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ARTICLE INFO ABSTRACT

Keywords:

Cerium oxides have potential applications ranging from low-temperature gas sensing to photodetection. A back-

Ceria end-of-line integration of the material into complementary metal-oxide-semiconductor device fabrication pro-

Hydrogen sensing
Radio-frequency sputtering
Back-end-of-line compatibility

cesses has many advantages but places limits on material deposition, most notably the thermal budget for
deposition and annealing. Here, we investigate thin cerium oxide films deposited by radio frequency (RF)
magnetron sputtering at substrate temperatures of 300 °C and RF magnetron powers between 30 W and 70 W

without any post-deposition annealing steps. Our investigation of the structural and morphological properties
reveals a columnar texture of the thin films, and we find that the material is composed predominantly of CeO,
(111), with a large degree of crystallinity. We discuss implications for resistive gas sensing applications.

1. Introduction

Cerium oxides are high-k dielectrics with a relative permittivity € =
25-42 [1] and a wide bandgap between 3.2 and 3.6 eV [2] with large
potential for device applications. Thin films of cerium oxides have been
investigated e.g. for applications in hydrogen production [3], as func-
tional material for photodetectors [4,5] and for applications in resistive
gas sensing, where chemical interactions of the analyte gas with the
sensor material lead to changes in resistivity as a measurable electrical
signal. The material is chemically stable with a high diffusion coefficient
for oxygen vacancies [6,7] and its potential application in gas sensing
comprise oxygen [6,8,9] or hydrogen [10] detection either in its pure
form [6,8] or in combination with other materials such as SnO, [11] or
TiOy [9]. A tantalizing possibility is the utilization of cerium oxides in
room-temperature gas sensing approaches, thus eliminating the need for
sensor heating [12]. This could not only improve the energy efficiency of
the sensors but also open the possibility for an integration of the material
in miniaturized sensors on the complementary
metal-oxide-semiconductor (CMOS) platform, e.g., for electronic nose
approaches to gas sensing, with sensors and signal conditioning circuits
integrated on-chip. In that context, it is interesting to consider possible
back-end-of-line (BEOL) integration strategies for cerium oxides with
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the aim of depositing the material onto electrodes that, themselves, are
fabricated in the front-end-of-line process. This, however, places re-
quirements onto the deposition process e.g. regarding substrate tem-
peratures, reproducibility and cost.

Deposition methods for cerium oxides that have been investigated
include electron beam (e-beam) evaporation [2,13], pulsed laser depo-
sition [14,15], atomic layer deposition [1,16] and sputtering [6,17-22].
Here, we investigate cerium oxide thin films deposited by a single radio
frequency (RF) magnetron sputtering step from a cerium oxide target as
a cost-effective deposition method. Compared to previous in-
vestigations, we specifically select a substrate temperature of 300 °C for
deposition in order to remain within the thermal budget window
required for BEOL compatibility with CMOS processing. Importantly,
this requirement precludes high-temperature annealing steps, which
have previously been utilized to tune material properties after sputtering
[6,18-20,23]. At the same time, compared to previous investigations of
cerium oxide layers sputtered at lower substrate temperatures [21,22,
24], a substrate temperature of 300 °C can potentially improve layer
crystallinity [17].

In cerium oxides, particle size and crystallinity have relevance for
applications — the microstructure and particle size can influence gas
sensing performance [25], and the growth direction has been argued to
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impact the performance as a catalyst [26]. Given that our temperature
budget is constant and limited by requirements of BEOL compatibility,
we, thus, focus our investigation on the influence of the RF magnetron
power on the structural and morphological properties of the cerium
oxide thin films. We find that even at a substrate temperature of 300 °C,
sputtering can lead to homogeneous films with good crystallinity and
low surface roughness and discuss possible applications in resistive gas
sensing.

2. Experimental details

Cerium oxide thin layers were deposited onto silicon (Si) (100)
substrates using an RF-Magnetron Sputtering technique in a vacuum
system using a 99.99 % (4 N) cerium oxide target with a diameter of 2" as
supplied by FHR Anlagenbau GmbH, Ottendorf-Okrilla, Germany. The
system incorporated a water-cooled RF magnetron sputtering gun
operating at 13.56 MHz, and a resistive heater was used to control the
sample temperature.

