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ABSTRACT

Process development in atomic layer deposition (ALD) is often time-consuming, requiring optimization of saturation curves and temperature
windows for controlled deposition rates. Any ALD process should be self-limiting in nature, exhibiting a temperature window of nominal deposition
and a linear deposition rate. Meeting these criteria usually requires several ALD experiments, followed by film characterization, which are generally
time, cost, and labor-intensive. Against this backdrop, we report a methodology using in situ ellipsometry to rapidly develop the ALD process for
cerium oxide using Ce(iPrCp),(N-iPr-amd) and water. The entire optimized process was realized in ten experiments of sequential pulsing as a func-
tion of temperature, requiring less than a day. In the traditional approach, tens of experiments and ex situ characterization may be required. The
approach reported here generated a contour visualization of the time-temperature-thickness parameter space delineating the optimal deposition con-
ditions. The cerium oxide deposition rate deposited in the ALD temperature window was ~0.15 nm/cycle; the deposited film was further character-
ized using x-ray photoelectron spectroscopy, x-ray diffraction, and atomic force microscopy to probe the film composition and quality further.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001329

I. INTRODUCTION

The expanding portfolio of material chemistries (metals,
oxides, and composites) and the vast applicability of ultrathin
films have denoted atomic layer deposition (ALD) as a preferred
deposition method among several industries."™ It is estimated
that ALD will reach a market value of $3.01 billion by 2025
(grandviewresearch.com, Report ID: GVR-2-68038-215-0). ALD
consists of alternating pulses of gaseous precursors via a self-
limiting chemisorption mechanism on the surface of a substrate to
form sequential monolayers of a film. The self-limiting nature of
ALD enables the deposition of thin films with precise thickness

and compositional control.” Furthermore, ALD is particularly effec-
tive on high aspect ratio surfaces compared to traditional vapor
deposition techniques [e.g., chemical vapor deposition (CVD)].”
With the growing demand for new ALD processes comes the
need for rapid process development and diagnostics to aid integra-
tion into industrial manufacturing. An ALD process must satisfy
three defining characteristics of the deposition rate. First, a self-
limiting nature of deposition that is independent of the pulse time
of the precursor (saturation curve). Second, a temperature window
that exhibits the stable deposition rate (temperature window).
Third, a linear deposition rate. The development of ALD processes
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requires independently defining process parameters such as
pressure, the temperature of the delivery lines and reactor, flow
rates of various gases/precursors, and pulse and purge times.
These parameters determine the deposition rate (thickness/cycle),
crystallinity, chemical composition (oxidation/vacancies), phase,
dielectric constant (insulators), conductivity (metals), optical prop-
erties, etc. Saturation curves, deposition rate, and temperature
window are typically defined by a series of experiments that assess
each parameter independently. Ex situ methodologies are time-
consuming and lack transparency on how secondary independent
parameters affect the deposition process.

On the other hand, in situ characterization techniques have
been employed to extract real-time information about the ALD
process through quartz crystal microbalance (QCM),*'* quadru-
pole mass spectrometry,””'>"” Fourier transform infrared spectro-
scopy,'”'* x-ray photoemission spectroscopy (XPS),"” optical
emission spectroscopy, ' *'® and spectroscopic ellipsometry
(SE)."*""” While the mentioned in situ techniques provide essential
information about the surface chemistry reactions and film proper-
ties, in situ SE provides critical information such as the deposition
rate and saturation submonolayers; nucleation behavior; and
optical, phase, composition, and electrical properties.'” The meth-
odology of SE has been used to develop complicated ALD chemis-
tries. This technique measures the change in the polarization of a
light beam (~180-1690 nm) reflected from a surface given by the
amplitude ratio Y and phase angle D. The data are fit using known
or derived optical constants to extract the physical information (i.e.,
thickness) of the thin film. Langereis et al. provided a comprehen-
sive review on in situ SE with ALD,'”"" and others have reported
on the in situ studies of Pt, Ru, Pd,'® TiN," and ZrN (Ref. 20)
ALD films.

