefficient at the corresponding O concentration Bjp,;. The bimolecular

lifetime 75, is the reciprocal value of B.[134161]

—

B = Br+ Bnr + Bj0y[02] — To=7 (13)
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2 THEORETICAL BACKGROUND

The lifetime 5, is the time of decay to a value of 1/e (Figure 17).

A
I (t) absence of O,
1 presence of O,
1/e
>
t

Figure 17: Power-law decay of PL intensity after deactivating the light source in the
absence and presence of O,.

In disordered systems a stretched exponential decay is often observed (Equation 14). This
behavior may be related to the dispersion diffusion of photoexcited carriers. The carriers
can be trapped and released multiple times, which prolongs the lifetime. The dispersion of
movement is determined by the dispersion factor §.1134]

t

I(t) = Ioe_(ﬁ)é (14)

The data can be fitted directly with Equation (14) or can be deconstructed in a single

exponential and a generic power-law part, which is revealed on a double-logarithmic scale
(Figure 18).1162:163]
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Figure 18: Power-law decay of PL intensity after deactivating the light source as a
double-logarithmic scale, revealing a single exponential and power-law component.
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2.2 Optical Oy Sensing

The emission properties of SnO,, ZnO and ZTO differ significantly from each other.
With ca. 3.3 eV, ZnO has the smallest band gap of the three oxides.[164 Several possible

defects generate radiative transitions throughout the entire visible spectral range. O- and

Zn-atoms can be missing from their lattice positions, be inverted or placed interstitially. Of

the compounds presented, only ZnO exhibits a radiative band-band transition. In Table 2

the radiative transitions, associated defects and lifetimes, are summarized. The defects are

described according to the Krdger-Vink notatio

. [165]

Table 2: ZnO defects associated with various PL transitions.[19:166.167]

defect region lifetime
CB—>VB UV ps-ns[168.169]
Vgn blue ps-ns!168.169]
Vo, O;, Oz, green/yellow ns-ps!170:171]
Vo red nsl171]

SnO; exhibits fewer options for radiative transitions (Table 3). Here, only O-defects and

Sn-interstitials contribute to emission.

[172]

Table 3: SnO, defects associated with various PL transitions.

defect region lifetime
CB — vee, Sn; blue[l73,174] ns[175,176]
Vo yellow/orangelt77:178]  ngl179]

As the only ternary oxide, the possibilities of defects and their interactions are more

pronounced in ZTO (Table 4). Vacancies, interstitials, lattice deformations and alterations

in the stoichiometry enable various radiative transitions.[180]

Table 4: Zn,Sn04 defects associated with various PL transitions.[280]
defect region lifetime
Vgn violet[181.182]

Vs bluel*83]

Zn;,Sn; green[183'184] nsl18°]
Znj, Sn;, VBpy green[183'184] ns!185]
(Z %% yellow/orangel'80l msl”]

0. 186-188 7

I 1)

(Sn;i, O)), Vo yellow/orange! I msl™]
1" n X ° Py . . .
(Vz_n: Vsn), .( 0 V6. Vo' ). (Znj, Sni, O;), orange /redl156 mlel
residual lattice deformation
alterations of Zn/Sn stoichiometry red[189] ps(8:190]
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2 THEORETICAL BACKGROUND

PL O, sensing has been performed with all the three oxides.[38! It is evident from Ta-
bles 2-4 that ZTO has significantly longer lifetimes than SnO, or ZnO, which is a huge
advantage. Lifetimes in the ms range can be further extended by doping with other transi-
tion metals e.g. Mn, Cr or Al.[190.191]

Compared to metal-organic compounds, metal oxides react distinctly slower with O, and
excitation wavelengths in the UV range are required. On the other hand, metal oxides exhibit
greater resilience to (photo)chemical degradation.[192193] The synthesis is less complex, it
can be easily adapted to large quantities, the samples can be regenerated, the chemicals are

earth-abundant and often significantly more environmentally friendly.[®!

2.3 Perovskite Solar Cells

Perovskite solar cells (PSCs) are multi-layer systems. Each layer has a specific function in
the cell. Optically transparent substrates, which are coated with transparent conducting
oxides (TCOs) like indium tin oxide (ITO) or fluorine-doped tin(IV) oxide (FTO) are the
basis for PSCs. The common layer architecture is called n-i-p structure and starts with an
electron transporting layer (ETL), followed by the light absorbing perovskite layer (Figure
19). On top a hole transporting layer (HTL) is applied. At last, Au electrodes are deposited

on the HTL by thermal evaporation.[14:194-196]

Au electrode
HTL
Perovskite layer
ETL
FTO coated substrate

Figure 19: Schematic drawing of an n-i-p perovskite solar cell.

When illuminated with photons of energy larger than the band gap of the semiconduc-
tor, an electron-hole pair is generated in the perovskite layer. The electrons and holes are
collected by the ETL and HTL, respectively. The substrate acts as an anode and the Au
layer as a cathode.

The ETL transports the photogenerated electrons away from the perovskite layer and
suppresses the migration of holes from the perovskite layer to the FTO. Therefore, a band

structure is necessary that effectively separates electrons and holes to prevent electron-hole
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2.3 Perovskite Solar Cells

recombination. In addition, the lowest unoccupied levels of the electron transport material
needs to be of lower energy than the conduction band energy of the perovskite. It is an-
ticipated that the material will exhibit both high transmittance in the UV/VIS range and
thermal stability. Hence this layer usually consists of a metal oxide, e.g. TiO5, SiO2, SnO,
or Zn0.[18.197]

The light absorbing perovskite layer has the general formula ABX3 and can either be
inorganic or organic-inorganic based, or a combination of the two. The inorganic perovskite
consists of one alkali cation (Lit, Na*, K+, Rb™ or Cs'), three halide anions (CI, Br
or I') and one divalent cation like Pb?*, Sn?* or Ge?*. The organic-inorganic perovskite
contains instead of the alkali cation a monovalent organic cation like methylammonium
(CH3NH3™, MA), ethylammonium (CH3CHaNH3™, EA) or formamidinium (NH,CHNH,t,
FA). The monovalent cations are located on the corners of the unit cell and surround the
divalent cation, which is in the center of the unit cell. The anions surround the divalent

cation octahedraly and are positioned on the faces of the cubic unit cell (Figure 20).

Figure 20: Perovskite crystal structure of CsPbCl;. Caesium atoms are green, chlorine
atoms are light blue and the lead atom is dark blue.[198]

The HTL transports the photo-generated holes to the Au cathode and inhibits electron
migration. The highest occupied electronic level of the hole transport material is required
to be of higher energy than of the used perovskite. Inorganic materials, like NiOy, Cu,O,
CuO or Cul, or organic materials, e.g. Poly(triaryl amine) (PTAA, Figure 21a) or 2,2',7,7'-
Tetrakis(N,N-di-p-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-MeOTAD, Figure 21b),

are suitable candidates.
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Figure 21: a PTAA and b Spiro-MeOTAD.

The illumination of the solar cell through a transparent substrate generates current. To
characterize the solar cell it is illuminated with a solar simulator and the current I is mea-
sured in dependence of the applied voltage V. By relating the current to the size of the

illuminated area the current density J is obtained.[1%]

From the resulting current-voltage curve (/-V curve), the efficiency can be calculated
(Figure 22 blue curve). The product of current and voltage is the power P (Figure 22 green
curve). The ideal |-V relationship is represented as the dashed red curve in Figure 22.[199]
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Figure 22: Current (blue) and power (green) of a solar cell in dependence of voltage and

ideal current course (dashed red). The power conversion efficiency is the
area.[19

The open-circuit voltage Vpc is the voltage required to halt the photogenerated current
flow. The maximum photogenerated current, that can be produced from the solar cell, is
the short-circuit current Isc. The product of Voc and Isc is the maximum ideal power of

the solar cell Pjgea (Equation 15).[199]
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2.3 Perovskite Solar Cells

Pideal = Voc - Isc (15)

As Figure 22 demonstrates, this power is beyond the measured data. The maximum
power point Pyp of the solar cell is calculated from the |-V maximum power current Ip;p
and voltage Viyp, indicated as the light-blue highlighted area below. The ratio of Pyp and
Pidear is called fill factor (FF) (Equation 16).[199]

Pup Ve - Imp

FF = -
Pideat  Voc - Isc

(16)

The power conversion efficiency (PCE) is the ratio of the total output P,,: and input

Pin power (Equation 17).[19]
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3 Zinc Tin Oxide for Photoluminescence O, Sensing

The investigation of suitable materials for PL gas sensors is limited by various requirements
and technical applicability. For a simple measurement setup without expensive optical com-
ponents, the excitation and emission wavelengths should be spectrally separated, yet be lo-
cated in the visible spectral range. The material should be an oxide, as other chalcogenides,
e.g. sulfur-based, have problems with photobleaching and transform into the corresponding
oxides. In addition, the photoluminescence (PL) intensity should be high and the lifetime in
the far ps to ms range. This enables excitation with an LED instead of an expensive laser.
The specific research of luminescent metal oxides with long lifetimes resulted in the syn-
thesis, characterization and examination of zinc tin oxide's (ZnoSnQOg4, ZTO) gas sensitivity.
Though resistive gas sensing has been reported in the literature frequently, PL gas sensing
with ZTO has barely been investigated.

In this work, ZTO was prepared through a sol-gel process, followed by thermal con-
version. The obtained powders were characterized using a variety of analytical methods,
including X-ray powder diffraction (PXRD), UV/VIS-, PL-, and energy dispersive X-ray
(EDX) spectroscopy. A thorough examination through scanning electron microscopy (SEM)
revealed the absence of any distinct morphology. The prepared samples exhibited an intense
orange to red PL emission with a lifetime in the ms range. This emission was effectively
quenched in the presence of O, thereby giving rise to further inquiries. Fundamental ques-
tions concerning the sensing mechanism were a recurring theme. New concepts for PL gas
sensing with metal oxides have been developed, building upon the foundations laid by the
models for PL gas sensing with (metal-)organic compounds and resistive gas sensing with
semiconductors. The applicability of the Stern-Volmer model for bulk materials and the

influence of the operating temperature were issues that needed to be resolved.

3.1 O3 Sensing by Photoluminescence and Electrical Conductance

In order to achieve a more profound comprehension of the sensing mechanism, an investi-
gation was carried out into the Stern-Volmer model in relation to metal oxides. According
to the Stern-Volmer model, a linear relationship is established between emission intensity or

lifetime and O, concentration, resulting in Stern-Volmer plots.

A variation in the operating temperature is indicative of trends in the Stern-Volmer plots,
which offer insight into the sensing mechanism. The temperature dependence of the data is
crucial in determining the presence of dynamic or static quenching. In the context of static
quenching, the formation of a nonradiating complex between the luminophore and quencher
is observed. This complex undergoes a decline in stability with an increase in temperature.
During dynamic quenching, the luminophore collides with the quencher, a process that be-

comes more probable with increasing temperature. To date, Stern-Volmer investigations of
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3 ZINC TIN OXIDE FOR PHOTOLUMINESCENCE O, SENSING

solids have been reported exclusively in the context of quantum dots; however, there has
been no such reporting with regard to bulk materials so far. This particular topic was the
focus of the following study.

The PL and conductance of ZTO were measured simultaneously, while the O, concen-
tration and operation temperature were varied. The Stern-Volmer plots of the emission
intensity demonstrated that dynamic quenching was observed to occur in accordance with
the increase in Stern-Volmer constant with the operating temperature. This assertion was
further evidenced by the findings of lifetime measurements in the presence and absence
of Oy, which demonstrated the quenching of lifetime. Furthermore, a deviation from the
linearity of the classic model was observed. The Stern-Volmer plots exhibited a downward
curvature, indicative of incomplete accessibility of the quencher to all luminescent centers
within the solid. In this context, the luminescent centers can be conceptualized as photoex-
cited electrons. As the operating temperature increased, there was a substantial increase in

the number of photoexcited electrons that interacted with Os.

The question of whether charge carriers were fully accessible in the gas was predicated on
the proportionality between PL intensity and electrical conductance. The qualitative com-
parison of PL and conductance revealed a non-linear proportionality and similar data shape
regarding Stern-Volmer plots. Though the exact physical background for the conductance
data require further investigations, they also indicated that just a fraction of charge carriers

was accessible to O».

L. Kothe, J. Klippstein, M. KloB, M. Wengenroth, M. Poeplau, S. Ester, M. Tiemann,
Oxygen-dependent Photoluminescence and Electrical Conductance of Zinc Tin Oxide (ZTO):
A Modified Stern-Volmer Description, ChemPhysChem 2025, 26, 202400984
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Oxygen-Dependent Photoluminescence and Electrical
Conductance of Zinc Tin Oxide (ZTO): A Modified Stern-

Volmer Description

Linda Kothe,™® Josefin Klippstein,” Marvin KloB,® Marc Wengenroth,*® Michael Poeplau,

Stephan Ester,” and Michael Tiemann*®

Zinc tin oxide (ZTO) is investigated as a photoluminescent
sensor for oxygen (O,); chemisorbed oxygen quenches the
luminescence intensity. At the same time, ZTO is also studied as
a resistive sensor; being an n-type semiconductor, its electrical
conductance decreases by adsorption of oxygen. Both phenom-
ena can be exploited for quantitative O, sensing. The respective

Introduction

Photoluminescence-based sensors have great potential for
contactless gas detection.” Most frequently, metal-organic
compounds are used. In recent years, however, purely inorganic
materials were also investigated, including porous silicon,”
semiconducting metal oxides,*” and metal chalcogenides,
including quantum dots.*® Oxygen (O,) detection is a major
application of photoluminescence sensing. As oxygen is present
in biological systems, safety and air quality, oxygen sensors are
required to monitor vital or healing functions,”® detonation
limits® or air quality."” Commercially available resistive O,
sensors based on metal oxides, e.g. zirconium dioxide (ZrO,),
can cover a concentration range from 0.1vol% to 100 vol%
Oz.“”

To describe the gas-dependent change of luminescence
intensity and decay time of semiconductors, the ionosorption
model, which is the basis of standard models in resistive
semiconductor gas sensing, can be used. In case of n-type
semiconductors, oxygen (O,) binds to the surface, thereby
immobilizing electrons from the conduction band, which
reduces the overall conductance.” This model can be extended
to luminescence-based sensors, where O,-induced lumines-
cence quenching is used for detection. Photoexcited electrons
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[b]

sensor responses can be described by the same modified Stern-
Volmer model that distinguishes between accessible and non-
accessible luminescence centers or charge carriers, respectively.
The impact of the temperature is studied in the range from
room temperature up to 150°C.

are trapped (immobilized) by adsorption of O, at the surface
and therefore cannot recombine radiatively or non-radiatively
with valence band holes or acceptor/donor states. With
increasing O, concentration, the thus-induced electron deple-
tion layer becomes thicker, and the surface barrier becomes
higher. Hence, photoluminescence intensity and electrical
conductance may be regarded as proportional.

At molecular level, O,-induced quenching of photolumines-
cence is described by the Stern-Volmer model."® It has also
been explored for quantum dots,”® but not to bulk solid-state
oxygen sensors, to the best of our knowledge. The Stern-Volmer
model distinguishes between static and dynamic quenching. In
the static case, the luminescent center and a quencher
molecule form a non-radiative complex. This has an impact on
the luminescence intensity but not on the decay time; the
complex dissociates with increasing temperature. In case of
dynamic quenching, the luminescent center and a quencher
molecule collide, and the energy of the excited luminophore is
transferred to the quencher. As the excited electron recombines
non-radiatively, the recombination rate is affected by the
quencher molecule, although no chemical bond forms. With
increasing temperature, more collisions occur, and the impact
becomes more pronounced. The standard Stern-Volmer Equa-
tion (1) applies to both mechanisms, where I, and I, are the
fluorescence intensities in the absence and presence of the
quencher, respectively, [Q] is the quencher concentration, and
Ky is the Stern-Volmer constant. The Stern-Volmer equation is
valid if all luminescent centers are equally accessible to the
quencher molecules and either dynamic or static quenching
occurs.

—=1+ Ky - [Q 1

Bulk materials may not be as accessible for the quencher as
molecules, due to the coexistence of surface and bulk excitons.
Therefore, we suggest the modified Stern-Volmer Equation (2),

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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which was first introduced by Lehrer for proteins in solution,
as a suitable alternative that deepens the understanding of the
sensing mechanism.

o ,
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The modified Stern-Volmer equation contains a fraction f,,
which provides quantitative information about the accessibility
of the luminescent centers for the quencher.

Suitable metal oxides for photoluminescence-based O,
sensing are, e.g., Sn0O,, TiO,, ZnO or lanthanoid-doped Zr0,.%"
Here we introduce zinc tin oxide (ZTO, Zn,Sn0O,) as another
candidate. ZTO is an n-type semiconductor which is chemically
more stable than ZnO and transparent in the visible range
(wide band gap of ca. 3.6 eV). It is interesting for a variety of
potential applications, including as gas sensors, coatings,
transistors, photocatalysts and in optoelectronics."®'”'® There-
fore, ZTO is a suitable material for gas-sensing studies based on
both photoluminescence and electrical conductance.

