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In this contribution, we highlight the use of in-situ X-ray photoelectron spectroscopy and operando
spectroscopic ellipsometry for the characterization of ultra-thin (<20nm) atomic layer deposited layers
for the use in next-generation miniaturized sensor devices. By targeting tin oxide layers, we show how
we can use these techniques to gain insights into material composition, thickness, and optical proper-
ties, thus paving the way for unraveling the correlations between material properties and sensing per-

formance.
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Background and Motivation

Transitioning to an energy system based entire-
ly on renewable energies requires significant
use of energy carriers such as hydrogen (Hz)
and its derivatives. While considerable effort is
devoted to improving the generation, storage,
and utilization of H2, new developments for
secondary components, such as gas sensors,
will be necessary to ensure a swift and secure
transition. Today’s sensors rely on expensive
materials such as noble metals for conducto-
metric hydrogen sensors [1], expert personnel,
careful maintenance, and high investment
costs, making them unsuitable for large-scale
deployment and necessitating the development
of cheap, mass-producible gas sensors capable
of operation near room temperature (RT) and
without noble metals.

Among the available deposition methods, atom-
ic layer deposition (ALD) has emerged as an
attractive option for conformally depositing ul-
tra-thin films with atomic-scale thickness control
on the wafer scale [2]. In addition, ALD results
in amorphous and defect-rich deposits, leading
to material properties deviating from their crys-
talline and well-ordered counterparts. Interest-
ingly, this has enabled us to demonstrate the
sensing behavior of ALD-CeO, towards H: in
O2 (~1 mbar) by near-ambient pressure X-ray
photoelectron spectroscopy (XPS) [3].

Due to the low electrical conductivity of pure
CeOz2, we aim to combine ALD-CeO:2 with other
metal oxides, such as tin oxide (SnOz), to lower

the resistivity and improve electrical conductivi-
ty and gas sensing performance by exploiting
interfacial interactions.

In this context, the sequential nature of the ALD
process offers high flexibility for combining dif-
ferent materials during the growth process,
either as heterostructures or mixed oxides, by
using appropriate super-cycles [4]. However,
this requires in-situ and operando material in-
vestigation techniques such as XPS and spec-
troscopic ellipsometry (SE) to control oxide
composition and thickness during growth and
monitor potential contaminants due to reaction
residues. Combined with the amorphous nature
of the thin films, this bottom-up approach allows
for fine-tuning the deposit properties towards
optimal gas-sensing performance, following a
standard procedure to determine sensor char-
acteristics for Hz/air or Hz/nitrogen.

Description of the New Method or System

From in-situ XPS and operando SE measure-
ments of the SnOz2 film growth using TDMASNh +
O3z at 160 °C in our ALD cluster described else-
where [5], we have analyzed the detailed
evolution of material composition, thickness,
and growth rate depending on the number of
ALD cycles. In addition, gas-sensing
measurements based on ALD-SnO: show a
correlation between sensor response and
material properties. In the future, the

successful preparation of simple SnO2/CeQO:2
heterostructures will be demonstrated as a
first step toward more complex material

compositions and the impact on mate-
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rial properties such as Ce cation oxidation
state will be determinated.

Results

Operando spectroscopic ellipsometry enables
rapid ALD recipe optimization for TDMASh and
Os. The growth per cycle (GPC) has been de-
termined to 0.6 A to 0.7 A between 0 and 750
cycles (0 nm to ~50 nm, respectively), in line
with expectations based on the literature. No
signifi-cant nucleation delay or change in the
GPC for ultra-thin layers has been observed,
showing ideal linear film growth on Si (see Fig.
1 as an example).
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Fig. 1. The thickness evolution of SnO2 was deter-

mined by operando SE during the ALD process.
Green and red bars indicate the precursor and
oxi-dant doses, respectively. A Drude-Lorentz model
has been used to describe the SnO2 layer, the
optical model is shown in the lower right.

In-situ Sn 3d XPS measurements during differ-
ent stages of the deposition process indicate
the absence of Sn metal in the ALD deposit.
Early results from Auger parameter measure-
ments hint at the presence of pure Sn**, with
notable changes in the Auger parameter during
the initial stages of growth. Together with infor-
mation derived from the Si 2s core level associ-
ated with the native SiO2 of the substrate, this is
tentatively assigned to a change in the chemical
environment, e.g., when transitioning from the
Sn02/SiOz2 interface to the SnO:z2 film. This inter-
facial region could be especially relevant for
ultra-thin SnO:z2 films used in heterostructures or
mixed oxides.

The amount of carbon and nitrogen residues
from the TDMASN precursor in the film has
been investigated by monitoring the C 1s and N
1s core level intensity evolutions with ALD cy-
cles, respectively. Both show a noticeable in-
tensity decrease compared to Sn 3d with in-
creasing cycle number (cf., Fig. 2), indicating a
difference in precursor reaction mechanism
during the transition from hetero- to homoepi-
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taxial growth [6], again relevant for use in future
heterostructures.

Investigations of the sensing behavior of ALD-
SnO2 grown on sensor substrates with integrat-
ed electrodes are ongoing and will shed light on
the influence of material properties on sensor
response. In addition, surface decoration with
small amounts of CeOx nanoparticles and ultra-
thin layers will be investigated to evaluate the
impact of the heterostructure approach on op-
eration temperature and sensor response.
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Fig. 2. Ratio of nitrogen and carbon to tin depend-
ing on ALD cycle number.

References

[1]1 T. Hlbert, L. Boon-Brett, and W. Buttner, Sen-
sors for Safety and Process Control in Hydrogen
Technologies, 0 ed. CRC Press, 2018. doi:
10.1201/b19141.

[2] V. Cremers, R. L. Puurunen, and J. Dendooven,
“Conformality in atomic layer deposition: Current

status overview of analysis and modelling,” Appl.

Phys. Rev., vol. 6, no. 2, p. 021302, Jun. 2019,
doi: 10.1063/1.5060967.

[8] C. Morales et al., “Room temperature heterolytic
H, activation by ultrathin atomic layer deposited
ceria for H, sensing applications,” ChemSus-
Chem, 202402342, Feb. 2025, doi: 10.1002/
cssc.202402342.

[4] A.J. M. Mackus, J. R. Schneider, C. Maclsaac,
J. G. Baker, and S. F. Bent, “Synthesis of
Doped, Ternary, and Quaternary Materials by
Atomic Layer Deposition: A Review,” Chem. Ma-
ter., vol. 31, no. 4, pp. 1142-1183, Feb. 2019,
doi: 10.1021/acs.chemmater.8b02878.

[5] C. Morales et al., “Combination of Multiple Op-
erando and In-Situ Characterization Techniques
in a Single Cluster System for Atomic Layer
Deposition: Unraveling the Early Stages of
Growth of Ultrathin Al,O3 Films on Metallic Ti
Substrates,” Inorganics, vol. 11, no. 12, p. 477,
Dec. 2023, doi: 10.3390/inorganics11120477.

[6] C. Morales et al., “In Situ X-Ray Photoelectron
Spectroscopy Study of Atomic Layer Deposited
Cerium Oxide on SiOz : Substrate Influence on
the Reaction Mechanism During the Early Stag-
es of Growth,” Adv. Mater. Interfaces, p.
2400537, Oct. 2024, doi:
10.1002/admi.202400537.

SMSI 2025 Conference — Sensor and Measurement Science International

293