Cerium oxide nanostructures have been used for catalysis,21
sensors, chemical mechanical planarization slurries,”” and various
biomedical applications.”">*~*> Unique oxidative recycling prop-
erties of cerium oxide are the core reason for such diverse appli-
cations, although cerium oxide has also been used as high
k-dielectric materials.”® Thin film cerium oxide has also been
used in semiconductor devices such as RAM.”” According to the
environment, oxidative cycling of Ce** and Ce** oxidation states
has been utilized in many of the aforementioned applications.
This unique behavior has been enhanced by nanodimensions,
doping, different shapes, and morphologies. There are various
ways to engineer defects into the structure to get their desired
properties.”’ Atomic layer deposition is yet another technique to
explore for the purpose.”®**” However, ALD processes for cerium
oxide are relatively few, with newer precursors being developed
that demonstrate better stability, vapor phase transport, and dep-
osition characteristics.”*" An effective and fast way of optimiz-
ing a cerium oxide ALD process is well desired among the
community, which is the main objective of the current work.

Here, we demonstrate the rapid ALD process development
of cerium oxide wusing precursor, Ce(iPrCp),(N-iPr-amd)
[bis-isopropylcyclopentadienyl-di-isopropylacetamidinate-cerium]
(commercially know as Celine™) through in situ SE. Performed over
a range of temperatures, a 3D visualization of the temperature
window of the cerium oxide ALD process was created. This approach
may serve as a useful process development tool for defining the ALD
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deposition characteristics, namely, its deposition rate as a function of
temperature and pulse/purge times. The cerium oxide film properties
were studied by x-ray photoelectron spectroscopy (XPS), x-ray dif-
fraction (XRD), and atomic force microscopy (AFM), which showed
excellent conformality and typical composition of cerium oxide
ALD films.

Il. EXPERIMENTAL DETAILS
A. Film deposition

Celine [Ce(iPrCp),(N-iPr-amd)] precursor was procured from
AirLiquide® and ultrapure analytical grade water (H,O) was used as
an oxidizer. Thin films were deposited in the Veeco™s Fiji G2
system. This system is equipped with two ports on the opposite
sides of the chamber wall for attaching the source and detector
arms of an ellipsometer. A stainless-steel bubbler (Strem® 98-0271)
was used to contain the Celine precursor. The Ar used to pressurize
the bubbler was maintained at 68.94 kPa (10 psi) line pressure. The
bubbler was kept at 145°C to generate sufficient vapor pressure;
valves and lines were kept at 155°C to prevent any condensation.
The manifold temperature was varied from 185 to 320 °C depend-
ing on experiments. Ultrapure nitrogen (N,) gas was used as a
carrier gas, and it is used to carry the Celine molecules to the main
chamber and also to purge before and after an ALD cycle.

The approach used for rapid recipe development was the fol-
lowing. As opposed to alternate pulses of Celine and H,O used in a
traditional ALD recipe, a sequential precursor pulsing approach
was adopted. In this approach, ten consecutive pulses of Celine,
each measuring 2s, were dosed inside the chamber first. Each
Celine pulse was separated by a 5-s purge step. Next, ten consecu-
tive pulses of water, each measuring 0.06 s, separated by 5-s purges,
were dosed. The entire sequence of pulses can be denoted as
([2's/5 5]10x)([0.06 /5 s]10x). Throughout the dosing process,
in situ ellipsometry was used to collect the deposition information.
As shown in Fig. 1, a schematic diagram of the in situ ellipsometry
aided ALD experiments.

At first, cerium oxide ALD precursor (Celine) pulse is intro-
duced in the chamber, which leads to a change in thickness reading
from in situ SE. Here, Celine is introduced in a pulsed manner to
the ALD chamber. Assuming that (i) adsorption rate > desorption
rate and (ii) multilayer adsorption mechanisms are not active, pre-
cursor molecules would be adsorbed on the substrate surface with
each pulse, as illustrated in Fig. 1. We define 6; as the fractional
occupancy for adsorbed molecules on the available surface sites,
where the subscript “/” corresponds to the pulse number. Thus, 6;
would change with each pulse. Moreover, during sequential
pulsing, 6,, 6, 03, ...., should reach the maximum possible occu-
pancy of available adsorption sites resulting in a full saturation of
the surface. Following this, we would not see any change in thick-
ness values with pulses of gases. As evident in Fig. 1 and more
clearly in Fig. 2(b) (thickness versus time plot using in situ SE), a
full saturation is achieved after the seventh pulse (14s) for Celine;
after the seventh pulse, we did not observe any appreciable change
in the thickness. Similarly, water reacts with all surface sites after
two pulses (0.12s), and the thickness reaches saturation. As the
reactant water pulse is introduced to the Celine saturated surface,
the bulky organic ligands bonded to the cerium center are cleaved
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FIG. 1. Schematic diagram illustrating in situ ellipsometry experiments with the ALD process. The process begins with the sequential pulsing of Celine molecules, which
get adsorbed on the surface of the substrate (silicon) that can be observed as the change in thickness showed by in situ SE of corresponding time, and the thickness of
the adsorbed layer keeps on increasing until it reaches saturation (rate of adsorption = rate of desorption). After ten pulses of Celine, water (oxidizer) was introduced into
the chamber in a pulsed manner. We have observed a decrease in thickness reading of in situ SE as the bulky organic ligands detach and the cerium oxide layer forms.
After all the available sites are oxidized here, also we see saturation (no change in thickness reading with further water pulses).