In this work we show the O,-depencence of the ZTO
defective photoluminescence and investigate its quencher
accessibility with the modified Stern-Volmer equation between
40°Cand 150°C.

Results and Discussion

ZTO is used as an exemplary material to gain deeper under-
standing of photoluminescence and conduction O, sensing. The
synthesized ZTO is characterized in the Supporting Information
(Figures S1-S5). Additional information about measurement
setup and parameters are also available in the Supporting
Information (Figures S6-S8).

Sensing Mechanism

For gas sensing, either by photoluminescence or by the resistive
method, the surface-near region of the semiconducting material
is relevant (Debye length, photon penetration depth)."*?"
Figure 1 shows a schematic of the band energies and defect
state levels.

When the semiconductor is excited by electromagnetic
radiation of higher energy than the band gap, electrons are
elevated from the valence band to the conduction band (i).
Since semiconductors show strong absorbance in the band gap
energy domain, it can be assumed that the exciting radiation is
completely absorbed and that all luminescent centers are
excited. In case of ZTO, the band gap is between 3.6 eV and
3.7 eV. When ZTO is excited with 325 nm, the estimated photon
penetration length, depending on the absorption coefficient
(e.g., 0.625), is ca. 520 nm.”" Excited electrons from the
conduction band reach a defect state by non-radiative
transition (ii). It was reported that photoluminescence in the
blue-green range is probably attributable to oxygen defects,
whereas emission at longer wavelengths may be related to
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photon penetration

space-charge layer
("dead" layer)

PL active region

Figure 1. Schematic depiction of the energy levels of zinc-tin oxide (ZTO).
Excitation with UV radiation (violet), followed by non-radiative transitions
(gray) to the defect state, where electrons recombine radiatively (orange)
with the valence band. Thermal activation (red) of electrons from the defect
state to the conduction band.

interaction between oxygen vacancies and interfacial tin or zinc
vacancies.”?” Hence, the photoluminescence in this study
(orange, ca. 2.05 eV) is presumably based on a combination of
interacting defect states. The excitation/emission spectrum and
emission spectrum at A, =325 nm are shown in the Supporting
Information section (Figure S4). From the defect state, electrons
can recombine radiatively with valence band holes (iii).

The chemisorption of O, results in an upward band-
bending, as ZTO is an n-type semiconductor, and a decrease in
Fermi energy. Photoexcited electrons are trapped by O, at the
surface and do not participate in recombination. Consequently,
fewer photoelectrons are present, and the luminescence
intensity decreases; an electron depletion layer is generated. It
should be noted that different oxygen species must be
expected to chemisorb to the ZTO surface, depending on the
temperature. In case of SnO, and ZnO the main adsorbing
species between room temperature and ca. 80°C is the neutral
O, molecule. In addition, the singly negatively charged O,
molecular ion (superoxo ion) is present. This species implies a
formal reduction of one O atom to the oxidation state -1 and
proves the chemical alteration of the metal oxide. At ca. 150°C,
the superoxo ion becomes more dominant than the uncharged
molecule. The ratio of physisorbed (molecular) and chemi-
sorbed (superoxo) O, is temperature-dependent, but only the
chemisorbed species affects the photoluminescence and con-
ductance. Above 200°C, the dissociated O (peroxo) and O?
(lattice-like oxide) species are present.?*?” It is fair to assume a
similar situation for ZTO. The supplemented surface charge due
to chemisorption of O, and/or O is compensated by the
space-charge layer, as holes accumulate near the surface. With
increasing temperature, the adsorption/desorption process of
0, is also accelerated.

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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The spatial separation of electrons and holes due to
continuous excitation creates a space-charge layer in the
surface-near regions of the metal oxide, where electrons move
into the bulk and holes move to the surface. The presence of
holes at the surface results in surface photovoltage and reduces
band-bending.?® The recombination rates are reduced by the
near-surface electric field. Due to the low PL intensity in this
region, it is called “dead layer”.**” Therefore, the dead layer is
a photophysical phenomenon. As band-bending also affects the
defect state, radiative recombination can only occur if the Fermi
energy is larger than the defect state energy. The thickness of
the space-charge layer, which is roughly a synonym for the
depletion layer, is defined as the depth where the Fermi and
defect state energy are equal. The height of the depletion layer
is called surface potential, V,, or Schottky barrier.

Beyond the space-charge layer lies the photoluminescence-
active region, which is also affected by the surface potential
and the thickness of the depletion layer. O, saturation occurs if
the Fermi energy is equal to the LUMO (lowest unoccupied
molecular orbital) of O, and no further band bending occurs.
The LUMO of O, is energetically lower than the Fermi energy of
ZTO in the absence of O,. The decrease in Fermi energy due to
0, chemisorption is limited by the absolute position of the O,
LUMO. The energy difference between conduction band and
Fermi energy stays intact. The absolute LUMO position of O,
does not change with O, concentration, but the band bending
and the absolute position of the Fermi energy, which are both
limited by the absolute position of the O, LUMO.

In addition to the intensity the emission lifetime is also
quenched in the presence of O, (Figure2). The emission
spectrum (see Figure S4b) reveals that two emission bands
overlap, resulting in an emission maximum at ca. 650 nm, when
excited with 325 nm. The overlapping emission bands have
their intensity maxima at 613 nm and 741 nm, respectively.
Here we focus on the emission at 613 nm, while the emission at
741 nm will be part of future studies. To determine the lifetime,
we evaluate the time that the system needs to decay to 1/e of
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Figure 2. Life time of the orange emission (A, =613 nm, with A, =325 nm)
at room temperature in N, (light blue) and 20 vol% O, in N, (dark blue).
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the intensity. In a pure N, atmosphere the lifetime is 4656 ps +
17 us, whereas with a content of 20 vol% O,, it is shorter by
442 ps (4214 ps £+ 21 ps). The lifetimes under ambient con-
ditions and at 741 nm are displayed in the Supporting
Information, see Figure S5. The quenching of the lifetime
supports the assumption, that the chemisorption of O,
introduces additional non-radiative routes, which trap photo-
electrons.

Modified Stern-Volmer Equation for Photoluminescence

The difference in photoluminescence intensity in pure N, and in
a 20/80 vol% O,/N, atmosphere is displayed in Figure 3. The
emission intensity is higher in the absence of O,, which can be
explained by the above-described O, quenching.

When a temperature change is applied, the intensity
changes instantaneously. (Spikes in the intensity are artefacts
caused by overdriving from the heating element) With
increasing temperature, more electrons from the defect state
are thermally activated to the conduction band, which, in
resistive gas sensing, causes an increase in electrical conduc-
tance. Concerning photoluminescence, however, non-radiative
recombination instances become more and more dominant
with increasing temperature, resulting in temperature-induced
luminescence quenching. This is probably a Schén-Klasens
mechanism, since the thermal activation can also be measured
via conductance and additional possibilities for non-radiative
recombinations are introduced by O, chemisorption.®'*? The
temperature quenching is likely affected by the chemisorption
of O, and therefore the respective species could have a
different influence on temperature quenching. As previously
described, the neutral molecular and the superoxo species are
most likely present at the operating temperatures in this study.
Therefore, the superoxo species might influence the temper-
ature quenching.
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Figure 3. Temperature dependence of the intensity at 606 nm in N, (light
blue) and 20 vol% O, in N, (dark blue).
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O,-induced quenching was investigated by measuring the
luminescence at variable O, concentration (0% ... 20 vol% in
N,), each at variable temperature. Data are plotted in Figure 4a
as (lp/lp))-1 vs. O, concentration, corresponding to the Stern-
Volmer Equation (1). (Measured intensities vs. time and vs.
temperature are shown in the Supporting Information, Fig-
ure S8). Two findings are apparent from Figure 4a: (i) With
increasing temperature, the slope of the graphs becomes
steeper, which is a typical behavior of dynamic photolumines-
cence quenching. Oxygen chemically binds to the semiconduc-
tor's surface, analogous to the collision of the quencher
molecule with the luminescent center in the description of
molecular luminescence quenching. (ii) The relationship be-
tween (Iy/lo,)-1 and the O, concentration is clearly not linear, i.e.
Stern-Volmer Equation (1) does not describe the behavior. The
decrease in the slope of the graphs with increasing O,
concentrations indicates that not all luminescence centers
interact with the quencher.™ This behavior is frequently
observed for proteins or metal-organic compounds with several
luminescent centers."** In addition, an inhomogeneous par-
ticle size distribution (see Figure S3a) may result in a variation
of quencher accessibility.

For a more accurate description of the relationship between
luminescence quenching and O, concentration, we propose the
extended Stern-Volmer model in Equation (2). This equation is
based on the assumption that there are two kinds of
luminescent centers, only one of which interacts with the
quencher molecules. The overall intensity is then the sum of
both intensities. In Equation (2), 10, is the luminescence
intensity (in the absence of the quencher) of the accessible
centers that can interact with the quencher, with a Stern-
Volmer constant K, and /,; is the luminescence intensity of the
inaccessible centers that are unaffected by the quencher.

loa

o= 1+—K,,[O]+ lob )

The fraction of accessible centers (irrespective of the
quencher concentration) is defined as f, by Equation (3).

[/
0.a
fo= loa + I @)
0.0 0.6
a
04 ° wc
" ¢ v s0c
03 é 4 60°C
. 3 ® . 4 10
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Figure 4. (a) Original Stern-Volmer plot of photoluminescence between
40°C and 150°C. (b) Modified Stern-Volmer plot of photoluminescence
between 40°C and 150°C and the respective linear fits as dashed lines.
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Combining Equations (2) and (3) yields the modified Stern-
Volmer Equation (4) (see Supporting Information, Equations S2-
S13).

b1
bh—lo fK[Q " “

If f, equals 1, Equation (4) becomes the standard Stern-
Volmer Equation (1), as all centers are accessible.

Figure 4b shows the plots of Iy/(ly-lg) vs. [Q]”", according to
Equation (4), at variable temperature. All graphs show a near-
linear behavior for all temperatures; with increasing temper-
ature, the slopes and intercepts decrease. Figure 5 shows the
data in single plots (for clarity), including the results of linear
regression (slope m and ordinate intercept b).

Between 40°C and 60°C the linearity (R?) is better than at
higher temperatures. Since the modified Stern-Volmer equation
assumes two luminescent centers with only one of them
interacting with the quencher, the deviation from linearity
might indicate a third group of luminescent centers that also
interact with the quencher but with a different Stern-Volmer
constant. Structural changes due to the increased measuring
temperature seem negligible, as significant structural changes,
such as opening of defect sites or formation of a porous phase,
would be irreversible.

Modified Stern-Volmer Equation for Conductance

As discussed above, a close relationship exists between O,-
induced luminescence quenching (usable for optical O, sensing)
and O,-induced decrease in electrical conductance (usable for
resistive sensing). Indeed, photoluminescence intensity and
electrical conductance G turn out to be proportional to each
other, as shown in Figure 6, which stands to reason considering
that both are similarly affected by O, adsorption.

The normalized measurements and concentration-depend-
ent values are displayed in the Supporting Information
(Figures S10-512). It needs to be stressed that the conductance
was measured simultaneously with luminescence, i.e. under
irradiation; without this optical activation, the conductance is
altogether lower, as will be discussed below (see Supporting
Information, Figure S13). The response is stronger for the
conductance under all conditions, while photoluminescence
shows faster response and a more stable signal baseline. In
particular, the recovery of the conductance is vastly incomplete
within the one-hour periods between consecutive O, supplies.
The photoluminescence response to O, increases with temper-
ature, from 2% at 40°C to 25% at 160°C (for 20% O,, as
compared to pure N, atmosphere). The lowest signal-to-noise
ratio is observed at 120°C.

At 160°C, the O, dependence for both conductance and
photoluminescence is most pronounced. When plotted against
each other, the proportionality of these two measurands is
revealed (Figure 7).

The plot indicates two different proportionalities. Between
0vol% and 2.5vol% O, a non-linear relation exists, whereas

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 5. Modified Stern-Volmer plot of photoluminescence and linear regression (dashed lines) at (a) 40°C, (b) 50°C, (c) 60°C, (d) 70°C, (e) 80°C, (f) 90°C, (g)
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between 2.5vol% and 20vol% O, a linear proportionality —observed for the luminescence intensity (Figure 8a). With
manifests. This might indicate that at lower O, concentrations increasing temperature, the slope of the graphs becomes
mechanistic differences are more pronounced and need to be  steeper, and a downward curvature occurs. Hence, only a
evaluated, but if saturation occurs, both measurands act fraction of charge carriers seems to be accessible to O,. Again,
roughly linear proportional with a slope of 0.143 nS/counts. when the data are plotted according to the modified Stern-

Applying the Stern-Volmer Equation (1) to the electrical ~ Volmer Equation (5), a near-linear behavior is observed (Fig-
conductance G reveals the same behavior as previously ure 8b), with the same tendencies as for the luminescence
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Figure 7. Conductance vs. photoluminescence at 160 °C. (The grey dashed
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intensity. From the slopes and intercepts of the linear
regressions to the data in Figure 4b and 7b, the Stern-Volmer
constant K, and the accessible fraction f, can be calculated from
for each temperature (40°C-160°C). The results are shown in
Figure 9 for both photoluminescence and conductance.

For luminescence, the Stern-Volmer constant increases from
ca. 0.18vol% ' (40°C) to ca. 2.16vol% ' (90°C) and stays
approximately constant at higher temperature. The accessible
fraction also increases with temperature. At 40°C, less than 5%
(f, <0.05) of all luminescent centers are accessible to O,; for
150°C, the value reaches ca. 25% (f,=0.25). These results are
consistent with the above-mentioned ’‘dead layer’ model,
especially for smaller temperatures, where the lowest degree of
band-bending occurs. Only few photo-excited electrons are
accessible to interact with O, due to their spatial separation
from the solid-gas interface. With increasing temperature, more
and more electrons are thermally activated from donor states
below the conduction band (Figure 1), which is consistent with
the observation of higher electrical conductance (see below).
With a higher amount of charge carriers in the conduction
band, more electrons can be trapped by O,. Thus, the surface
potential increases, and the depletion layer becomes thicker.

Even though the Stern-Volmer model can technically also
be applied to the conductance data, the respective values of f,
and K, are not physically analogous, though still proportional.
The derivation of a corresponding model regarding the
conductivity would be worthwhile and interesting. However,
this would require additional studies based on adsorption
models to gain a deeper understanding of the physical back-
ground of these parameters,”**** which is beyond the scope of
this study. Therefore, we compare the two distinct sets of f, and
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Figure 8. (a) Original Stern-Volmer plot of conductance between 40°C and 160 °C. Modified Stern-Volmer plots of conductance and linear regression (dashed
lines) between 40°C and 160°C (b) as well as single plots at (c) 40°C, (d) 80°C, (e) 120°C, (f) 160°C.
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the Stern-Volmer constant increases up to 120°C, followed by a
plateau. The f, values also become higher with temperature,
which indicates that the charge carries might become more
accessible to O,. For luminescence, both K, and f, reach a
plateau at lower temperature than for conductance. This may
indicate that recombination processes and, thus, the interaction
with O, are more affected by small temperature changes than
in case of conductance.

We hypothesize that a major difference in accessibility
between photoluminescence and conductance may be related
to the binding energy of the excitons. The charge carriers,
measured by conductance are mobile and mostly inhibited by
the surface potential (Schottky barrier). However, in order for an
exciton to release an electron to form a surface bond, the
binding energy of the exciton must also be overcome. With
increasing temperature, the exciton bonds become weaker,
which may facilitate a higher degree of accessibility to 0,.°¢
The separated excitons may act as additional luminescent
centers that interact with O, but with different kinetics as
compared to intact excitons. It should also be stressed that, in
case of photoluminescence, the Stern-Volmer model indicates a
dynamic quenching based on an energy transfer between the
excited state and the quencher.

A pronounced influence of ultraviolet (UV) light illumination
on both the electrical conductance and the response to oxygen
(0,) is observed. This is apparent from comparing the
conductance measurements taken in the absence of illumina-
tion, as shown in the supporting information (Figure $13). This
effect of photo-activation is well-established in the field of
resistive gas sensing.®’>®

To estimate the lower O, detection limit, photolumines-
cence and conductance were measured simultaneously at
120°C with O, concentrations between 3300 ppm and
7000 ppm (limits of the current gas mixing equipment, see
Supporting Information, Figure S14). In previous studies we
found that, at 120°C, the signal-to-noise ratio due to O, and
temperature quenching is the highest.*” From the measure-
ments, the normalized values at the different O, concentrations
were determined and plotted accordingly, Figure 10. For the
measured concentration range a linear behavior is revealed.