The system was initially evacuated to a pressure of 10~# mbar (0.01
Pa). The growth process involved using Argon (Ar) as the sputtering gas,
with a continuous flow rate of 10 sccm. The substrate temperature was
maintained at a fixed value of 300 °C throughout the deposition process.
The RF magnetron power was varied from 30 W to 70 W with an
increment of 10 W for each sample, respectively. A total of five series of
experiments were carried out on 1 x 1 cm? substrates in this work;
labelled as S1-S5 (as shown in Table 1). The distance between the target
and sample was set to 4 cm for all the sputtered samples. Prior to each
deposition, the target was pre-sputtered for 20 min with the closed
shutter. A constant deposition time of 60 min was applied to all the
samples under the study.

After deposition, the structural properties of thin films were studied
using an x-ray diffraction (XRD) setup from Smart lab SE with 9 kW
rotating copper anode and line focus geometry, a Ge400x 2 crystal was
used for monochromatization, and specular theta-2theta XRD mea-
surements were conducted from 20-70° A Renishaw in Via system was
used to collect the Raman spectra of the deposited cerium oxide layers.
The spectra were obtained with a 532 nm diode laser, a grating of 2400
grooves/mm, and a 100x objective. The data was extracted from a
mapping analysis at the center of the samples within an area of 25 um?
and a separation between spectra of ~500 nm. SEM images were taken
using high-resolution scanning electron microscopy from Zeiss MERLIN
Gemini 2 and the film thickness was measured by cross-sectional scan-
ning electron microscopy (SEM) images of the cerium oxide thin film
deposited on Si substrates at a SEM operating voltage of 1.5 kV. The
surface morphology of the film was recorded using an atomic force
microscope (AFM) in tapping mode (Dimension Icon with the Nano-
scope V controller equipped with 90 pm x 90 pm x 6 pm XYZ scanner,
Bruker, Billerica, MA, USA). The morphology and atomic structure of the
samples were also investigated via cross-sectional images obtained from
transmission electron microscopy in the scanning transmission electron
microscopy (STEM) and high-resolution transmission electron micro-
scopy (HRTEM) regimes on a Tecnai Osiris electron microscope (FEI) at
the accelerating voltage of 200 kV. For HRTEM studies, the samples

Table 1

The film thicknesses of 5 different samples at different RF magnetron sputtering
powers obtained from cross-sectional SEM images. The distance between the
target and the sample was kept constant at 4 cm, and a working pressure of 1072
mbar (1 Pa) was chosen for all samples.

Sample Sputtering Power Film thickness Growth rate (nm/
name W) (nm) min)

S1 30 108.0 £ 5.4 1.80 + 0.09

S2 40 118.5 + 5.9 1.98 + 0.10

S3 50 163.5 + 8.2 2.73 £0.14

S4 60 218.0 +10.9 3.63 £0.18

S5 70 244.0 +£12.2 4.07 £ 0.20
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were prepared as transverse slices (1 1 0) using an optimized technique,
including the grinding, polishing, and small-angle ion etching initially at
the ion beam energies of 6 keV and then reducing the ion beam energies
to 2.5 keV in the thinning stage. The digital processing of experimental
HRTEM images was carried out using the commercial software package
GMS-1.8 (GATAN).

3. Results and discussion

A variation in RF magnetron power impacts the growth rate of the
cerium oxide layers. We determined the growth rate for our samples
based on measurements of the film thicknesses from SEM cross-sectional
images for S1 - S5 (Table 1) with errors originating from a possible tilt of
the cross-sectional plane of the sample in the SEM. Fig. 1 shows the
relationship between sputtering power and the growth rate of deposited
cerium oxide films on silicon substrates. The experimental findings
demonstrate a linear correlation between growth rate and deposition
power, with a slope of 0.062 nm/(min W).

The cross-sectional SEM and TEM images in combination with an
AFM analysis, furthermore, confirm the presence of continuous cerium
oxide films on the substrate surface. The SEM cross-sectional image
clearly shows the anisotropic, columnar growth of the cerium oxide as
can be seen in the Fig. 2a. This is of relevance for future applications in
gas sensing, since columnar cerium oxide-based devices have been
shown to possess a higher surface-to-volume ratio and a larger number
of active surface sites compared to other configurations [25].