to produce cerium oxide. A schematic is shown in Fig. I. B. Film characterization
The removal of the ligands is observed as a slight decrease in total In situ measurement of the thickness of ALD film was done
thickness value. This is consistent with previous reports that using a spectroscopic ellipsometer from J. A. Woollam® M-2000
monitor ALD deposition with SE and QCM.** used at an incident angle of 69.5°, with a wavelength range from
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FIG. 2. In situ ellipsometry data of precursor-oxidizer saturation for cerium oxide ALD process optimization. (a) shows the precursor and oxidizer pulse and wait per cycle,
Celine [Ce(iPrCp),(N-iPr-amd)] pulse of 2's * 10x with 5 s wait between two consecutive pulses and similarly for water 0.06 s * 10x with 5 s wait between two consecutive
pulses, as a whole represents one cycle; (b) shows the in situ ellipsometry thickness vs time plot for the experiment done at 185 °C, which clearly shows a saturation of
thickness around the seventh Celine pulse and saturation of thickness around the second water pulse, and a deposition rate around 0.39 +0.01 nm per cycle (A/Cy,
1nm=10A); (c) shows the contour plot highlighting change in the deposition rate with ALD process temperature and temperature window for self-imiting ALD process.
The temperature was varied from 185 °C to 320 °C, and the deposition rate is indicated by the color which we could see first to decrease and then increase with tempera-
ture; (d) shows in situ ellipsometry data for 50 cycles at 245 °C. One cycle had 2 s * 7xwith 5 s wait Celine pulses and 0.06 s * 2x with 5 s wait water pulses, in total 14 s
of Celine pulse and 0.12 s of water pulse. We can see the linear deposition at ~0.15 + 0.03 nm per cycle (at 245 °C).
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190 to 1690 nm. The optical models for thin film analysis were
built in the COMPLETE EASE software and consisted of an Si sub-
strate with a native oxide of ~1.8 nm of SiO,, followed by a Cauchy
model for the cerium oxide top-layer, respectively. In situ values of
Y and D are analyzed by cCOMPLETE EaSE software and provide a
simultaneous indication of saturation curves and deposition rate.
Analysis of SE data based on the above model gave the film thick-
ness and optical constants. It is important to note that all
temperature-dependent saturation curves were performed sequen-
tially on the same substrate, which prevented any deconvolution of
optical constants at each deposition temperature. See the supple-
mentary material”® for full details of SE fitting parameters.
PANalytical Empyrean system with grazing incidence capability
was used to take x-ray diffraction pattern of thin films, and CuKa
(1.54 A) radiation was used as a source. XRD patterns were ana-
lyzed using x’PERT high-score software. An ESCALAB-250Xi XPS
system was used to perform x-ray XPS. Experiments were done at a
pressure below 7 x 107° mbar using Al-Ko. monochromatic radia-
tion, and the system was operating at a power of 300 W (15KkV,
20mA). XPS data analysis and peak deconvolutions were done
using THERMO AVANTAGE v5.9902 software (Thermo Fisher
Scientific); binding energy was calibrated using the Cls peak
(286.6 V). Atomic force microscopy scans were done to see surface
morphologies using a Veeco Dimension 3100 system. 5 x 5um?
area was scanned in the tapping mode with 512 lines per scan.

I1l. RESULTS AND DISCUSSION

The main outcomes from the in situ SE technique are shown
in Fig. 2, where the key parameters of the ALD process were opti-
mized using these outcomes.

A binary purge (0 =no purge; 1= purge) versus time plot is
shown in Fig. 2(a), and corresponding real-time ellipsometry
(thickness versus time) is shown in Fig. 2(b). Real-time thickness
values increase with every pulse of Celine until full surface satura-
tion. As shown in Fig. 2(b), with every pulse of Celine, we can see
an increase in thickness followed by a slight decrease in thickness
value after the pulse, signifying adsorption, and desorption of pre-
cursors on the surface. With this one experiment, the saturation
curve is defined. Repeating this experiment while varying the ALD
chamber temperature by 15 °C from 185 to 320 °C, the deposition
rate dependency of the temperature is revealed. The thickness per
cycle at 185°C is 0.39 + 0.01 nm per cycle. The thickness per cycle
decreases to 0.1+ 0.01 nm per cycle at 230 °C. The deposition rate
stays in the average 0.2nm per cycle range in the temperature
range of 215-275°C and 0.15 +0.03 nm per cycle at 245 °C (tem-
perature selected to run future process).