Though the intercept of conductance is much lower
compared to photoluminescence, the slope of the photo-
luminescence values is significantly higher. For a better

ChemPhysChem 2025, 26, 202400984 (7 of 8)

Figure 10. Normalized photoluminescence (orange) and conductance (light
blue) measured simultaneously at 120°C at different O, concentrations
(3300 ppm to 7000 ppm) both fitted by linear regression.

comparison of the slopes, it was assumed for both measurands
that the lower detection limit is the double value of the worst
standard deviation for a reliable detection. For photolumines-
cence (1.32%) results from the slope a detection limit of ca.
1000 ppm and for conductance (0.53 %) a limit of ca. 1250 ppm.
This would indicate that photoluminescence might be more
surface sensitive than conductance. The photoluminescence of
SnO, did not change significantly in the presence of O,, but the
lower detection limit for the defect luminescence of TiO, were
at 25 ppm O,. For ZrO, and ZnO no lower detection limits were
determined so far, but O, concentrations between 0.4 vol% and
2 vol% were usually detected reliably.>*

Conclusions

Semiconducting zinc tin oxide (ZTO) was used as a sensor for
oxygen (O,) by measuring both photoluminescence quenching
(optical sensor) and electrical conductance (resistive sensing).
An increase in temperature thermally quenches photolumines-
cence and enhances conductance by thermal activation.
Luminescence intensity and electrical conductance are found to
be proportional to each other, consistent with the fact that
both phenomena are related to the degree of oxygen
adsorption at the surface of ZTO. The responses to O, (at
elevated temperature) can be described by a modified Stern-
Volmer model that accounts for an accessible and for a non-
accessible fraction of luminescent centers and charge carriers,
respectively. The accessible fraction of luminescent centers
increased fivefold in a temperature range of 110°C, which
highlights the advantage of photoluminescence gas sensing at
low operating temperature.

© 2025 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Sensor Preparation

0.154 mol zinc(ll)acetate (98%; VWR) and 0.077 mol anhydrous
tin(IV)chloride (99%, VWR) were added to a solution of 150 mL
absolute ethanol (>99.5%, VWR), 150 uL ethylene glycol (>98%,
VWR) and 0.77 mol diethanolamine (synthesis quality, VWR). The
synthesis mixture was refluxed for 2 h and then cooled to room
temperature. The thus-obtained clear solution (sol) was stored for
one week. Part of the clear, colorless sol was heated to 550 °C with
a heating rate of 300°C/h and held for 4 h, followed by grinding.
The residual was heated to 1100°C with a heating rate of 300°C/h
and the temperature was kept for 6 h. Finally the product was
ground. The substrates were cleaned alternately with acetone and
ethanol, three times each, and dried at 80°C. An aqueous
dispersion of the product with a concentration of 0.04 mg/uL was
prepared. At 80°C 150 pL of the dispersion were drop coated twice
on the interdigital structure of the substrate.

Characterization

Scanning electron microscopy was performed with a Zeiss Neon 40.
Powder X-ray diffraction patterns were recorded with a Bruker D8
Advance diffractometer (Cu-K, 0.02° steps, 3 s illumination time).
The excitation-emission spectra (2 nm steps) and lifetime measure-
ments (“phosphorescence life time”, 4,,=325 nm, excitation band-
width=5nm, 4,,=613nm and 741 nm, emission bandwidth=
20 nm, 50 ms chopping period) were recorded with a JASCO 8550
spectrofluorometer.
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Characterization

This work focuses on the Oz-dependent photoluminescence and electrical
conductance of zinc tin oxide (ZTO). The synthesis was inspired by Tsai et al.l*? As

displayed in figure S1, Zn2SnO4 was obtained, with only low amounts of SnO2.
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Figure S1. x-ray diffraction pattern.

An incomplete incorporation of SnOz is likely, since the formation of Zn2Sn0Oa is a solid-
state reaction.*'! The most intense powder XRD reflection (311) at 34.30 ° was fitted
with a linear combination of two gaussian functions, figure S2 and equation S1, to

determine the center and full width at half maximum.
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The (311) reflex of ZTO at 34.30 ° was fitted with a linear combination of two Gaussian

functions, equation S1, as the Cu-Kq,1 and Cu-Ka,2 beam are not separated.

1 1 (x—p\?
g(x):ATﬁexp(—E(xU“) ) (S1)
2000
& 1500 f
f=
=
o
2 1000
>
5 FWHM
§ 500
£
0

34.0 341 342 343 344 345 346
20/°

Figure S2. magnification of x-ray diffraction (311) reflex at 34.30 °, fitted with a double

gaussian function.

Based on the Scherrer equation, the average crystallite size is 111.5 nm.l42

This is consistent with scanning electron microscopy (SEM) images, figure S3a, as
there are either smaller and bigger crystallites. Despite residual amounts of SnOz, Zn
and Sn are homogeneously distributed in the sample, figure S3b and c. Due to the
different weights and resulting penetrations depths of X-rays, the topography of the

particles is apparent in the energy dispersive X-ray spectroscopy (EDX) data.
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Sn (red) in atom% 5000 x magnification.

fitted with a linear combination of two Gaussian functions. The two em

were also reported in the literature before.[2223]

Figure S3. a SEM image 5000 x magnification, b EDX mapping of Zn (green) and ¢

Excitation-Emission spectrum, figure S4a, and emission spectrum (Lex = 325 nm),

figure S4b, at room temperature under ambient conditions of ZTO. The spectrum was

ission bands

fitted with a linear-combination of two Gaussian functions (Aex = 325 nm).

a b
g 450 1.00 40
{= [ — 25°C
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Figure S4. a excitation-emission spectrum, b emission spectrum at room temperature
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3.1 O3 Sensing by Photoluminescence and Electrical Conductance

The lifetime was determined at Aem = 613 nm and 741 nm. Each measurement
(“phosphorescence lifetime”, Lex = 325 nm, excitation bandwidth =5 nm, em =613 nm
and 741 nm, emission bandwidth = 20 nm, 50 ms chopping period) was performed 10
times for each emission wavelength. One measurement is containing 100
measurements, which results in an average value of 1000 single measurements. As
most solids don’t show a single exponential decay behavior we evaluate the data in
two different ways. The first method evaluates the time the intensity requires to reach
a value of 1/e. A second method is based on the log-log scaling of the data, revealing
an initial single exponential stage, followed by a finite stage, which can be fitted with a
power law.3 The slope of the power law might reveal additional information about
different interactions, which can elongate the lifetime, e.g. exciton phonon interactions
etc., but are not the focus of this work. We have chosen these methods to keep the

determination of lifetimes as comparable as possible.

First the lifetimes at Aem = 613 nm and 741 nm were determined under ambient (no
active gas flow) conditions, figure S5a and b. Both evaluation methods reveal a longer
lifetime of the 613 nm emission compared to 741 nm. In addition, the double-log scaling
of the data indicate, that the emission at 613 nm might be more affected by additional
interactions, as the elongation term is here much more pronounced. The effect of O2
on the lifetime was then determined for both emission bands. The sample was kept in
a pure N2 or 20 vol% Oz in N2 atmosphere (300 miI/min) at room temperature for 1 h
each before the measurements. The emission at 613 nm (Figure 2, Figure S5e) is
quenched by O2. In contrast the emission at 741 nm seems not to be quenched by O2

(Figure S5¢ and S5d), which is subject for further studies.
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Figure S5. a lifetimes at 613 nm and 741 nm (ambient conditions), zis (1/e), b lifetimes
at 613 nm and 741 nm (ambient conditions), = from single exponential fit, c lifetimes at
741 nm in pure N2 and 20 vol% O: in N2 atmosphere, tis (1/e), d lifetimes at 741 nm

in pure N2 and 20 vol% O:2 in N2 atmosphere, t from single exponential fit, e lifetimes
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at 613 nm in pure N2 and 20 vol% O:2 in N2 atmosphere, t from single exponential fit.

All excited with 325 nm.

Measurement Setup

On a ceramic substrate with a gold interdigital structure the conductance and
photoluminescence (PL) of the drop-coated ZTO particles can be measured
simultaneously with a custom-built setup. The measurement setup (figure S6a) is
housed in an aluminum body to shield external light. The insert for a commercially
available quartz glass cuvette (figure S6b) was constructed to measure PL and
conductance at a controlled temperature and gas atmosphere. A type-K thermocouple
is connected to a flue gas analyzer (Woehler A450) to determine the substrate
temperature. An Agilent E3640A power supply was used for heating; the heating
element is controlled by a Python script. A Roithner DUV325-HL46N LED, operated at
15 V with a Voltcraft LSP-1403 power supply, was used to excite the sample. The
emitted radiation is collected with a collimator lens and transferred by optical fibers to
an Ocean Optics Flame Miniature spectrometer. The gas atmosphere is mixed with a
gas mixing system (Woehler GM450) and applied with a flow rate of 150 mL/min. The
interdigital electrode structure is operated in series with a 1 MOhm resistor on a
Voltcraft LSP-1403 power supply with a constant output voltage of 20V. The
conductance of the ZTO particles is calculated using the measured voltage

(multimeter, HP 34401A) via the interdigital structure.
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type K thermocouple

PEEK cuvette insert
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collimator lense
& optical fibre
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substrate with
ZTO particles
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element ceramic substrate with
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Figure S6. Sectional drawings of a experimental setup to measure photoluminescence

and conductance simultaneously at controlled temperatures and gas atmospheres, b

the cuvette insert.

Data Evaluation

For each emission spectrum the spectrometer integrates over 30 seconds. To evaluate

the data, spectra are smoothed with a moving average of 20 measurement points. The

spectral resolution is 0.473 nm. The emission spectrum of ZTO particles is displayed

in figure S7. To evaluate the quencher impact, the intensity at 606 nm (vertical orange

line) is determined for every spectrum and tracked over time.
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Figure S7. emission spectrum of ZTO particles, 606 nm highlighted with vertical

orange line, excited with 325 nm.

Measurement Modes

Two different measurement modes were performed. During the first one, the O2
concentration was kept constant during the measurement, and the temperature was
varied. Then the temperature was kept constant during the measurement, and the Oz
concentration varied. For the first measurement mode (figure S8a), the temperature is
varied in 0.5 vol%, 1 vol%, 2.5 vol%, 5 vol%, 10 vol%, 15 vol% and 20 vol% Oz in N2
atmospheres (150 ml/min). The temperature sequence starts with a 150 °C segment
for 2 h, followed by a temperature decrease to 40 °C in 10 °C steps. Each temperature
is kept constant for 30 min. Finally, an additional segment at 150 °C is applied for 15
min. The second measurement mode (figure S8b) is operated at 40 °C, 80 °C, 120 °C
and 160 °C. After a 4 h N2 segment the Oz concentration is varied from 0.5 vol% to 20
vol% for 1 h each (150 ml/min). The measurements performed to determine the lower
detection limit were performed at 120 °C. After a 4 h N2 segment the Oz concentration

varied from 0.33 vol% to 0.7 vol% for 1 h each (300 ml/min).
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Figure S8. a temperature profile under constant Oz concentration, b concentration

profile at constant temperatures
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Figure S9. a temperature profile under constant Oz concentration, b concentration

profile at constant temperatures.

Derivation of Modified Stern-Volmer Equation

(82)
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Conductance & Photoluminescence Measurements

The conductance was normalized on the maximum value at each temperature, table

S1.

Table S1. Maximum conductance between 40 °C and 160 °C.

temperature / °C | conductance / nS
40 352.87
80 426.98
120 596.00
160 1046.42
a b

1250

100 40°C
— 80°C
— 120°C
— 160°C

2.5vol%

1000
75

~
feu
o

[4))
o
o
norm.
conductance | %
(9]
o

conductance | nS

N
o
o

o

N
IS
o

8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
time/h time/ h

Figure S$10. O2 dependent conductance between 40 °C and 160 °C a as measured, b

normalized.

The intensity was averaged between 3 h and 4 h and used for normalization at each

temperature, table S2.

11
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Table S2. Maximum intensity between 40 °C and 160 °C.

temperature / °C | intensity / counts
40 33039
80 16493
120 6586
160 2541
a b
35 ¢ 100 40°C
30 = —— 80°C
[} @ o,
2 3 — 120°C
3> g S ” — 160°C
220 £2 g g
> s < 50 3 &
S 15 S g
g 10 3
S S 25
5 s
0 0
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

time | h time/h
Figure S11. O dependent photoluminescence between 40 °C and 160 °C a as

measured, b normalized.

From the measurements displayed in Figure 6 the characteristic curves at the different

operating temperatures were extracted for conductance and photoluminescence.

12
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Figure S12. O2

dependent responses for a conductance and b photoluminescence

between 40 °C and 160 °C.

Table S3. Maximum conductance at 160 °C with and without optical activation.

optical activation | conductance / nS
325 nm 1046.42
without 140.19
a b
1250 ~— illumination
é —— no illumination
® 1000 =2 X
= b ~
3 i g
8 750 g H
g 5%
o &3
S 500 3
T <
5 g
S 250

2 4 6 8

10 12 14 16 18 2 4 6 8 10 12 14 16 18
time/h time/h

Figure S13. O2 dependent conductance at 160 °C with illumination by 325 nm LED

(light blue) and without illumination (black) a as measured, b normalized.
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Determination of lower detection limit from simultaneous measurement of
photoluminescence and conductance. Lower Oz concentrations could not be

measured due to the current gas mixing equipment.

a
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Figure S14. photoluminescence a and conductance b measured simultaneously at

120 °C at different Oz concentrations (3300 ppm to 7000 ppm).

Table S4. Maximum intensity and conductance at 120 °C.

intensity 6530 counts

conductance 245.84 nS

14
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3.2 Temperature Dependent Photoluminescence

The Stern-Volmer studies provided insight into the sensing mechanism of photoluminescence
(PL) Oz sensing with metal oxides. Furthermore, the considerable impact of the operating
temperature was substantiated, necessitating further investigation to explore its implications.
Of particular interest in the present study were the effects on the emission spectrum and

lifetime, as well as O, sensitivity.

The study consisted of measuring the emission spectra of zinc tin oxide (Zn2SnQO4, ZTO)
at varying operating temperatures. It was demonstrated that the emission spectra exhibited
an orange and red component, which overlapped. The emission energies of the two transi-
tions were evaluated separately, revealing a general increase in emission energy with rising
operating temperature. The emission lifetimes also underwent a considerable temperature-
induced quenching effect. The temperature dependent intensity quenching course was mod-
eled with a function derived from Fermi—Dirac statistics. The parameters included in the
formula indicated the positions of defect levels in the band gap of ZTO. The presence of O
resulted in an observable alteration in the defect level position. The individual evaluation of
the orange and red emission suggested that the orange emission was more impacted by the
presence of Op. The assumption was further confirmed by simultaneous measurements of

PL and conductance at varying O, concentrations.

L. Kothe, M. KloB, T. Wagner, M. Wengenroth, M. Poeplau, S. Ester, M. Tiemann, Tem-
perature Studies of Zinc Tin Oxide Photoluminescence for Optical O2 Sensing, J. Phys.
Chem. C 2025, 129, 9239-9245

e DOI: 10.1021/acs.jpcc.5c01678

Reprinted with permission from J. Phys. Chem. C. Copyright 2025 American Chemical
Society.
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ABSTRACT: The photoluminescence of zinc tin oxide (ZTO) is photoluminescence quenching
investigated regarding its temperature (room temperature to 433 K) and
gas-phase oxygen (O,) concentration (250 ppm to 20 vol %) dependence.

Both the emission intensity and electrical conductance decrease upon O, Temperature Oxygen
adsorption, as ZTO is an n-type semiconductor. A temperature increase

significantly quenches the photoluminescence intensity and results in a strong

blue-shift of the orange and red emission. The temperature-induced l—‘ \Tl |—l
exponential intensity decay can be described with an empirical equation

similar to the Fermi—Dirac statistic. The obtained activation energies allow to

propose a detailed band scheme of ZTO. [ spectral shift ] [ activation energy ] [ sensitivity ]

H INTRODUCTION reaction.'””"* Here, we chose a sol—gel-based approach,
followed by thermal conversion, which was inspired by Tsai

Optical i ith metal oxides has b
pea Ba5 SIS W meal oxies as Decome Tore et al but further refined.”” Reported applications of ZTO

relevant in recent years as new applications for contactless

. . 6, 8,19 .
detection are increasingly developed."”” Contactless oxygen include tragflls‘tors,l("7 phlc;tocatalysts,' " °£tf’§lec“°“'c
(0,) detection is relevant, for example, in biological systems, c.ompounds, ’ so'lar' cells™ or gas sensors.” " In the
to monitor air quality or safety-critical compositions.l_s literature, three emission bands of ZTO are reported: blue-
Although photoluminescence-based sensors typically contain green (497 nm, 2.4’29( EX); orange (606 nm, 2.05 V), and red
metal—organic compounds, metal oxides have also been part of (740 nm, 1.68 eV).”**" The green emission might be related
the research.” It has been shown that established metal oxides to oxygen vacancies; the orange and red transitions are likely
used in resistive gas sensing, such as titanium dioxide (TiO,), caused by interactions of oxygen vacancies and interfacial tin or
zinc oxide (ZnO), or lanthanoid-doped zirconium oxide zinc vacancies. In our products, only the orange and red
(Zr0,), also have great potential for photoluminescence O, emissions are present. With increasing measurement temper-
sensing.m ature, the intensity of the emissions decreases, which is most

In photoluminescence gas sensing, the metal oxide is excited likely described by a SchofiZKlasens mechanism.”’>" The
with radiation that has a higher energy than the band gap, temperature-induced quenching can be described by the
which is usually in the UV range and its resulting photo- empirical eq 1 which assumes that the emission intensity is
luminescence, mostly in the visible range, is detected. The constant at low temperatures until quenching is induced at a
same physical principles apply to this system as to a light- critical temperature. In the equation, I(T = 0) is the intensity
activated resistive gas sensor; the ionosorption model is valid. at 0 K, C is a dimensionless constant, E, is the activation
For an n-type semiconductor, O, chemisorbs on the surface, energy, ky is Boltzmann’s constant, and T is the temperature.
which traps electrons from the conduction band and reduces
the conductance; the intensity and lifetime of the emission, i.e., I(T=0)
photoluminescence and conductance, are considered quasi- i(T) = E,.
proportional.‘)’w With increasing O, concentration, the 1+ C~exp{—ks—;_} (1)
depletion layer becomes thicker, and the surface potential
increases.
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In this study, we investigate the photoluminescence of zinc
tin oxide (Zn,Sn0O,, ZTO) regarding its temperature and O,
dependence. ZTO is an n-type semiconductor that is
transparent in the visible range and has a band gap in the
UV range.'" It can be synthesized, for example, by a solid-state
reaction of ZnO with SnO, or through solvothermal

© 2025 The Authors. Published by
American %ﬁem‘;(aissgcie()); https://doi.org/10.1021/acs.jpcc.5¢01678
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It should be noted that this equation is very similar to the
Fermi—Dirac distribution, eq 2.°* Here f, is the probability of
occupation, E the energy of the conduction band, Ey. the Fermi
level, k Boltzmann’s constant and T the temperature.