The HRTEM analysis of the cerium oxide films confirms the columnar
growth morphology, as evidenced in the HRTEM micrographs (Fig. 2b,
¢, and, d). Moreover, an energy dispersive x-ray spectroscopy (EDX)
analysis shows the homogeneous distribution of Ce and O throughout
the film’s thickness (Fig. 2e and f).

The surface morphology of all samples was investigated based on
AFM measurements (Fig. 3). For all samples, the surface of the films is
uniform and dense, with no striking differences between samples.
Moreover, as evident from the AFM images, there are no defects or
cracks in the sputtered films.

A more detailed investigation of the root mean square (RMS)
roughness extracted from the AFM images as a function of RF power
value shows an increasing trend (see Fig. 3f). In all cases, the RMS
roughness was obtained from AFM scans of a 10x10 um? area on the
samples. Sample S3, deposited at 50 W RM magnetron power, shows a
marked increase in RMS roughness, this increased roughness is present
on the whole sample surface. Although deposition of all samples in the
series was carried out successively within a short period of time, we
cannot rule out inhomogeneities in the deposition process in our
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Fig. 1. The correlation between the growth rate and the RF magnetron power
shows a clear linear relation.
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Fig. 2. (a) The SEM cross-sectional image of sample S5 (RF magnetron power of 70 W) confirms the presence of columnar growth. (b)-(d) The STEM high-angle
annular dark field images of the CeO films on Si substrates deposited with RF magnetron power of 30 W, 50 W, and 70 W confirm the columnar structure. (e)—
(f) An EDX analysis carried out on sample S5 shows a homogeneous distribution of Ce and O.
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Fig. 3. The 10x10 um>AFM image of the samples S1-S5 deposited at RF magnetron power of (a) 30 W, (b) 40 W, (c) 50 W, (d) 60 W and (e) 70 W shows uniform
films with no defects or cracks. (f) The root mean square (RMS) roughness values (obtained from 10x10 pmz areas on the samples) as a function of RF magnetron
power (W) show that with an increase in RF power, the deposited films get rougher.

sputtering system, which might have contributed to the sudden increase
in roughness for this sample. The general trend, i.e. an increase in
roughness with increasing RF magnetron power, can be correlated with
the increase in layer thickness as the RF power is increased, we also note
that the divergence in thermal expansion coefficients between the
cerium oxide thin film and the silicon substrate introduces the possi-
bility of thermal stress during the film growth phase. The application of
an increased deposition power might exacerbate this thermal discrep-
ancy, potentially inducing structural disruptions within the cerium

oxide film.

Cerium oxides can crystallize in different forms depending on the
valence of the Ce ions: trivalent Ce>* forms Ce,03, whereas tetravalent
Ce*" forms CeOy, the more common form of the oxides. In our sample
analysis we used both Raman (Fig. 4) and XRD (Fig. 5a) characterization
in order to determine the stoichiometry, crystallinity and dominant facet
orientation in our Cerium oxide thin films.

In Fig. 4, the presence of the characteristic Raman peak over the
whole mapping area confirms a homogeneous CeO3 layer fully covering
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Fig. 4. Raman spectra normalized to the characteristic F2G peak of CeO; at
different magnetron powers while maintaining constant temperature and
pressure. Inset: Ratio of the Fyg peak to the characteristic Si peak 2TA (X3).