The information is better expressed in a temperature-time-
deposition contour plot shown in Fig. 2(c). Here, the x axis serves
as the time axis, whereas the temperature is shown on the y axis.
The contour plot (given by the color scale) represents the deposition
rate and varies from 0 to 0.6nm/cycle. The demarcation between
Celine and water doses is shown on the top x axis. The visualization is
helpful as it aids in the determination of the “temperature window”
for the given ALD process. Within the temperature window, deposi-
tion is stable not only as a function of temperature but also as a func-
tion of pulse time. This information is usually absent in the traditional
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approach adopted for reporting ALD processes, where only the data—
deposition rate versus temperature—are plotted. By plotting the depo-
sition rate in a multidimensional parameter space (temperature and
pulse time), one can clearly visualize the temperature window during
the water pulsing sequence. Here, the deposition rate is stable
(~0.15£0.04 nm/cycle) between 215 and 275°C and rises to
0.35 £ 0.009 nm/cycle on either side of the window. The rise of deposi-
tion rates on the low temperature side can be attributed to precursor
condensation effects, whereas the rise in deposition rates on the high
temperature side can be attributed to precursor decomposition. We
also note that the lowest deposition rate of 0.1 +0.01 nm/cy occurs at
230 °C. It is also to be noted that the ALD process is self-limiting, as is
indicated by the stable deposition rate upon multiple sequences of
either Celine or H,O. See the supplementary material for Fig. $6,” a
3D plot representation for in situ ellipsometry data at different
temperatures.

With the saturation curve and temperature window defined,
the process parameters were kept constant to demonstrate the
linear deposition with an increasing number of cycles. In situ SE
data for 50 cycles of ALD run at 245°C are shown in Fig. 2(d).
The thickness deposition is linear as a function of ALD cycles.
Here, the saw-tooth patterned deposition can be observed, showing
the successive increase and then partial decrease of deposition due
to the introduction of each reactant. The slope of the curve is
0.15 nm * 0.03/cycle, which matches well with the observed deposi-
tion rate from the temperature-time-deposition plot in Fig. 2(c).

We note that Golalikhani et al. have previously reported the
ALD of cerium oxide using Celine and water as precursors.”’
Ex situ studies were used to define the ALD deposition characteris-
tics, namely, deposition rate as a function of pulse time, deposition
rate as a function of purge time, linear deposition rate/thickness as
a function of ALD cycles, and deposition rate as a function of tem-
perature. Evident by the data points in their work, 21 experiments
were performed to optimize the process. The deposition rate
reported was 0.19 nm/cycle at a temperature of 240 °C. Compared
to Golalikhani et al., we show the same cerium oxide recipe devel-
opment with a deposition rate of 0.15+ 0.03 nm/cycle at 245 °C.
However, we are also able to visualize minima in the deposition rate,
as elucidated by Fig. 2(c), corresponding to 0.1 £0.01 nm/cycle at
230°C. This deposition rate lies in a narrow temperature window,
~230 £ 5 °C. Traditional ALD approaches based on ex situ character-
ization can overlook finely spaced but important and localized depo-
sition information. The ability to optimize processes in localized
parameter spaces shows the power of performing in situ ALD
process development.

We have observed a change in the deposition rate with tempera-
ture, as shown in Fig. 2(c). The higher deposition rate on either side
of the temperature window (215-275 °C) can be attributed to the fol-
lowing factors: at low temperatures (T <215°C), physisorption of
Celine may be favorable, leading to non-self-limiting deposition
within the temperature window. Conversely, at the higher tempera-
ture, the Celine (iPrCp),(N-iPr-amd) ligands degrade, leading to
conventional CVD deposition that is no longer self-limiting on the
surface. These results are consistent with previous reports: Y,0;
ALD using (iPrCp),Y(iPr-amd) and Y(EtCp),(iPr-amd) precursors
(with similar ALD precursor functional groups), where higher depo-
sition rates were observed at temperatures due to decomposition of
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FIG. 3. XPS fit and deconvoluted spectral analysis of the surface Ce™", and Ce** oxidation states of 17.02 nm thick layer of ALD deposited cerium oxide. (a) GIXRD pattern of
17.02 and 36.27 nm thick cerium oxide thin films. No peaks are observed for the 17.02 nm cerium oxide (red/bottom). Although in 36.27 nm cerium oxide films, the diffraction
peaks are observable and correspond to cerium oxide (ICSD 55284) (b). AFM height map of 17.02 nm cerium oxide film with a uniform roughness (rms) of 3.2 nm (c).