.
t+ep{ -0} @

The investigation of the temperature-dependent orange and
red emission could lead to a better understanding of the band
structure of ZTO and further clarify the mechanism of
photoluminescence gas sensing.

Jo(E, Eg, T) =

B EXPERIMENTAL SECTION

Synthesis of ZTO Powder. 92 yL ethylene glycol (>98%,
VWR), 34.7 g diethanolamine (0.33 mol, synthesis quality,
VWR) and 150 mL pure ethanol (>99.5%, VWR) were stirred
for 15 min 15.7 g zinc(II)acetate dihydrate (0.066 mol, 98%;
VWR) and 3.9 mL anhydrous tin(IV)chloride (0.033 mol,
99%, VWR) were added. The solution was refluxed for 1 h and
cooled to room temperature. The thus-obtained clear
dispersion (sol) was aged for 7 days at room temperature in
the dark. For gelation 300 mL water was added and stirred for
an additional 15 min. The white dispersion was centrifuged
(4000 rpm, 30 min) and the remaining gel was washed twice
with water. The gel was dried for 72 h at 150 °C. The residue
was grinded for 5 min. Two g of the solid were annealed at
1100 °C for 6 h (300 °C/h), followed by grinding. For sensor
preparation, substrates (ceramic or quartz glass) were cleaned
with acetone and ethanol and dried at 80 °C. The product was
dispersed in water (0.04 mg/uL). The ceramic substrates were
drop-coated twice with 150 uL of the dispersion and
completely dried at 80 °C. The quartz glass substrates were
masked with tape (ca. 1 cm X 1 cm unmasked area), drop-
coated once with 100 yL and subsequent drying at 80 °C.

Characterization. Powder X-ray diffraction patterns were
recorded with a Bruker D8 Advance diffractometer (Cu—K,,
0.02° steps, 3 s illumination time). Transmittance spectra were
recorded with a PerkinElmer Lambda 650 in combination with
a Harrick praying mantis. Below 319.2 nm a deuterium lamp
(250—319 nm) and above 319.2 nm a tungsten lamp (319—
800 nm) was used. The wavelength range was 250—800 nm
with an integration time of 1 s/nm. Barium sulfate (BaSO,)
was used as a reference for 100% transmittance. The
excitation—emission spectra (2 nm steps), emission spectra
and lifetime measurements (excitation bandwidth = S nm,
emission bandwidth = 20 nm, 50 ms chopping period) were
recorded with a JASCO 8550. Scanning electron microscopy
was performed with a Zeiss Neon 40.

B RESULTS & DISCUSSION

Temperature-Induced Photoluminescence Quench-
ing. The synthesized ZTO was characterized with powder X-
ray diffraction (PXRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX) and UV/vis
spectroscopy, see Supporting Information Figure S1—S4, Table
S1 and egs S1—SS. Powder X-ray diffraction analysis suggests
no crystalline impurities in the synthesized ZTO (Zn,SnO,).
Calculated crystallite sizes obtained from the Scherrer equation
suggest domains of 120.8 nm + 7.8 nm. SEM images reveal a
nonspecific particle morphology. The transmittance data show
values around 90% in the visible range. Below 450 nm, photon

9240

absorption increases. Optical band gaps for direct (3.70 eV +
0.07 eV) and indirect (3.38 eV + 0.03 eV) transitions are
obtained from the Kubelka—Munk function and Tauc plot.
The indirect band gap results from the Urbach tails (Ey 149.7
+ 0.7 meV), which extend into the band gap.

The excitation—emission spectrum (Figure SS) reveals
visible photoluminescence (PL) in the orange and red range.
When excited with 325 nm, the PL intensity is maximized,
which is why the following studies were performed with an
excitation wavelength of 325 nm. To control the sample
temperature, a cuvette insert (Figure S6a) was used. The single
emission spectrum (Figure 1) is asymmetric and consists of
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Figure 1. Emission spectrum (gray line) of ZTO in pure N,
atmosphere at 313 K.

two overlapping emission bands. As previously mentioned, the
orange and red transitions are likely caused by interactions of
oxygen vacancies and interfacial tin or zinc vacancies. Higher
energetic transitions in the blue-green range are linked to
oxygen vacancies but were not observed.”*™"

These results allow us to propose a band scheme for ZTO,
as depicted in Figure 2. The surface-near region of the metal
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Figure 2. Proposed band scheme of ZTO in the photon penetrating
area, separated in dead layer (light gray) and photoluminescence-
active region (white). (i) UV irradiation, (ii) excitation of electrons
from valence to conduction band, (iii) electron mobility in the
conduction band, (iv) radiative and nonradiative recombination to
donor state (orange), (v) radiative and nonradiative recombination to
acceptor state, (vi) radiative and nonradiative recombination from
deep donor state to acceptor state (red), (vii) thermal activation from
donor state to conduction band. Gray dashed arrows represent
nonradiative transitions.

https://doi.org/10.1021/acs.jpcc.5¢01678
J. Phys. Chem. C 2025, 129, 9239-9245
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oxide is crucial regarding relaxation processes, which result in
emission and gas sensing. Electromagnetic radiation (i) with an
energy larger than the band gap E, (3.7 eV) of the
semiconductor can excite electrons from the valence to the
conduction band (ii). The electrons in the conduction band
are mobile (iii) and can participate in radiative and
nonradiative recombination (iv) to a donor state, establishing
the n-type semiconducting character. From this donor state,
radiative and nonradiative recombination to an acceptor state
(v) occurs. From a deeper donor state to the acceptor state,
radiative and nonradiative recombination (vi) could also be
possible, potentially resulting in longer emission wavelengths.
The spatial separation of electrons moving into the bulk and
holes moving to the surface creates a space-charge layer at the
surface.” In this area, the recombination rates are reduced by
the near-surface electric field; a surface photovoltage occurs
and band-bending is reduced. This area is called the “dead
layer” and is equivalent to the electron depletion layer.
Radiative recombination is possible only if the energy of the
donor state is lower than the Fermi energy; thus, the thickness
of the space-charge layer is defined as the depth where these
energies are equal’® In the presence of O,, photoexcited
electrons are trapped at the surface due to O, chemisorption
and are unable to participate in radiative recombination. Thus,
the PL intensity decreases; it is quenched. Band-bending to
higher energies occurs, the thickness of the dead layer or
depletion layer increases, and the Fermi energy decreases.”
Thereby, the energy difference between the conduction band
and the Fermi energy y remains constant. If the surface is
saturated with O,, the Fermi energy is equal to the LUMO
(lowest unoccupied molecular orbital) of O,. As shown
previously, the PL-active region underneath the dead layer is
also affected by O,, but only a fraction of photoelectrons
interacts with O,.* The surface potential Vg, which is also
referred to as Schottky barrier, describes the height of the
depletion layer, i.e., the energy difference between the
conduction band in the bulk and the upper conduction band
at the surface. An increase in temperature elevates electrons
from the donor state back to the conduction band (vii). Thus,
resulting in an increased conduction and a decrease in PL
intensity.

We first focus solely on the temperature dependence of
photoluminescence in pure N,. With increasing temperature,
the emission intensity of ZTO decreases significantly and will
be discussed in detail in section “Oxygen effect on Photo-
luminescence”. We note that the substrates used may also
contribute to photoluminescence, as shown in the Supporting
Information section (Figure S7+S8). For this spectral
evaluation, quartz glass substrates were used (Figure S9).
The obtained spectra were converted from a wavelength to an
energy scale (eqs S6—S10 + Figure S10) and were fitted on the
reciprocal energy scale in good agreement with a combination
of two Gaussian functions (eq S1). From the fitted spectra, the
amplitudes, peak positions, peak widths, and peak areas are
determined for the orange and red emission bands,
respectively, see Figure S11 and Tables S2 and S3.

Regarding photoluminescence, temperature-induced
quenching reveals that nonradiative recombination instances
become more dominant, with increasing temperature. It is
likely that additional nonradiative transitions become possible;
therefore, we assume a SchofKlasens mechanism. Here,
multiple centers@radiative and nonradiative centers partic-
ipate in the thermal emission of electrons or holes. The
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activation energy is considered to be the ionization energy of
an acceptor state (thermal emission of holes to the valence
band) or donor state (thermal emission of electrons to the
conduction band).*’

Figure 3 shows the obtained peak positions from the fits for
the orange and red emission, converted to energy and plotted
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Figure 3. Orange and red emission energy of ZTO. For all data, the
excitation wavelength is 325 nm, the temperature range between 313
and 433 K and the atmosphere pure N,. (The dashed lines serve as a
guide for the eye only.)

in dependence on temperature. It is revealed that with
increasing temperature, both emission energies become larger.
The orange emission energy slightly increases with temper-
ature and, after an abrupt increase in emission energy at 373 K,
seems to stay constant. The red emission energy stays constant
up to 353 K and then significantly increases with temperature.
Over a course of 60 K, the peak position shifts by
approximately 200 meV. This shift can be explained by the
proposed band scheme shown in Figure 4a. At room

a b

EDD
) Eco
—ggA E
@000 @0e0
T<Te T>Te

Figure 4. Proposed band scheme of ZTO. (a) Below T (critical
temperature), orange and red emission coexist, with incomplete
thermal activation of the donor state Ep; Ej, approaches Ec. (b)
Above T, the thermal activation of the deep donor state Epp
increases significantly, Epp, approaches Ep,.

temperature or below a critical temperature T, the orange
and red photoluminescence occur simultaneously. After
excitation, the photoelectron of the orange emission starts at
the donor state Ep, and recombines with a hole in an acceptor
state E, (i); the red emission originates from a deeper donor
state Epp (ii) but assumingly also recombines with the
acceptor state.” It should be noted that the donor states are
not completely thermally activated at room temperature. The

https://doi.org/10.1021/acs.jpcc.5c01678
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occupancy of electrons in the conduction band of a donor state
can be described with eq 3, where 7 is the density of electrons,
N the effective density of states, E¢. the conduction band edge,
Ep the Fermi level, kz Boltzmann’s constant, and T the
temperature. This equation is valid if Ec — Eg > 2ksT.*°

—(Ec — Ey)

n=Neep| T
B

(3)

In the case of ZTO, E. — Ej can be estimated from literature
data as approximately 0.3 eV; thus, at room temperature (2kzT
~ 50 meV), eq 3 is a valid assumption.’”** When the
temperature increases, the Fermi level approaches the
conduction band, resulting in a higher electron density,
which is directly proportional to the conductance. After the
critical temperature is exceeded (Figure 4b) the data might
indicate that with increasing temperature, first, the donor state
(Ep) approaches the conduction band (E), which results in a
small blue shift of the orange emission, while the energy of the
red emission stays constant. After the critical temperature is
exceeded, electrons from the deep donor state are increasingly
elevated to the donor state, which results in an abrupt blue
shift of both emission energies. If the temperature increases
further, the deep donor state further approaches the donor
state. The energy difference between Ep, and Epy, at is ca. 320
meV at 313 K, and ca. 150 meV at 433 K. This shift is
completely reversible, which further supports our assumption
that it is only temperature-induced.”

The lifetimes were measured at the peak positions for the
orange and red emission bands, which were obtained from the
Gaussian fits (Figure S). With increasing temperature (298—

6000 oy
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] M red
S4000
®
£ o
£ 2000
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oo gg8g Bk

0
290 310 330 350 370 390 410 430
temperature | K

Figure 5. Lifetimes of orange and red ZTO emission, measured at the
respective peak positions (pure N,) between 298 and 433 K. For all
data the excitation wavelength is 325 nm.

333 K), both lifetimes first drop significantly, with the orange
emission lasting much longer than the red one. At 353 K, both
lifetimes are very similar, and above 373 K, the lifetime of the
red emission becomes longer than the orange one. Although
both lifetimes are quenched by temperature, the orange
emission decreases especially between 313 and 353 K. At 373
K, the lifetime of the red emission shows a local maximum.
This coincides with the just described mechanistic change, i.e.,
the strong blue shift of the red emission. The energetic
elevation of the deep donor state and the enhanced thermal
activation of the electrons might elongate the lifetime of the
red emission. This is supported by the fact that the lifetimes
between 373 and 433 K are longer than at 333 and 353 K. It
should be noted that the emission lifetimes were also measured
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in a 20:80 vol % O,/N, atmosphere (see Supporting
Information section, Figures S12 and S13). Regarding our
measurements, the lifetime was not significantly affected by O,
except for the measurement at room temperature. As this was a
reproducible circumstance, we assume that changes in the
lifetimes were too small to be resolved. However, these studies
are outside the scope of this work.

Oxygen Effect on Photoluminescence. As described
above, the photoluminescence intensity is quenched not only
by an increase of temperature but also by O, chemisorption.
Although a small intensity change can be measured with the
JASCO fluorometer (see Supporting Information section,
Figure $9), we chose our custom measurement setup (Figure
S6) for intensity evaluation for reasons of higher sensitivity.
The intensities at 606 and 730 nm were tracked over time
(Figure S14), while the gas atmosphere remained constant and
the temperature varied in a sequence (Figures S15a, S16 and
$17).

For the orange emission (606 nm), differences in temper-
ature dependencies are revealed when the temperature is
varied in pure N, and in O,-containing atmospheres (20 vol %
O, in Ny; Figure 6). The data show that at every measured
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Figure 6. ZTO emission intensity at 606 nm in pure N, (light blue)
and 20 vol % O, in N, (dark blue), fitted with eq 1.

temperature, the intensity in pure N, is higher than in an O,-
containing atmosphere, confirming O,-induced quenching.
This is further highlighted in Figure S16a, where the complete
intensity course is shown. To gain a deeper understanding of
temperature quenching, eq 1 was used to fit the experimental
data.