the substrate. In the Raman spectra for different magnetron powers, one
can observe the peaks of the Si substrate and of CeO,. The CeO; exhibits
a strong Fog peak at 465 cm™! with a full width at half maximum
(FWHM) of 30 em ™! [27,28]. We attribute the peak at 302 cem~! with a
FWHM of 40 cm ™! to a 2TA Si mode from the substrate and the shoulder
at ~436.5 cm ™! to a LO Si mode, also from the substrate [29]. In our
plot, the signal intensity is normalized to that of the CeO2 Fog peak. In
the inset, we see a ratio of CeO; Fog to Si 2TA peak as a function of RF
magnetron power. With an increasing magnetron power, the ratio in-
creases as the CeO; layer becomes thicker and eclipses the substrate.
The X-ray diffraction results are shown in Fig. 5(a). Notably, the
crystal directions related to the Bragg diffraction angles (20) for the
dominant peaks were identified as (111), (200), and (311). The CeO,
(200) peak is only clearly visible for sample S3 (RF magnetron power of
50 W). It is also obscured by presence of the nominally basis-forbidden Si
(200) peak [22] from the substrate at 20 = 33.2°, which appears in the
spectra of almost all samples as a consequence of multiple diffraction
[30]. Nonetheless, a comparison with established reference peaks for
ceria thin films and nanopowders [18,19,22] affirms the composition of
the deposited material as predominantly CeO,. Our samples exhibit
clear CeOy (111) peaks independently of RF magnetron power, indi-
cating that the preferred crystallite orientation is along the (111) di-
rection. Different deposition methods have been reported to influence
the preferred crystallite orientation of CeO- on Silicon (100) substrates,
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with a (110) preferred orientation obtained from e-beam evaporation
[31], for example. The (111) direction of CeO, structure is energetically
the most stable one [26], and has previously found to be the preferred
crystallite orientation for RF magnetron sputtered films at low substrate
temperatures [18,19]. While thin films are generally more likely to have
a crystal orientation corresponding to that of the substrate at lower
deposition rates, we nonetheless find the (111) facet to be the most
frequently exposed one in our thin films irrespective of the deposition
rate.

Finally, we also investigated the average crystallite size as a function
of magnetron power for the sample series (Fig. 5b). The weighted
average crystallite size was determined by extracting the full width at
half maximum (FWHM) for the (111) diffraction peaks using results
obtained from the Pearson VII fitting model in Origin for each sample.
We determined the crystallite sizes d,, using Debye’s Scherer equation

094
? " B cost’

where, 4, B, and 0 are the X-ray wavelength (1 = 1.54 7\), FWHM of the
CeO; (111) diffraction peak, and Bragg diffraction angle, respectively. In
our investigation, we found only a very weak increase of the crystallite
sizes with increasing RF magnetron power. The average crystallite sizes
between 16 and 19 nm in our samples are only slightly larger than
crystallites obtained from RF magnetron sputtering at room tempera-
ture, where values between 12 and 18 nm have been reported [22].
Crystallite sizes influence gas sensor response times, where faster
response times can be expected for smaller crystallites [32].

4. Conclusion

Previous investigations concerning sputtered cerium oxide films
have often focussed on utilizing elevated substrate temperatures during
deposition or on the use of high-temperature annealing steps after
deposition in order to achieve films with desired properties [6,20]. Here,
our investigation targets structural and morphological properties of
sputtered Cerium oxide for possible applications in BEOL device fabri-
cation. As such, we keep the substrate temperature fixed at 300 °C
during deposition and only vary the RF magnetron power. We find that
even at this moderate substrate temperature during deposition, our
sputtered films contain CeOy with a large degree of crystallinity and
well-defined facet orientation irrespective of RF sputtering power.
Cross-sectional images of our sputtered films exhibit a columnar texture,
which has previously been shown to be advantageous for gas sensing
applications [25]. The surface roughness of our films increases with
increasing film thickness but is low for all deposition parameters
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Fig. 5. (a) XRD diffraction patterns for all samples. (b) A plot of average crystallite sizes versus magnetron power for the sample series shows a very weak trend

towards larger crystallite sizes with increasing RF magnetron power.
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investigated here. We obtain small CeO, crystallites with diameters
below 20 nm, which can be expected to be advantageous for sensor
response times [32].

The structural and morphological properties of our sputtered CeOy
films, thus, show promise for gas sensing applications, which will be the
subject of future work. Future investigations can focus on utilizing CeO,
layers deposited at RF magnetron power of 70 W, i.e. with the largest
growth rate, which is advantageous from a fabrication point of view.
While the surface area of our sputtered films is reduced in our contin-
uous films compared to porous CeOs films or nanoparticle layers ob-
tained by other deposition methods, the reproducibility of our method
nonetheless poses considerable advantages for applications of the ma-
terial in BEOL sensor fabrication. This could pave the way for large-scale
fabrication of CeOg-based gas sensors on the cost-effective Si platform.
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