the ligands.”** In situ SE data for thickness versus time for 50 cycles

(precursor + water) is shown in Fig. 2(d); the film thickness contin-
ues to linearly increase after each cycle, which is characteristic of the
ALD.” It is important to note that no nucleation delay was observed,
which highlights the strong affinity for layer-by-layer deposition of
cerium oxide on silicon.

Ex situ material characterization was performed on ALD
deposited cerium oxide films. X-ray photoelectron spectroscopy on
17.02 £0.007 nm cerium oxide films indicate Ce** and Ce** oxida-
tion states. As shown in Fig. 3(a) v,, v/, u,, and ' (880.4, 884.6,
899.5, and 902.6 eV) peaks belong to Ce** oxidation state, and v,
ViV, u, W, and W (882.2, 888.8, 898.4, 900.7, 907.5, 916.7 V)
peaks belong to the Ce** oxidation state. Ce®*/Ce"* ratio was esti-
mated using Ce3d scan. It was 0.255 % 0.002, signifying Ce** < Ce*".
See the supplementary material’> for a detailed XPS analysis.
Figure 3(b) shows the XRD of ALD deposited cerium oxide films.
The 17.02 nm cerium oxide thickness sample did not exhibit peaks
indicating that the film was amorphous. A thicker 36.27 + 0.005 nm
cerium oxide film exhibits all major peaks belonging to the cubic
cerium oxide crystal system (fluorite structure with Fm3m space
group; ICSD 55284), similar to earlier reports on cerium oxide ALD
deposition.”**’ The surface is characterized using AFM for surface
topologies. The 17.02 nm cerium oxide film displays an RMS rough-
ness of 3.2+ 0.8 nm [Fig. 3(c)]. The ex situ characterizations substan-
tiate the composition, phase, and conformality of the cerium oxide
ALD films deposited at 245 °C. Subsequent materials characterization
through XPS confirms the formation of the cerium oxide with rela-
tively low surface roughness; an average roughness (rms) of 3.2 nm
estimated from AFM scans indicate the relatively uniform layer.
Earlier work with the same precursor also reported 8.13 and 1.72 nm
average (rms) roughness of 300 nm ceria films deposited at 335 and
240°C.”

It is important to highlight that the complete process develop-
ment of Celine was accomplished after ten experiments. Compared
to the 21 experiments previously used to develop this ALD process,
the in situ approach accelerates process development time and

reduces resource consumption while delivering better granularity in
data in the process parameter space.”” We have followed a stepwise
approach that could be applied to any ALD process in general.
These involve (i) identification of the saturation curves at each tem-
perature from 185 to 320°C (15°C increments) using sequential
pulsing of precursors; (ii) identifying and selecting an optimal
process temperature within the temperature window; and (iii) dem-
onstrating the linear deposition characteristics as a function of the
number of cycles. This methodology saves time and resources and
offers an advantage to monitor the deposition rate during operation.

IV. CONCLUSIONS

The ALD process development for cerium oxide [Celine
(Ce(iPrCp)2(N-iPr-amd)) precursor and water as oxidizer] was
done using in situ SE. At first, the saturation curve experiment was
done to optimize the precursor, then oxidizer dosimetry, followed
by repeating the same experiment with temperature variation. It
enabled us to plot a contour plot of deposition rate versus tempera-
ture window from where we could extract critical ALD process
parameters. For the cerium oxide ALD process, Celine precursor
saturation was achieved in 14's (2 s * 7 pulses); the optimal dose for
water was 0.12's (0.06 s * 2 pulses). The ALD temperature window was
215-275°C, and 0.15 +0.04 nm/cycle average deposition rate in the
temperature window, and linearity of deposition with respect to cycle
numbers was also established using in situ SE data. Following this
approach, optimization of saturation curves and temperature windows
for controlled deposition rates can be done in as little as ten experi-
ments, less than half the number of experiments that would be tradi-
tionally required. Further ex situ surface characterizations using AFM,
XRD, and XPS have shown atomically smooth crystalline cerium
oxide thin films with a cubic crystal structure.
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