The characteristics and assumptions of this model are that
the photoluminescence intensity is constant at low temper-
atures and decreases once a critical temperature is reached. As
this type of fitting is typically used for low-temperature
emission studies, we calculated the first derivative (eq S11;
Figure S16b) to further confirm the nature of the data. The
data lie around the inflection point of eq 1 and therefore
represent the local minimum of the first derivative. The fit
parameters (Table 1) reveal that they all change in the
presence of O,. The value of I(1_ ) is 1067 counts higher in
pure N, than in 20 vol % O,, which is in accordance with the
mechanism for O, sensing, as electrons are trapped by
chemisorbed O, and are unable to participate in radiative
recombination. It can be considered that C is antiproportional
to the internal quantum efficiency 77, (eq 4). The increase of C
might therefore be explained by a decrease in quantum
efficiency due to O, chemisorption as well.””

https://doi.org/10.1021/acs.jpcc.5¢01678
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Table 1. Fit Parameters and Critical Temperature of Orange (606 nm) and Red (730 nm) ZTO Emission in Pure N, and 20

vol % O, in N,

emission wavelength/nm [0,]/vol % I (1= k)/counts © E,o/meV Ty(r0x)/K
606 0 48,901 + 287 779,032 + 75,185 415 £3 193
20 47,834 + 344 1,589,241 + 204,210 436 + 4 197
730 0 32,862 + 614 75,579 + 5369 309 +£3 161
20 32,170 + 640 98,254 + 7973 317 £ 3 164
Cux (1 - 110) (4) parameters show a similar picture. The values for I(7_) in

The most interesting fitting parameter is the activation
energy. The energy difference in a pure N, atmosphere and 20
vol % O, is 21 meV. Based on the band scheme (Figure 2), this
activation energy can be regarded as the energy difference
between the conduction band and donor state, in which case it
contains the Fermi level and Schottky barrier. This also fits
well with the basis of the SchofiZKlasens mechanism, where the
activation energy is assumed to be the ionization energy of a
donor state. The Fermi level for ZTO was reported to be
approximately 0.3 eV.””** Since we applied a different
synthesis method, the Fermi level for our ZTO may be
slightly different but in a comparable value range. To our
knowledge, the O,-induced band bending of ZTO has not
been reported so far. Reports on SnO, suggest a band bending
of approximately 130 meV at 673 K in 5 vol % O,. We expect
lower values at significantly lower operation temperatures and
gas flow. From resistive measurements at 393 K (Figure S18),
band bending can be estimated for ZTO via a simplified
Schottky model.*” The estimated change in band bending in a
N, atmosphere containing 20 vol % O, is approximately 6.3
meV (Figure 7). Above S vol % O, the change in band
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Figure 7. Change of ZTO band bending between 0.5 vol % and 20 vol
% O, in N,. Measured at 393 K, excited with 325 nm LED.

bending is nearly constant, which indicates saturation. This
change in band bending is in the same order as the error of the
Gaussian fittings presented in Figure 3, which may explain why
no spectral shift in the presence of O, is detected. In contrast, a
change of 21 meV may therefore be the maximal change of
band bending induced by O, chemisorption at significantly
higher operating temperatures. Additionally, it should be noted
that the activation energy of the orange emission is very similar
to the energy difference of the orange and previously described
green-blue emission, which was also reported in the literature
(497 nm: 2.49 eV, 606 nm: 2.05 eV, AE = 440 meV).”*">*
This indicates that the green-blue emission could be a radiative
path between the conduction band and an acceptor state.
The intensity of the red emission (730 nm) is just slightly
affected by the presence of O, (Figure S17) and the fit

pure N, are approximately 700 counts higher than in the O,-
containing atmosphere, but the error, which results from the
accuracy of the fits, is in the same order. C increases in the
presence of O,, which also indicates a decrease in quantum
efficiency. The activation energy in 20 vol % O, is 8 meV
higher than in pure N,, which is also just slightly higher than
the calculated error. This altogether indicates that the orange
emission is more affected by the chemisorption of O,. It should
be stressed that the values of the activation energies are very
similar to the energy difference of the orange and red emission
shown in Figure 3, further confirming that the obtained
activation energy is the energy difference between the deep
donor and donor state. As this activation energy is also lower
than the activation energy of the orange emission, this is in
alignment with the temperature-induced spectral shifts. With
increasing temperature, the deep donor state is approaching
the donor state and when they overlap, both are probably
approaching the conduction band, which is expected for
significantly higher temperatures and beneficial for, e.g,,
resistive gas sensing. The critical temperature Ti(rzox) at
which the intensity starts to decrease is approximately 30 K
higher for the orange emission than for the red one, but both
are enhanced similarly due to O, chemisorption.

For a better comparison of the O,-induced photo-
luminescence change of the orange and red emissions, we
performed measurements at 393 K with O, concentrations
ranging from 250 ppm to 20 vol %, see Supporting Information
(Tables S6, S7 and Figures S19, S20). The sensitivity S (eq S),
was determined, where Ijo,] was the normalized intensity at
the respective O, concentration.*!

§=100 —Ip,, ()

The logarithmic plot of the sensitivity (Figure 8) shows that
the sensitivity of the orange emission intensity is significantly
larger at every O, concentration than that of the red emission.
With increasing O, concentration, this trend becomes more
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Figure 8. Sensitivity of the orange (606 nm) and red (730 nm)
emission intensity between 250 ppm and 20 vol % O, in N,.
Measured at 393 K, excited with 325 nm LED.
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pronounced. This is in alignment with the above-discussed
change of activation energy, which is also significantly higher
for the orange emission than for the red one. This suggests a
correlation between the sensitivity and the change of the
activation energy and would be in alignment with classical
resistive gas sensing mechanisms.

Bl CONCLUSION

The photoluminescence of semiconducting zinc tin oxide
(ZTO) was investigated regarding its temperature and oxygen
(0,) quenching. The emission spectrum consists of an orange
and a red emission band, which are both blue-shifted with
increasing temperature. The temperature-dependent intensity
fitting, which is based on the Fermi—Dirac statistic, reveals the
activation energies of the orange and red emissions. These
results provide an important contribution to understanding the
band structure of ZTO. Variation of the O, concentration (250
ppm—20 vol %) demonstrates that the orange emission is more
sensitive to O, than the red one. The different sensitivities
show which transitions are influenced by the O, adsorption
and thus help to better understand the sensor mechanism.
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absorption (Equation S4); linearized function of
absorption (Equation SS); UV/vis data of ZTO (Figure
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spectra of substrates (Figure S7); emission of ZTO on
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emission spectra of ZTO between 313 and 433 K in
pure N, and 20 vol % O, in N, (Figure $9); conversion
of wavelength in energy (Equation S$6); energy
conversion of energy and wavelength dependent spectra
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spectra conversion to the energy scale (Figure S10);
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and 1. Derivative of temperature dependent intensity at
730 nm (Figure S17); mean emission intensity (orange
and red) and conductance at 393 K between 0.5 vol %
and 20 vol % O, (Table S6); as measured and
normalized conductance at 393 K between 0.5 vol %
and 20 vol % O, (Figure S18); as measured and
normalized intensity at 393 K between 0.5 vol % and 20
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3 ZINC TIN OXIDE FOR PHOTOLUMINESCENCE O, SENSING

Powder X-ray Diffraction

This work focuses on the photoluminescence of zinc tin oxide (ZTO). As displayed in figure S1,

Zn,Sn0, was obtained without crystalline residual, which suggests a phase-pure product.

1500

1000

| \.J T

intensity | counts
()
o
o

o20 30 40 50 60 70 80
20/°

Figure S1. x-ray diffraction pattern with COD (crystallographic open database) ID reference

1001187 for Zn,SnO,.!

The most intense powder XRD reflection (311) at 34.39° was fitted with a linear combination of
two gaussian functions, figure S2 and equation S1, to determine the center and full width at half
maximum. The reflexes at 55.13° and 60.49° were fitted as well to determine the average crystallite

size.

90 = A—=ex( - 1 (222)) (S1)

o

S2

64
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Figure S2. magnification of x-ray diffraction pattern of a (311) reflex at 34.39°, b (511) reflex at

55.13° and ¢ (440) reflex at 60.49°, all fitted with a double gaussian function.

Based on the Scherrer equation, equation S2, the average crystallite size was determined with the

reflex positions and FWHM obtained from the fits, table S1.2 The wavelength X is 0.15406 nm, the

shape factor K was the 0.94 (general value by Scherrer).

L= A(26)-cos (80)

Table S1. Reflex parameters and crystallite sizes.

(82)

hkl 20/° FWHM /° shape factor | L /nm average / nm
311 34.39 0.079 109.9

511 55.13 0.075 0.94 124.6 1208 £7.8
440 60.49 0.075 127.7

This is consistent with scanning electron microscopy (SEM) images, figure S3a, as there are either

smaller and bigger crystallites. Zn and Sn are homogeneously distributed in the sample, figure S3b

S3
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3 ZINC TIN OXIDE FOR PHOTOLUMINESCENCE O, SENSING

and c. Due to the different weights of Zn and Sn the resulting penetrations depths of x-rays, the

topography of the particles is apparent in the energy dispersive x-ray spectroscopy (EDX) data.

Figure S3. a SEM image 500 x magnification, b EDX mapping of Zn (green) and ¢ Sn (red) in

atom% 500 x magnification.

UV/Vis Data

UV/VIS measurements were executed at room temperature under ambient conditions. The
transmittance, Figure S4a, was converted to reflectance R and the function of reflectance F(R),
equation S3. The function of reflectance was plotted according to the Tauc plot to check for a
direct, Figure S4b, or indirect, Figure S4c, band gap. The absorption « of semiconducting materials
is described with equation S4, which can be linearized, equation S5. ¢ is a fitting parameter, £ the
energy of the radiation in eV and Ey, the Urbach energy. From the slope of the linearization the

Urbach energy Ey, can be determined, Figure S4d.3

FR) = Y532 (S3)
a= - exp{EE—U} (S4)
S4
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3.2 Temperature Dependent Photoluminescence

E
In(F(R)) = z; +¢ (S5)
a b
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Figure S4. a transmittance b Tauc plot for y = 2 (direct band gap) ¢ Tauc plot for y = 2 (indirect

band gap) d determination of the Urbach energy Ey, for ZTO.

The coexistence of two direct band gaps may be related to the Sn content in the inverse cubic spinel.
In the literature it is indicated that Zn,SnO,4 seems to be phase pure, though the Sn concentration
can range between 26 at% and ca. 40 at%.° Though the PXRD does not indicate an additional
phase, there might be domains with varying Sn content in the lattice, which would not be revealed.

With increasing Sn content, the band gap is slightly increased.” During UV/Vis measurements a

S5
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3 ZINC TIN OXIDE FOR PHOTOLUMINESCENCE O, SENSING

much larger sample area (larger measurement spot) is evaluated, which could explain the additional

direct band gap in the Tauc Plot.

Photoluminescence Data
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Figure S5. excitation-emission spectrum of ZTO.

Measurement Setup

The ZTO particles were either drop-coated on a ceramic substrate with a gold interdigital structure
to measure the conductance and photoluminescence (PL) simultaneously or on a quartz glass
substrate, which was placed in a cuvette insert. The cuvette insert was designed for a commercially
available quartz glass cuvette, Figure S6a. A type-K thermocouple measures the temperature below
a ceramic heating element. The measured temperature is received by a flue gas analyzer (Woehler
A450). The ceramic heater is connected to an Agilent E3640A power supply, which was controlling
the substrate temperature by a Python script. The gas atmosphere was controlled with a gas mixing

S6
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3.2 Temperature Dependent Photoluminescence

system (Woehler GM450) and applied with a flow rate of 150 mL/min or 300 mL/min. This setup
was used in the JASCO Fluorometer or in combination with a custom-built setup and the ceramic
substrate, Figure S6b to measure photoluminescence and conductance simultaneously. The
measurement setup is housed in an aluminum body to shield external light. With a Voltcraft LSP-
1403 power supply, operated at 15 V, a Roithner DUV325-HL46N LED (A=325 nm) was used as
a light source to excite the sample. The emission is collected with a collimator lens and transferred
by optical fibers to an Ocean Optics Flame Miniature spectrometer. The interdigital electrode
structure is operated in series with a I MOhm resistor on a Voltcraft LSP-1403 power supply with
a constant output voltage of 20 V. The conductance of the ZTO particles is calculated using the

measured voltage (multimeter, HP 34401A) via the interdigital structure.

type K thermocouple
PEEK cuvette insert

gas in- & -output

PEEK cuvette insert ////'

quartz glass cuvette
aluminum body.

substrate with

type K thermocouple ZTO particles

quartz glass cuvette  collimator lense

& optical fibre
ceramic substrate with i 325 nm LED
interdigital structure

ZTO particles

ceramic heating
element

longpass filter bandpass filter
Figure S6. Sectional drawings of a the cuvette insert and b experimental setup to measure
photoluminescence and conductance simultaneously at controlled temperatures and gas

atmospheres.

Temperature-dependent emission spectra
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3 ZINC TIN OXIDE FOR PHOTOLUMINESCENCE O, SENSING

For the measurement setup either a ceramic substrate with a gold interdigital structure or a quartz
glass substrate can be used. When excited with 325 nm, Figure S7, the ceramic substrate shows a
weak emission in the red range, whereas the quartz glass substrate shows an even weaker emission
in the blue range. After drop coating of the sample on the substrate the emission spectrum of the
sample overshadows the residual emissions of the substrates at low temperatures (313 K or lower),
Figure S8a. With increasing temperature and decreasing emission intensity of the sample the
emission of the ceramic substrate alters the spectrum significantly, Figure S8b. For the

measurements with the JASCO fluorometer, the samples were drop-coated onto a quartz glass

substrate.
a b
12 8
a 2
S S
39 36
o o
™ ™
e e
T 6 T4
2 2
2 25
g3 8
£ £
0 0
400 500 600 700 800 400 500 600 700 800
wavelength | nm wavelength | nm

Figure S7. emission spectra of a empty ceramic substrate and b empty quartz glass substrate, both

excited with 325 nm, measured at room temperature, no active gas flow.
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Figure S8. emission spectra of ZTO particles a at 313 K on ceramic substrate (green line) and
quartz glass substrate (red line) and b at 433 K on ceramic substrate (green line) and quartz glass

substrate (red line), all excited with 325 nm, 300 ml/min pure N,.

The following emission spectra were measured in a pure N, (0 vol% O,) or 20 vol%O0, in N2
(20 vol% O,) with a gas flow of 300 ml/min, Figure S9. The samples were tempered to 433 K and
kept at this temperature and the respective atmosphere for 1 h. Then the temperature was decreased

about 20 K and kept for 30 min before emission spectra and lifetime were recorded.
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Figure S9. emission spectrum of ZTO particles at a 313 K, b 333 K, ¢ 353 K, d 373 K, e 393 K, f

413 K and g 433 K in pure N; (0 vol% O, light blue) and 20 vol% O, in N, (dark blue) atmosphere,
300 ml/min.

The obtained emission spectra are all dependent of the wavelength. For further evaluation the
spectra are converted to an energy scale. The possible options are evaluated in figure S10. The
simple conversion with equation S6 from wavelength to energy (in eV) results in an altered

spectrum, figure S10 a and b. £ is the energy, /# Planck’s constant, ¢ the speed of light and A the

wavelength.
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3.2 Temperature Dependent Photoluminescence

E=— (S6)

In the literature a Jacobian Conversion is recommended. Here it is assumed that the intensity of
the wavelength and energy are equal due to energy conservation, equation S7. f(E) is the function

of energy and f(}) the function of wavelength.®

f(E) dE = f() dA (S7)

As wavelength and energy are not equidistant on scale the intensity measured (I(A)) need to be

converted to an intensity in dependence of the energy I(E), equation S8. The multiplication of I(A)

. h . . .
with E—; results in the spectrum depicted in figure S10c.?

18) = 1()% = 1()7:(%) = 105 (S8)

After this transformation the peak maximum is significantly red shifted and its shape still differs
from the original form. Instead by a conversion of I(A) to I(1/E), equation S9, the energy
conservation is maintained, equation S10. The spectrum is now plotted against the reciprocal

energy, figure S10d.°

1(1/E) = I()hc (89)
e = () (S10)
st1
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Figure S10. emission spectra of ZTO particles in a (I(A)) vs. wavelength, b (I(X)) vs. energy, ¢

(I(E)) vs. energy and d (I(1/E)) vs. reciprocal energy. Measured at 313 K, excited with 325 nm,

300 ml/min pure N,.

For the fit with the double Gaussian function, only the spectra in pure N, were considered, as the

0O,-induced intensity change was hardly measured, and the expected spectral change was expected

to be in same order as the error due to fitting. The fit range is between 0.389 1/eV and 0.65 1/eV.

From each fit the amplitude 4, peak center 1/E. .., peak width o and area is obtained. The fit

optimization was executed with the scipy.optimize function in Python, which is based on a non-

linear least squares optimization to fit the data.
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Figure S11. emission spectrum of ZTO particles ata 313 K, b 333 K, ¢ 353 K, d 373 K, e 393 K,

f413 K and g 433 K fitted with a double Gaussian function (dashed blue line).

Table S2. Fit parameters of ZTO emission, 1. Gauss function (orange function).

temperature / K A 1/Ecenter / 1/€V | o/ 1/eV area fit range
313 0.083 +0.014 0.492 +0.002 0.055 £ 0.002 0.08
0.389-0.65
333 0.084 £ 0.013 0.491 £ 0.001 0.057 £ 0.001 0.08
1/eV
353 0.080 + 0.008 0.490 + 0.000 0.058 £ 0.001 0.08
S13
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373 0.046 + 0.002 0.488 + 0.000 0.053 £ 0.001 0.05
393 0.022 £ 0.001 0.486 + 0.000 0.043 +0.001 0.02
413 0.012 +0.000 0.485 +0.000 0.033 +0.000 0.01
433 0.010 +0.000 0.484 +0.000 0.026 +0.000 0.01
Table S3. Fit parameters of ZTO emission, 2. Gauss function (red function).
temperature / K A 1/Ecenter / 1/€V | 6/ 1/€V area fit range
313 0.131+0.015 0.584 +0.009 0.079 + 0.005 0.12
333 0.137+0.013 0.585 +0.007 0.082+0.004 |0.12
353 0.151 £0.008 0.583 £ 0.005 0.088 +0.002 0.13
0.389-0.65

373 0.197 £ 0.002 0.563 £ 0.001 0.099 + 0.000 0.17

1/eV
393 0.234 +0.001 0.547 + 0.000 0.107 + 0.000 0.21
413 0.259 +0.000 0.535 +0.000 0.116 +0.000 0.23
433 0.288 +0.001 0.520 + 0.000 0.132 +0.000 0.24

Life Time Measurements

The lifetime was determined at the maxima of the Eceper positions obtained from the fits. The

reciprocal energy was converted to wavelength. Every measurement (“phosphorescence lifetime”,

Aex = 325 nm, excitation bandwidth = 5 nm, emission bandwidth = 20 nm, 50 ms chopping period)

was executed 10 times in total at each emission wavelength. Each measurement was an average of

100 scans. So, every lifetime is an average value of 1000 measurements. To determine the lifetime,

S14
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the time required for the intensity to fall to 1/e is identified, Figure S12. As the emission intensity
change in the presence of O, is very low, also the lifetime is hardly affected by it, Figure S13. The
lifetime was also determined at room temperature (298 K), 303 K and 308 K. Though there is a
significant change in lifetime at room temperature, already at 303 K no significant change was
measured. This might hint, that either the intensity changes are too small to affect the lifetimes
reliably or the changes in lifetime are in a different order. The measurement parameters and

lifetimes are summarized in Tables S4 and S5.

1.00 ~— 0vol% 0,
—— 20 vol% O.

g' 2
a 0.75 Tovoio, = 5715 pis £ 21 pis
‘3 Taovoro, = 5498 s £ 9 s
= 0.50 AT=217ps
£
o
& 025

0.00

0 3 6 9 12 15 18
time | ms

Figure S12. lifetimes of Aceneer = 614 nm measured in pure N; (0 vol% O,, light blue) and 20 vol%

0O, in N, (dark blue) at 298 K. The excitation wavelength is 325 nm.
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Figure S13. lifetimes of a orange and b red emission, measured at the respective peak positions

between 298 K and 433 K, measured in pure N, (0 vol% O,, light blue) and 20 vol% O, in N, (dark

blue). For all data the excitation wavelength is 325 nm.

Table S4. Peak position in wavelength, lifetime in pure N, and 20 vol% O, in N, atmosphere of

orange emission.

temperature / K | Aoy, / nm | Toyor00 / US| T20vo1% / 1S
298 614 5715+21 | 5498+9
303 614 4588 £ 14 | 4571 +£26
308 613 371021 | 3686 +24
313 610 2984 £ 7 2959+ 10
333 609 1132+9 1134+ 11
353 608 464 + 18 456 + 1
373 605 331+ 11 334+ 10
393 603 312+ 14 341 +3
413 601 355+8 384+2
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433 601 389+ 14 406 5

Table S5. Peak position in wavelength, lifetime in pure N, and 20 vol% O, in N, atmosphere of

red emission.

temperature / K | A,/ nm | Tovors / US| T20vor% / 1S
298 728 1429+ 6 1423 +£5
303 728 1130+ 11 1158+ 17
308 724 921+9 949 + 17
313 724 783 £ 17 810+ 18
333 725 487+ 6 506+ 10
353 723 499 + 18 496 £2
373 698 490 + 13 495+9
393 679 532+3 523+4
413 663 602 +7 639 £ 21
433 645 662 +7 773 +£4

Data Evaluation

For each emission spectrum the spectrometer integrates over 30 seconds. To evaluate the data,

spectra are smoothed with a moving average of 20 measurement points. The spectral resolution is

0.473 nm. The emission spectrum of ZTO particles is displayed in figure S14. To evaluate the
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quencher impact, the intensity at 606 nm (vertical orange line) and 730 nm (vertical red line) is

determined for every spectrum and tracked over time.

N
o

-
(9]

606 nm

3

intensity | 10" counts
S

730 nm

(9]

/
—
350 450 550 650 750 850
wavelength | nm

Figure S14. emission spectrum of ZTO particles at 298 K, 606 nm and 730 nm highlighted with

vertical lines, excited with 325 nm.

Measurement Modes

For the intensity fitting with equation 1 the O, concentration was kept constant (pure N, or 20 vol%
0O, in N;) and the temperature was varied according to the sequence in Figure 15a. The temperature
sequence starts with a 433 K segment for 2 h, followed by a temperature decrease to 313 Kin 10 K
steps. Each temperature is kept constant for 30 min. Finally, an additional segment at 433 K is
applied for 15 min. For the variation of the O, concentration the temperature was kept constant at
393 K and the gas atmosphere was varied according to Figure S15b and S15c¢. In both cases,
250 ppm-2000 ppm or 0.5 vol%-20 vol%, the sample was kept in a pure N, atmosphere for 4 h,
before the respective O, concentration was kept constant for 1 h, followed by a 1 h regeneration

segment in pure N,.
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10 °C steps
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Figure S15. a temperature profile under constant O, concentration, b concentration profile between

250 ppm and 2000 ppm O, in N, at constant temperatures and ¢ concentration profile between

0.5 vol% and 20 vol% O, in N, at constant temperatures.
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The fit optimization was executed with the scipy.optimize function in Python, which is based on a

non-linear least squares optimization to fit the data.
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Figure S16. a ZTO emission intensity at 606 nm between 313 K and 433 K, b 1. deviation of

equation 1, equation S6, at 606 nm. In pure N, (0 vol% O, light blue) and 20 vol% O, in N, (dark
blue), excited with 325 nm.
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Figure S17. a ZTO emission intensity at 730 nm between 313 K and 433 K, b ZTO emission
intensity at 730 nm, fitted with equation 1 and ¢ 1. derivative of equation 1, equation S6, at 730

nm. In pure N, (0 vol% O, light blue) and 20 vol% O, in N, (dark blue), excited with 325 nm.
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Conductance & Photoluminescence Measurements

Table S6. Mean emission intensity of orange and red emission and maximum conductance at

393 K.
intensity / counts 606 nm 10826
730 nm 3651
conductance / nS 223.1

a b
250
1.00
3
® 200 2
= s
- + 0.75
8 150 S
g
3 o 0.50
$ 100 S
2 3
S 5 0.25
8 s0 2
0 0.00
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
time/ h time |/ h

Figure S18. O, dependent (0.5 vol%-20 vol%) conductance of ZTO at 393 K a as measured, b

normalized. 150 mL/min, excited with 325 nm.
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Figure S19. O, dependent (0.5 vol%-20 vol%) photoluminescence of ZTO at 120 ° a as measured,

b normalized. 150 mL/min, excited with 325 nm.

Table S7. Mean emission intensity of orange and red emission at 393 K.

intensity / counts 606 nm 10604

730 nm 3580

a b
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8 s alk
“c 9| 3095
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Figure S20. O, dependent (250 ppm-2000 ppm) photoluminescence of ZTO at 393 K a as

measured, b normalized. 150 mL/min, excited with 325 nm.
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4 Tin(IV) Oxide as Electron Transporting Layer

The electron transporting layer (ETL) represents one of the five layers that form the structure
of a perovskite solar cell (PSC). Each layer is inherently significant and must be optimized.

In the present work, the PSCs were designed as follows:

e FTO or ITO coated glass substrate (anode)

ETL: SnO,

perovskite layer: FAPbBr3/MAPbBr3 (2D-perovskite passivation)

HTL: Spiro-MeOTAD (chemically oxidized)
e Au (cathode)

SnO5 is among the most frequently selected ETL materials. The established syntheses
of this layer often contain harsh, toxic chemicals, require a prolonged reaction time (several
hours), and an additional temperature treatment. The development of a non-toxic, rapid
synthesis not only reduces chemical waste and supplied energy, but also simplifies the proce-
dure and promotes the technology’s attractiveness for industrial production. The objective
of this study was to synthesize a SnO, ETL in a time frame of less than 10 min. The
efficiency of the resulting solar cell should be comparable to that based on established ETL

methods.

The SnO, synthesis described herein was a chemical bath deposition (CBD) based on
the thermal decomposition of sodium stannate (NapSnO3-3H,0). In solution, the hexahy-
droxostannate ion ([Sn(OH)2"]) was formed and able to condensate with ions of the same
species or surface hydroxy groups of the substrate. The obtained powders were characterized
with X-ray powder diffraction (PXRD) and scanning electron microscopy (SEM). The films
that were received were characterized by SEM, transmission electron microscopy (TEM) and
energy electron loss spectroscopy (EELS). The homogeneous growth in solution resulted in
the formation of spherical particles with a diameter of ca. 50 nm. The heterogeneous growth
occurring on the surface was substrate-dependent. In this study, fluorine-doped tin oxide
(FTO) and indium tin oxide (ITO)-coated glass substrates were selected.

The SnO, deposition on FTO was successful and the primary synthesis optimization was
executed with these substrates. Due to the simplicity of the coating, optimization of the
reaction temperature, educt concentration, and growth time was necessary. It was demon-
strated that the optimal PSC efficiency was achieved after an ETL growth time of 6 min
when the reaction temperature and concentration were set. A direct comparison of conven-
tionally prepared PSCs and this approach produced devices of equivalent efficiency. A high
solar cell efficiency is indicative of suppressed charge carrier recombination at the ETL and

perovskite interface.
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4 TIN(IV) OXIDE AS ELECTRON TRANSPORTING LAYER

ITO facilitated successful SnO, deposition, yielding PSCs that demonstrated high effi-
ciency as well. However, under identical reaction conditions, the device's optimal efficiency
was attained after 16 min of reaction time. Consequently, additional synthesis optimization

is necessary.

M. J. Grotevent, L. Kothe, Y. Lu, C. Krajewska, M.-C. Shih, S. Tan, M. Tiemann, M. G.
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Abstract. Perovskite solar cells are a promising new solar technology with efficiencies surpassing
polycrystalline silicon solar cell technology. For the n-i-p perovskite solar cells, tin oxide is
typically used as the electron transport layer. One typical deposition method is chemical bath
deposition. However, the drawbacks are toxic precursors and the slow reaction driven by dissolved
oxygen forming SnO2-x. Here, we present a tin oxide chemical bath deposition starting from non-

toxic sodium stannate solutions. Within 6 minutes of reaction time, a 9 nm thick amorphous
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4 TIN(IV) OXIDE AS ELECTRON TRANSPORTING LAYER

Sn(IV)-oxide film is grown yielding solar cells with power conversion efficiencies of at least
23.2%. Surprisingly, the sole use of Sn(IV) precursors contradicts the previous assumption on
Sn(II) required for n-doping & high electric conductivity, and, unexpectedly, amorphous tin oxide
films are as suitable for charge transport layers as their crystalline counterparts. The synthesis
method is transferrable to other substrates (ITO, glass) and other thin-film metal oxide coatings
(MoOx, SiOz2), and beneficial for devices such as solar cells, photodetectors, light emitting diodes,

and heterogeneous catalysis.

Introduction

Perovskite solar cells are one of the most promising emerging solar technologies, with
power conversion efficiencies surpassing 26%.! Typically, perovskite solar cells are fabricated in
pin or nip device architectures, indicating the relative doping of their constituent layers. The
current advantages of pin perovskite solar cells are thermal device stability and power conversion
efficiency, however, a commercial product will further require mechanical stability and price
competitivity in comparison to established solar technologies. Furthermore, technological
advancements and novel materials discovery are not predictable, and it is not foreseeable which
technology, nip or pin, both or none, will have a successful market entry in the intermediate future.
Therefore, it is advisable to continue research on both technologies, pin and nip. The latter device
architecture commonly uses tin(IV) oxide (SnOz) as the electron transport layer (ETL) due to its
high photostability, ideal energy band alignment, efficient hole blocking & electron conducting
property, low defect density, and low-temperature processability in comparison to TiO2.2 SnO2 can
be deposited using evaporation or from solution, for example, by thermal evaporation, sputtering,
sol-gel, atomic layer deposition, or chemical bath deposition. The deposition methods are well

summarized in a review article and citations therein.> Chemical bath deposition is particularly
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interesting due to its ability to produce uniform, compact, and pinhole-free thin films. In a typical
reaction, a water-based Sn(II)-chloride solution combined with hydrochloric acid, thioglycolic
acid, and urea reacts over about 12 hours, forming a nonstoichiometric SnOa2-x layer.>* Recent
adaptions of this synthesis replaced thioglycolic acid with oxalic acid.” This removes sulfur-
containing precursors, which may potentially lead to contaminations and reduced device stability,
and the reaction time was shortened down to 3 hours.” Others have replaced the Sn(II)-chloride
and hydrochloric acid with Sn(II)-sulfate precursors, enabling the chemical bath deposition on
chemically sensitive substrates such as indium-tin-oxide (which is chemically etched under
hydrochloric acid conditions). However, the reaction times are still multiple hours.® In all of the
aforementioned chemical bath depositions, urea decomposes and increases the pH value. At the
same time, Sn(II) is oxidized to Sn(IV) from dissolved molecular oxygen. Therefore, two reactions
are simultaneously changing the reaction conditions and products. The changes in the reaction
conditions at an increased pH value result in a slightly nonstoichiometric SnO2.x.>° This
continuous oxidation state change is believed to be desired for gradual doping within the SnO2
layer, enabling excellent charge transfer.? However, dissolved oxygen, critical for the oxidation of
Sn(II) to Sn(IV), must be present and is usually not accounted for. Quantifying the dissolved
oxygen is cumbersome and dynamic due to the exposure of the reaction to the ambient atmosphere
and subsequent oxygen diffusion from the atmosphere into the solution. Notably, industrial
applications require a fast and highly reproducible layer deposition with synthesis times below 15
minutes—a highly challenging task. Additional steps, such as post-synthesis annealing at 170 °C
for 60 minutes in air, are typically performed, but long annealing times are also problematic for
commercial processing. The annealing step is usually required to reduce the surface defect density

and remove unwanted organic contaminations originating from precursors.>’
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4 TIN(IV) OXIDE AS ELECTRON TRANSPORTING LAYER

Besides the direct growth of SnO2 on substrates by chemical bath deposition, SnO2
nanoparticles can be synthesized, for example, from tin(Il) halides such as SnClz,'®!! SnF2,'> and
SnCla.!3 Furthermore; a few reports grow SnO2 from tin(IV) stannates, e.g., the growth of SnO2
shells on Au nanoparticles by thermal decomposition of the stannate at 60 °C over one hour,'* or
the synthesis of spherical SnO2 nanoparticles of about 30 nm size by thermal decomposition of
sodium stannate over 5 hours at 150 °C (pressurized water).!> While those reactions take hours,
their final deposition from solution can be faster, for example, by slot-die coating and blade
coating; however, thicker coatings are required for nanoparticle films to ensure a pinhole-free and

conformal layer.

Here, we present a rapid (within 6 minutes), simple chemical bath deposition of SnO2 from
non-toxic Sn (IV) stannate in water. No additional chemicals such as binders and stabilizers are
required. The reaction is simply based on the thermal decomposition of the stannate. Solar cell
power conversion efficiencies of at least 23.2% are demonstrated on par with the fabricated
reference devices. In addition to the fabrication on fluorine-doped tin-oxide substrates, the mild
reaction conditions enable the chemical bath deposition of SnO2 on chemically sensitive substrates
such as indium tin oxide. In addition, post-synthesis thermal annealing is not required, further
simplifying device fabrication. This method is not limited to the deposition of tin oxide; it can also
be applied to other water-soluble oxometallates to form thin films, such as molybdenum (VI) oxide

and silicon dioxide.
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Results and Discussion
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Figure 1. Schematic comparison of the SnO: chemical bath deposition from a) previous reports
using Sn(Il) chloride and b) this work using sodium stannate (Sn(IV)).

Figure la displays the reaction components for a typical chemical bath deposition. The
reaction is based on a complex mechanism with various side reactions and uncontrolled Sn(II)
oxidation to Sn(IV) over a few hours. A novel and simple chemical bath deposition (Figure 1b) is
investigated using low-cost water-soluble stannate precursors such as sodium stannate (Na2SnO3
-:3H20). The precursor is readily solubilized in deionized water, resulting in a clear colorless
solution, with a pH value of 12 (0.1M) and the hexahydroxostannate as the dominating tin species.
1617 While hexahydroxostannate solutions are meta-stable for weeks at room temperature, the
solution slowly becomes hazy indicating a condensation reaction towards SnOz. The chemical

reaction can be described with the following equation with slight modification from Ref (16):

Na,Sn0s - 3H,0 = Nay[Sn(OH)s] S Sn0, L + 2 NaOH + 2 H,0
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The equation indicates a pH change, which is also experimentally observed; sodium stannate
solutions are already basic with a pH of 12 at room temperature and a slight increase in the pH
value towards 12.4 after the chemical bath deposition reaction. The homogeneous nucleation from
sodium stannate in solution is based on the condensation from two octahedral coordinated stannate
complexes [Sn(OH)s]*.!>!7 Surface hydroxy-groups from FTO (fluorine-doped tin (IV) oxide)
substrates may well serve as nucleation centers facilitating a competing templated heterogeneous

film growth.

One central aspect of our synthesis is the non-toxicity of this reaction compared to the
established process: thioglycolic acid is toxic if swallowed, inhaled, or in contact with skin.
Hydrochloric acid is corrosive regarding metals and can cause severe skin or eye damage.
Sn(Il)chloride dihydrate and sodium stannate can cause some harm to aquatic life and are caustic
chemicals. In addition, Sn(II)chloride possesses some oral and inhalation toxicity. The lower

toxicity of our reaction educts leads to a safer work environment and reduced waste disposal costs.

The perovskite solar cell efficiency is dependent on the SnO: thickness, whereas the
thickness can be controlled with the reaction temperature, educt concentration, and growth time.
The film growth was stopped in previous reports once the homogeneous particle growth led to a
murky dispersion.? This qualitative estimation of the reaction end point is precise enough for very
long reaction times over multiple hours but has a large error bar at short reaction times; however,
it is a reasonably good starting point. As a first optimization step, the growth time was investigated
for one stannate concentration at different bath temperatures between 55 °C and 85 °C with
reaction times of 45 minutes down to 6 minutes, respectively (Figure 2a). The corresponding solar
cells exhibited similar power conversion efficiencies (Figure 2a-inset, Supplementary Figure 1,

SEM images in Supplementary Figure 2a). Even higher temperatures may lead to the outgassing
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of dissolved air, resulting in gas bubbles adhered to the FTO surface, hindering the SnO2 growth
locally, which is detrimental to shorter reaction times as the gas bubbles remain adhered
throughout the complete reaction. Given the similarity of the power conversion efficiency with
temperature and as fast reaction times are desired, the reaction bath temperature for further
optimization was fixed at a temperature of 85 °C. As a second optimization step, the precursor
concentration was investigated as a function of the reaction time (Figure 2b) at a fixed temperature
of 85 °C, with reaction times between 20 and 5.5 minutes. 0.1 mol/L was chosen as an optimized
sodium stannate concentration as the reaction time is similar to the 0.2 mol/L concentration but
uses a smaller amount of the educt. The solar cell efficiencies of the corresponding solar cells are
comparable to each other and lie within the estimated error bar (Figure 2b-inset, Supplementary
Figure 3, SEM in SI Figure 2b). The third optimization step replaces the qualitative reaction
endpoint estimation (murkiness of the suspension) with a quantitative measure of the actual
reaction time independently of the murkiness of the suspension. The stannate concentration (0.1M)
and bath temperature (85 °C) were fixed, the solar cell efficiency increased up to a reaction time
of 6 minutes, and the observed hysteresis narrowed down simultaneously (Figure 2c,
Supplementary Figure 4). Scanning electron microscopy images of the coated and one uncoated
FTO substrate (as reference) are shown in Figure 2d. The fully optimized reaction conditions using
our fast and green deposition process resulted in device efficiencies on par with devices fabricated
with the previous chemical bath deposition process.

The film growth can be described following two distinct film growth mechanisms
discussed in the literature: an ion-by-ion growth directly on the substrate and a homogeneous
nanoparticle growth with subsequent nanocrystal attachment to the substrate.>”%!> A combination

of both growth mechanisms would also be plausible, and individual growth mechanisms may be
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specific to any underlying growth conditions (e.g., the presence of additives in solution).’ The
scanning electron microscopy images in Figure 2d strongly indicate an ion-by-ion growth: the
films were grown in the same growth solution and taken out one after another at different reaction
times; simultaneously, nanoparticles formed within the solution. Therefore, a nanoparticle
formation in solution and subsequent attachment to the film should lead to drastic changes in the
film smoothness of two subsequent films. The smoothness of the films for all growth times
strongly indicates an ion-by-ion growth mechanism, while some attached nanoparticles can be
observed for one sample. Those particles may have been attached by chance to the film during the
removal of the substrate from the growth solution. While this study optimized the chemical bath
deposition of SnO2 from sodium stannate, other water-soluble stannate sources, such as potassium
stannate, can also be used (Supplementary Figure 5). Furthermore, the reaction is not limited to
stannates; other water-soluble oxometallates, such as sodium molybdate and sodium metasilicate,
can be used as precursors forming coatings of molybdenum(VI) oxide and silicon(IV) oxide,
respectively (Supplementary Figure 6).

Note that the perovskite and hole-transport layers were deposited by spin coating in dry air
instead of a nitrogen atmosphere (humidity <1%). Processing in dry air is beneficial for industrial

scalability but may have resulted in slightly lower device efficiencies.
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Figure 2. Sn0: chemical bath deposition under various reaction conditions on fluorine-doped
tin oxide (FTO) substrates. Reaction time as measured by observation of murkiness as a_function
of a) reaction bath temperature (0.1M stannate concentration) — inset shows the corresponding
device power conversion efficiency, b) Na>SnOs -3H20 concentration (bath temp.: 85 °C) — inset
shows the corresponding device power conversion efficiency; ¢) solar cell efficiency as a function
of reaction time (fixed and independent of the observation of murkiness) (bath temp.: 85 °C, 0.1M

concentration), and d) scanning electron microscopy images of the SnO2/FTO substrates at
respective growth times.

Figure 3 compares the chemical bath depositions from SnCl2 with the reaction from sodium
stannate solutions. Scanning electron microscopy images (Figure 3a, b) reveal that both reactions
produce densely compact films with continuous coverage. The morphology exhibits a rougher
surface for films grown with Sn(II)-chloride, which may indicate a difference in the deposition
process for both routes. The coordination of Sn(II)-ions by additives (functioning as ligands) such
as urea and thioglycolic acid (or oxalic acid) may lead to particle growth in solution with
subsequent adhesion to the FTO surface.!® In addition, the coordination of molecules on the

particle surface may lead to a preferential growth direction and a rougher, nanostructured surface.
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This surface roughness could negatively affect conductivity and device performance;'® however,
the solar cell efficiencies from the respective films (Figure 3c) lead to the exact same device
efficiencies. This surprises, as the established synthesis route from Sn(II) precursors is believed to
require the formation of impurity doping (SnO2-x), resulting in a n-type semiconductor for
improved electrical conductivity. In comparison, the water-based stannate synthesis route starts
from Sn(IV), and any significant Sn(Il) doping seems unlikely due to the lack of reduction agents
and the presence of dissolved molecular oxygen (oxidizing agent) in the solution. This is further
supported by the fact that stoichiometric SnO: is a white powder, and SnO2-x appears as a yellow
powder.!%!1:1520 The white color of the nanoparticles formed in solution from the stannate reaction
indicates the absence of any significant Sn(II) doping. Therefore, the role of Sn(Il) in the bulk of
SnO:2 thin films remains a topic of discussion. The nonstoichiometric SnO2-x surface, however, is
unfavorable and presents additional charge trap states that potentially facilitate degradation of the
adjacent perovskite layer.” Therefore, the Sn(II) chloride route requires a post-synthesis oxidation
step by annealing the substrates for one hour at 170 °C, converting surface Sn(Il) to Sn(IV).” This
prolongs the overall fabrication by another hour, which is unsuitable for scale-up and industrial
use. On the contrary, the sodium stannate synthesis route leads to surface Sn(IV) and does not
require any post-synthesis annealing step: no efficiency difference has been observed between
annealed and non-annealed substrates (Figure 3d). This highlights the advantages of the sodium
stannate chemical bath deposition by starting from Sn(IV): (I) fast SnO2 film growth within
minutes (no oxidation step required), (II) surface oxidation by annealing is not required, (IIT) no

toxic chemicals and additives are used.

The direct, in-depth analysis of the thin SnO2 on fluorine-doped SnO2 (FTO) substrates is

highly challenging due to the low spatial dimensionality of the SnO> film and the similarity of the

10
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film and growth substrate. A cross-sectional high-angle annular dark-field scanning transmission
electron microscopy image (Figure 3e) shows a 9 nm thick amorphous SnO2 layer grown on top
of a FTO substrate. The amorphous character is further supported with powder x-ray diffraction
measurements from solution-grown SnO:2 nanoparticles (scanning electron microscopy image,
Supplementary Figure 7), which do not show any significant diffraction peaks, indicating the
growth of a primarily amorphous SnO2 film (Supplementary Figure 8). In addition, a fast growth
rate at low temperatures is usually associated with forming amorphous materials. In contrast,
crystalline materials typically require slow growth and high temperatures to incorporate atoms
perfectly into an organized crystal lattice. Electron energy loss spectroscopy (Figure 3f) was used
further to analyze the oxidation state of the tin oxide layer. Typically, the tin oxidation state is
indirectly investigated by looking at the energy-loss near-edge structure of the oxygen K-edge with
an energy splitting of about 3.5 eV for Sn(II)-oxide and about 6 eV for Sn(IV)-oxide.”?! While the
energy splitting is rather 6 eV (indicating Sn(IV) oxide), the height ratio of the two oxygen peaks
is smaller and closer to the reference of the Sn(II) oxide spectrum. However, the literature
reference spectra analyzed crystalline samples, and the amorphous character of our tin oxide layer
may result in deviations from the literature spectra due to differences in the local chemical
environment. Amorphous SnO: is likely nonstoichiometric, with hydroxy-groups incorporated
into the film to fully coordinate the oxophilic Sn(IV). While trace amounts of Sn(II) cannot entirely
be ruled out—even though unlikely due to the oxidative reaction conditions—it is surprising that
amorphous Sn(IV)-oxide electron transport layers perform as well as representative crystalline

films.
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Figure 3. Analysis of SnO: grown from chemical bath deposition. Scanning electron microscopy
images from a) Na:SnO3-3H>0 precursor, b) from SnCl: precursor, c) solar cell device efficiency
fabricated from SnO: grown with SnCl> or Na:SnOs3-3H>O precursors, d) solar cell device
efficiency of a thermally annealed and non-annealed SnO: film, e) high-angle annular dark-field
scanning transmission electron microscopy image of SnO: grown from stannate solutions on FTO,
and f) electron energy loss spectroscopy of the respective films in (e).

The stability of the thermal device was investigated under maximum power point tracking,
1-sun, and in a nitrogen atmosphere (Supplementary Figure 9). In general, solar cell stability is
restricted by its least stable layer or least stable interface. We find that the perovskite solar cell
degradation is currently dominated by the perovskite and 2D-perovskite passivation layer
decomposition which may lead to a reaction and degradation of the hole transport layer as well.??
Both perovskite solar cells (Supplementary Figure 9) were fabricated with SnO: electron transport
layers following the sodium stannate chemical bath deposition reaction. However, the high-
efficiency perovskite layer which includes methylammonium, chloride, and bromide ions as well
as a 2D-perovskite layer fabricated with n-hexylammonium bromide results in a fast degradation.

The perovskite solar cell with cesium in the perovskite layer and poly(methyl methacrylate) as a

12
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thin passivation layer,”>>> resulted in device stability exceeding 1250 hours with negligible
degradation at a lower power conversion efficiency. If the dominant device degradation originates
from the SnO2 layer, we would expect a similar degradation behavior for both solar cells—which
we do not observe. The presence of sodium ions remaining on the surface of the SnO: originating
from the educt cannot be confirmed or ruled out. However, the tin oxide surface is washed multiple
times with deionized water and treated with a potassium chloride solution prior to the perovskite
film deposition. Any presence of sodium ions can potentially passivate defects and enhance the
solar cell efficiency,’*® however, no noticeable effect is observed in comparison to devices
fabricated from Sn(II) chloride precursors in the absence of sodium-containing precursors. The
perovskite and the interface passivation require further investigation and optimization, which is

beyond the scope of this investigation.

The basic reaction conditions of the chemical bath deposition from sodium stannate enable
SnO:2 coatings on indium-tin-oxide (ITO) substrates, which would otherwise be chemically etched
under prevalent acidic reaction conditions. The electron microscopy images in Figure 4a show
pristine ITO and ITO coated with a continuous and homogeneous SnO2 coating. Like the growth
on FTO substrates, an ion-by-ion growth is initially observed within the first 10 minutes of growth.
A higher degree of surface-attached nanoparticles can be observed for longer growth times.
Compared to the coating on FTO, ITO substrates require a longer reaction time, with perovskite
solar cell devices achieving a power conversion efficiency of at least 20% (Figure 4b, 4c,
Supplementary Figure 10). Like the SnO2 coatings on FTO, the hysteresis is reduced at longer
SnO> growth times. The demonstrated chemical bath deposition from sodium stannate is not
restricted to FTO and ITO substrates; other hydroxy-terminated substrates, such as glass, can also

be coated, as we observed a visible SnO2 film on the surface of glass slides (SiOx). The
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photodetectors, light emitting devices, and heterogeneous catalysis.

demonstrated scalable SnO: thin film deposition method may be used, e.g., for solar cells,
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Figure 4. SnO: CBD from Na:Sn03-3H20 precursor on indium tin oxide (ITO) substrates. a)
scanning electron microscopy images at various growth times, b) solar cell efficiency as a function
of growth time, and ¢) current-voltage measurement. Scale bars 100 nm.

Conclusion

A tin oxide chemical bath deposition starting from Sn(IV) stannate instead of the typical
Sn(II)-chloride synthesis route is presented. The Sn(IV) stannate synthesis cuts the reaction time
from hours to 6 minutes, does not require any post-synthesis annealing step, uses only non-toxic
precursors, and enables the synthesis on chemically labile substrates such as indium-tin-oxide. The
device efficiency of perovskite solar cells fabricated from those substrates is on par with reference
solar cells with at least a 23.2% power conversion efficiency. The fast synthesis produces a mostly
amorphous film of about 9 nm thickness. Previous understandings of tin oxide-based electron
transport layers required a Sn(IV) surface for a low density of charge carrier trap states but
sufficient n-doping of SnO2 by Sn(II) for improved electrical conductivity in the bulk. The
presented results contradict the current opinion as solely Sn(IV) precursors have been used in water
under oxidative reaction conditions—preventing the formation of Sn(Il). It also highlights that

charge transport layers of amorphous metal oxide films can be as good as their crystalline
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104



counterparts. Overall, the presented progress enables the chemical bath deposition of tin oxide to
be used for commercial application. Besides tin oxide, the presented method is transferable to other
metal-oxide thin films, such as molybdenum(VI) oxide and silicon(IV) oxide, grown from water-

soluble oxometallates.

Experimental Section

Chemicals: Sodium stannate trihydrate (95%, Sigma Aldrich), potassium stannate trihydrate
(99.9% trace metal basis, Sigma Aldrich), sodium molybdate dihydrate (>99%, Sigma Aldrich),
sodium metasilicate (Sigma Aldrich), thioglycolic acid (>99%, Sigma Aldrich), hydrochloric acid
(37 wt.% in H20, 99.999% trace metals basis, Sigma Aldrich), urea (>99.5%, Sigma Aldrich),
tin(I) chloride dihydrate (>99.995% trace metals basis, Sigma Aldrich), Acetone (>99.5%,
semiconductor grade, thermo scientific), 2-propanol (>99.5%, semiconductor grade, thermo
scientific), Hellmanex III (Hellma Analytics), potassium chloride (>99%, Sigma ALdrich), 2-
methoxyethanol (99.8%, anhydrous, Sigma Aldrich), lead(IT) iodide (99.999% trace metals basis,
perovskite grade, Sigma Aldrich), formamidinium iodide (>99.99%, Greatcellsolar),
methylammonium bromide (>99.99%, Greatcellsolar), lead(I) bromide (99.999%, trace metals
basis, Sigma Aldrich), methylammonium chloride (>99.99%, Greatcellsolar), N,N-
dimethylformamide (99.8%, anhydrous, Sigma Aldrich), dimethyl sulfoxide (>99.9%, anhydrous,
Sigma Aldrich), diethyl ether (=99.7 %, anhydrous, contains Ippm BHT as inhibitor, Sigma
Aldrich), n-hexylammonium bromide (>99 %, Greatcellsolar), cesium iodide (99.999% trace
metal basis, Aldrich), poly(methyl methacrylate) (Mw 120k, Aldrich), chloroform (>99%,
anhydrous, contains amylenes as stabilizers, Sigma Aldrich), bis(trifluoromethane)sulfonimide
(>95.0 %, Sigma Aldrich), hydrogen peroxideaq (=30%, Sigma Aldrich), Spiro-MeOTAD

(>99,8%, Luminescence Technology), chlorobenzene (99.8%, anhydrous, Sigma Aldrich), hexane
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(95%, anhydrous, Sigma Aldrich), Gold (Kurt J Lesker). All chemicals were used as received

without further purification.

Synthesis of Spiro-MeOTAD(TFSI)s and Spiro-MeOTAD(TFSI)s

Caution: bis(trifluoromethane)sulfonimide (HTFSI) is a toxic super acid.

Synthesis as described elsewhere.?? Briefly, Bis(trifluoromethane)sulfonimide (HTFSI, 2 g, 7
mmol) was solved in 2 mL H20 and 2 mL (20 mmol) 30% H202. 10 mL of Spiro-MeOTAD in
chlorobenzene (0.5 mg/mL, 0.4 pmol/mL) was added and a biphasic mixture was received. The
mixture was stirred at room temperature for 36 h. 7 mL of the organic solution was taken, and 40
mL hexane was added and centrifuged at 7000 rpm for 5 min. The precipitated Spiro(TFSI)4 was

dried with a heat gun for 3 min in ambient air.

For the hole transporting layer, typically, 5-10% of Spiro-MeOTAD was oxidized by mixing the
above-obtained Spiro-MeOTAD(TFSI)s with 1.75 mL of Spiro-MeOTAD in chlorobenzene
(70 mg/mL, 57 umol/mL) and filtering the solution through a 0.22 pum polytetrafluoroethylene

syringe filter.

Synthesis of methylammonium lead tribromide (MAPbBTr3)

Under nitrogen atmosphere, MABr (methylammonium bromide, 1.5252 g, 13.62 mmol) 10 mL
N,N-dimethyl formamide were combined at room temperature. Pb(II)Br2 (5 g, 13.62 mmol) was
added. As the salts were dissolved completely, the solution was filtered (0.22 pm
polytetrafluoroethylene syringe filter) and heated to 90 °C (stirring at 300 rpm). Crystals appeared
in the first few minutes. The solution was stirred for about one hour. The crystals were gained by

filtration, washed three times with diethyl ether, and transferred into a nitrogen glovebox.
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Device fabrication

Substrate cleaning: In a Hellendahl staining vessel, | mL Hellmanex III and 49 mL deionized
water were mixed, and substrates were submerged in the liquid. The substrates were ultrasonicated
for 10 min at room temperature, following an ultrasonication sequence of solvents (deionized
water, deionized water, acetone, 2-propanol) for 10 min each at 50 °C. The substrates were dried

with a nitrogen gas gun.

SnO: deposition by chemical bath deposition:

Sodium Stannate trihydrate based: Substrates were placed in a Hellendahl staining vessel with 45
mL deionized water and tempered at the respective temperatures (55 °C, 65 °C, 75 °C, or 85 °C)
for 20 min. A respective amount (16 mg, 160 mg, 1600 mg, or 3200 mg) of Na2SnO3-3 H20 was
dissolved in 5 mL deionized water and added to the tempered vessel, no aging of the solution is
required. The 3200mg Na2SnO3-3 H20 were dissolved in 10mL deionized water and added to
40mL deionized water in the tempered vessel. Substrates were removed once the solutions turned
murky or the desired reaction time was reached. The substrates were cleaned by ultrasonication
with a sequence of solvents (deionized water, deionized water, acetone, 2-propanol) for 10 minutes

each at 50 °C. The substrates were dried with a nitrogen gas gun.

A typical synthesis uses 1600 mg (6 mmol) Na2SnO3-3 H20 dissolved in 5 mL deionized water
and added to 45 mL deionized, tempered water at 85 °C. The reaction is stopped after 6 minutes

by removing the substrates from the growth solution.

Tin(1l) chloride based: In a Hellendahl staining vessel, urea (625 mg, 10.4 mmol), Sn(II)Cl2-2H20
(138 mg, 0.6 mmol), thioglycolic acid (12.5 pL, 0.1 mmol), hydrochloric acid (37 %; 625 pL, 7.5

mmol) and 50 mL deionized water are mixed. Substrates were placed in the vessel, which was kept
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at 65 °C for about 12-14 h. The reaction was complete once the solution turned murky. The
substrates were cleaned by ultrasonication with a sequence of solvents (deionized water, deionized
water, acetone, 2-propanol) for 10 minutes each at 50 °C. The substrates were dried with a nitrogen

gas gun.

MoOx chemical bath deposition: 1 g (4.1 mmol) Na2Mo0O4-2 H20 was dissolved in 5 mL deionized
water and added to 45 mL deionized, tempered water at a temperature of 85 °C in a Hellendahl
staining vessel with FTO-coated substrates immersed in the solution. The reaction is stopped after
20 or 150 minutes by removing the substrates from the growth solution. The substrates were
cleaned by ultrasonication with a sequence of solvents (deionized water, deionized water, acetone,

2-propanol) for 10 minutes each at 50 °C. The substrates were dried with a nitrogen gas gun.

Si0:> chemical bath deposition: 1 g (8.2 mmol) Na>SiO3 was dissolved in 5 mL deionized water
and added to 45 mL deionized, tempered water at a temperature of 85 °C in a Hellendahl staining
vessel with FTO-coated substrates immersed in the solution. The reaction is stopped after 20 or
150 minutes by removing the substrates from the growth solution. The substrates were cleaned by
ultrasonication with a sequence of solvents (deionized water, deionized water, acetone, 2-

propanol) for 10 minutes each at 50 °C. The substrates were dried with a nitrogen gas gun.

Potassium chloride deposition: For some experiments, some substrates were annealed in an
ambient atmosphere for one hour at 170 °C. Other substrates were not annealed. All samples were
treated with oxygen plasma cleaning for 10 min. Subsequently, an aqueous KCl solution (0.745
mg/mL, 10 mM) was applied by spin-coating (acceleration: 3000 rpm, 3000 rpm, 30 s) onto the

SnO: layer. Afterwards, the substrates were tempered for 10 min at 100 °C.
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Perovskite deposition: Pb(Il) iodide (704 mg, 1.53 mmol), formamidinium iodide (240 mg,
1.40 mmol), MAPbBr3 (7 mg, 15 pmol), and methylammonium chloride (23 mg, 0.34 mmol) were
dissolved in N,N-dimethylformamide (890 pL) and dimethylsulfoxide (110 pL). After filtration
(0.22 um polytetrafluoroethylene syringe filter), 70 uL of the solution was spin-coated (program:
1. 500 rpm, 5 s; 2. 1000 rpm, 14 s; 3. 5000 rpm, 30 s) on the substrates in a dry air atmosphere.
600 uL diethyl ether was added dynamically 10 s into the third spinning step. The substrates were
annealed for one hour at 100 °C and 5 min at 150 °C. Once the substrates were at room
temperature, n-hexylammonium bromide dissolved in chloroform (250 pL, 2.7 mg/mL, 15 mM)
was spin-coated on top of the perovskite. After this 2D-perovskite surface treatment, the substrates

were annealed for 10 min at 100 °C.

For the high thermal stability device, the perovskite layer was deposited as follows: Pb(II) iodide
(1262 mg, 2.74 mmol), formamidinium iodide (424 mg, 2.47 mmol), and cesium iodide (71 mg,
0.27 mmol) were dissolved in N,N-dimethylformamide (1330 pL) and dimethylsulfoxide
(164 uL). After filtration (0.22 pum polytetrafluoroethylene syringe filter), 70 uL of the solution
was spin-coated (program: 6000 rpm, 30 s) on the substrates in a dry air atmosphere. 300 uL
diethyl ether was added dynamically 10 s into the spinning step. The substrates were annealed for
10 min at 150 °C. Once the substrates were at room temperature, poly(methyl methacrylate)
dissolved in chlorobenzene (250 pL, 2 mg/mL) was spin-coated on top of the perovskite. After

this surface treatment, the substrates were annealed for 10 min at 100 °C.

Finally, a small device-inactive area at the edge of the substrate was cleaned with 2-
methoxyethanol-soaked cleanroom swabs to remove the hole transporting and perovskite layer for

access to the FTO electrode.
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Gold deposition: About 100 nm of gold was thermally evaporated from an alumina-coated
molybdenum boat at a pressure below 5x10° mbar and a deposition rate of 0.5 A/s for the first 10

nm and 1 A/s for the remaining 90 nm.

Scanning electron microscopy

Electron microscopy images were recorded with a Zeiss Merlin Gemini 450.

Focused ion beam, transmission electron microscopy, and electron energy loss spectroscopy

The cross-section lamella for transmission electron microscopy was prepared with a FEI Helios

NanoLab 600 FIB/SEM system.

The lamella was analyzed using a Thermo Fisher Themis Z G3 Cs-corrected S/TEM operated at
200 kV and equipped with a continuum EEL spectrometer. A 19 mrad convergence angle and 150

pA beam current were used (50 pA for images).
Powder x-ray diffraction

Diffraction patterns were obtained using a PANalytical X’Pert Pro powder X-ray diffractometer,

operating with a 1.8 kW Cu—Ka X-ray source and aligned in Bragg-Brentano geometry.
Current-Voltage measurement

The solar cells were protected by applying a polyimide tape with silicone adhesive (7639A12,
McMaster-Carr) over the backside of the substrate and gold electrodes. The cells were placed in
the measurement setup under ambient air, where the current was measured with a 2420 source
measurement unit (Keithley) by applying a voltage. An Oriel Sol3A solar simulator (Newport)

combined with a Xenon arc lamp was used for illumination. As a reference, an Oriel reference
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silicon solar cell (Newport) was measured to calibrate the irradiance to 1 sun (AM1.5). To stabilize
the temperature of the solar cell, a ThermoStation P500 Peltier cooler (McScience) kept the

temperature at 20 °C.

Maximum Power Point tracking

A polyimide tape with silicone adhesive (7639A12, McMaster-Carr) was taped over the backside

of the perovskite solar cells directly over the gold electrode for protection.

Samples were measured with litos lite (Fluxim) in a sample holder with a heating stage under
flushing nitrogen with maximum power point tracking at 85 °C. Illumination of the samples was

performed through a quartz window with a LS-2 solar simulator (Wavelabs) under 1-sun.
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Supplementary Figure 1. Perovskite solar cell (a) fill factor (FF), (b) open-circuit voltage (Voc),
(c) short-circuit current (Isc) at different SnO> chemical bath growth temperatures.

Supplementary Figure 2. Scanning electron microscopy images of SnO: films on FTO substrates
fabricated from sodium stannate solutions at (a) different reaction temperatures and (b) different
precursor concentrations.
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Supplementary Figure 3. Perovskite solar cell (a) fill factor (FF), (b) open-circuit voltage (Voc),
(c) short-circuit current (Is) at different precursor concentrations for the chemical bath grown
SnO: layer.
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Supplementary Figure 4. Perovskite solar cell (a) fill factor (FF), (b) open-circuit voltage (Voc),
(c) short-circuit current (Is) at different growth times for the chemical bath grown SnO: layer on
FTO substrates.
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Supplementary Figure 5. Current-voltage measurement of a perovskite solar cell with Sn(IV)-

oxide fabricated from chemical bath deposition with potassium stannate: 1800mg K2SnO3-3 H20
in 50mL deionized water, 85 °C bath temperature, and 5 minutes growth time.

119




4 TIN(IV) OXIDE AS ELECTRON TRANSPORTING LAYER

Supplementary Figure 6. Scanning electron microscopy images of bare FTO and SnO2, MoO3,
and SiO: films on FTO substrates fabricated from sodium stannate, sodium molybdate, and sodium
metasilicate solutions, respectively.
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Supplementary Figure 7. Electron microscopy image of nanoparticles obtained from a chemical
bath deposition solution based on sodium stannate precursors. The scale bar is 100 nm.
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Supplementary Figure 8. Powder x-ray diffraction patterns of nanoparticles were obtained from
a chemical bath deposition solution based on sodium stannate precursors. Low-temperature
annealing is not sufficient for the crystallization of SnO:.
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Supplementary Figure 9. Maximum power point tracking (1-sun; 85 °C; nitrogen atmosphere) of
perovskite solar cells with tin oxide electron transport layers both grown from sodium stannate.

The influence and stability of the perovskite layer is limiting the efficiency and stability of the
devices.

a, b .. c ,
[ forward [l forward [forward

Wreverse 1100{ M reverse - ® s

l F I L] ?@Q@j@lg gmno .$.0.$‘ EZd.ai.lE-,oaoﬁgg’g
E 900

i § g# i aoo,?!glm €

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 186
time (min) time (min) time (min)

75

FF (%)

Supplementary Figure 10. Perovskite solar cell (a) fill factor (FF), (b) open-circuit voltage (Voc),
(c) short-circuit current (Is) at different growth times for the chemical bath grown SnO: layer on
ITO substrates.
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5 Final Conclusion & Outlook

Tin-based oxides have demonstrated a high degree of versatility in optoelectronic applica-
tions. The material requirements for optical O, sensors and electron transporting layers
(ETLs) in solar cells are very different, but they can be readily adapted using a variety
of synthesis routes. Each path unveils noteworthy and prospective performances of the

materials.

5.1 Summary of the Work

The central focus of this thesis was the synthesis and investigation of tin-based oxides in
two optoelectronic applications: photoluminescence (PL) Oz sensing and ETLs in perovskite
solar cells (PSCs). This research aimed to deepen the understanding of charge carrier re-

combination as well as electron transport and charge transfer mechanisms at interfaces.

In the case of PL O, sensing, temperature- and concentration-dependent PL and con-
ductance studies were executed with zinc tin oxide (ZnaSnQ4, ZTO). The synthesis of ZTO
involved a sol-gel synthesis, subsequently followed by a thermal conversion process. The
characterization of the samples was conducted using a variety of analytical methods, in-
cluding X-ray powder diffraction (PXRD), UV/VIS and PL spectroscopy, as well as scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). An intense and
long-lived orange-red emission was detected at room temperature; however, this emission was
quenched in the presence of O,. Consequently, ZTO was identified as an effective material
for PL gas sensing applications. As the operating temperature increased, the emission was
quenched, thereby revealing the presence of competing mechanisms. Subsequent investiga-
tions demonstrated that the emission spectra of orange and red transitions exhibit distinct
characteristics, including a shift in wavelength as the temperature rises. These emissions
also interact with oxygen in a manner that differs from one another. The variation of operat-
ing temperature, O, concentration, and simultaneous measurement of PL and conductance
demonstrated the relation between models for PL sensing with metal-organic compounds
and resistive sensing with metal oxides. Stern-Volmer plots showed that the Stern-Volmer
constant increased with temperature, indicating dynamic quenching. A deviation from linear
behavior, manifesting as a downward curvature, was observed. The application of the mod-
ified Stern-Volmer model revealed the incomplete accessibility of the luminescent centers to
O,. The adaptation of this model to the conductance data enabled a qualitative comparison
of the accessibility of luminescent centers and charge carriers. Moreover, the comparison
of conductance and PL as measurands indicated that PL exhibited greater sensitivity to
changes in gas concentration. These findings are fundamental to the understanding of the
sensing mechanism of PL O; sensing with metal oxides. The temperature-dependence of
the emission intensity followed a Fermi-Dirac function, thereby providing further insight into
the band scheme of ZTO and band bending. The activation energy obtained may reveal the

band bending induced by O, chemisorption. These contributions to the sensing mechanism
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deepen the understanding of the surface-near region in the presence of O, and connect
temperature-dependent PL measurements with the field of semiconductor gas sensing. Fur-
thermore, a comprehensive banding scheme was developed by ZTO, which contributes to a

better understanding of the material.

In the context of solar cells, the deposition of SnO, layers was accomplished through
the implementation of chemical bath deposition (CBD) on fluorine-doped tin oxide (FTO)
and indium tin oxide (ITO) substrates. The thermal decomposition of sodium stannate
(NazSn03-3H,0) resulted in the heterogeneous layer growth on the substrates and homoge-
neous growth in solution forming nanoparticles. The SnO; layers were characterized using a
variety of analytical methods, including SEM, transmission electron microscopy (TEM), and
energy electron loss spectroscopy (EELS). The fabrication of perovskite solar cells (PSCs)
with SnO, ETLs was conducted, and |-V curves were subsequently measured. In contrast
to traditional CBD methods, which are complex reactions requiring multiple precursors, this
approach employs solely the tin salt, constraining the synthesis process to the variables of
reaction temperature, educt concentration, and reaction time. On FTO substrates, optimal
efficiencies were attained within 6 min of coating. In such conditions, the formation of
SnO;, layers with a thickness of approx. 9 nm occured. The TEM and EELS measurements
indicated the amorphous nature of the layers, which are likely nonstoichiometric. This find-
ing contradicts the prevailing assumption that only crystalline layers can attain high device
performance, as amorphous layers have been shown to achieve comparable efficiency. The
successful layer deposition on ITO was also remarkable, as conventional methods contain
hydrochloric acid (HCI), which etches ITO. The layer formation process on ITO exhibits
was prolonged in comparison to that observed on FTO, necessitating additional optimiza-
tion. The finding that amorphous SnO, layers are in no way inferior to crystalline ones
contributes to the general understanding of ETLs. Moreover, the reduction of reaction time
from 12 h to 6 min, as well as the elimination of harmful chemicals, serve to significantly

simplify the deposition process.

5.2 OQutlook

In the field of PL gas sensing, several issues can be addressed in future works. In this study,
the particle morphology was not the primary focus of research; however, it is likely to have a
significant impact on gas accessibility and sensitivity. The variation of specific surface area
and subsequent simultaneous PL and conductance measurements may contribute to a more
profound understanding of the topic. Precise Fermi level engineering can optimize gas sen-
sitivity, which can be achieved through the doping of ZTO or the formation of composites.

The investigation could be expanded to include other gases or humidity.
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5.2 Outlook

While the reaction conditions appear to be optimal for FTO substrates, the deposition
on ITO substrates is not yet fully developed. The role of the cation may also be of further
interest. In addition to Na>Sn0O3-3H,0, K,Sn03-3H,0 can also be utilized for the SnO»
deposition. As the cation exerts a substantial influence on the passivation of ETL and
perovskite, a comparative analysis of these two entities could facilitate a more profound
comprehension. In order to achieve an enhanced level of efficiency in the prepared PSCs, it

may be advantageous to optimize the other layers as well.
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