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1 Abstract

In the fight against climate change, renewable energy must be employed to reduce fossil
fuel dependence. However, intermittent renewable energy sources like wind and solar require
grid energy storage to be feasible at a large scale. Hydrogen shows promise as an energy
storage medium, and is also an important chemical feedstock. However, current production of
hydrogen is carbon-intensive, and green hydrogen produced by water electrolysis is expensive
due to a lack of highly effective, non-precious metal oxygen evolution (OER) electrocatalysts.
Co30, is one of the most effective metal oxide OER electrocatalysts, but thin films of Co30,
produced via atomic layer deposition (ALD) have never been explored for OER.

Uniform thin films of Co30, were successfully produced via ALD using CoCp, and O
precursors, and the crystallinity and stoichiometry of these thin films were studied before and
after annealing using X-ray photoelectron spectroscopy and X-ray diffraction. The catalytic
decomposition of O3 by Co30,4 during ALD was mitigated by using a 200 °C deposition
temperature and a 10 s long Os pulse at 10 torr. 7 nm and 27 nm thick films showed
no difference in surface stoichiometry after being deposited by ALD. Annealing under H,
reduced Co30, films to CoO, as did annealing under Ny at a high temperature. 27 nm Co30,4
films were found to be much more crystalline than 7 nm Co30, films before annealing, and

27 nm films showed improvements in crystallinity after annealing while 7 nm films did not.
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2 Motivation

Climate change is the rapid shift in global climate patterns primarily caused by green-
house gases such as CO,, CH,, and N,O.! Climate change has been linked to decreased
agricultural output,? increases in the number of wildfires,® and loss of biodiversity.* Climate
change and its negative impacts are fueled by the burning of fossil fuels, chiefly oil, natural
gas, and coal. In 2020, over 83% of total global energy use came from fossil fuels.?

Although the proportion of global energy from renewable sources like solar energy, wind
energy, and hydroelectric energy continue to grow, they present key issues limiting their
growth. Hydroelectric energy generation is geographically limited to areas with major rivers,
and has been found to cause ecological damage where installed.® Solar and wind energy are
intermittent energy sources that necessitate grid energy storage to be feasible.”® While the
geography of major rivers cannot change, fundamentally limiting the expansion of hydro-
electric power generation, better grid energy storage technology is paramount to successfully
implementing geographically untethered renewable energy sources.

Numerous ideas for grid energy storage have been proposed, including pumped hydro
storage, redox flow batteries, hydrogen fuel cells, and supercapacitors.” Hydrogen as an
energy storage medium is advantageous due to its high specific energy. Apart from its
potential for grid energy storage, hydrogen is also an essential chemical feedstock. Along
with Ny, it is the primary feedstock for the Haber-Bosch process that generates 150 million
tons of ammonia per year, 85% of which is used in the production of fertilizers.!°

The current production of hydrogen is associated with significant carbon emissions, as
95% of hydrogen is produced from fossil fuels.!! Water electrolysis using intermittent renew-
able energy sources shows promise to decarbonize hydrogen production and create ”green
hydrogen”, but is currently underutilized due to the high capital and operating costs of cur-
rent precious metal electrocatalysts. Therefore, cheaper and more effective electrocatalysts

are needed to create a green hydrogen economy.
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3 Background

3.1 Water Electrolysis

Water electrolysis is an electrolytic reaction where oxygen evolution (OER) and hydrogen
evolution (HER) occur on a positively charged anode and a negatively charged cathode,

respectively. Under alkaline conditions, the reactions are:!'?

OER: AOH  —> O, + 2H,0 + 4e (1)
HER: 4H,0 + 4¢ —= 2H, + 40H (2)

And under acidic conditions:!2

OER: 2H,0 — O, + 4H' + 4e (3)
HER: AHT + 4 — 2H, (4)

The thermodynamic potential required to drive OER is 1.23 V vs. the reversible hydro-
gen electrode (RHE).!® However, a much higher potential is required to drive the reaction
practically. The potential in excess of the thermodynamic potential is called the overpoten-
tial. While electrocatalysts that decrease overpotentials for both HER and OER have been
studied, low overpotential, non-precious metal HER catalysts have been discovered,'* while
even the best non-precious metal OER catalysts suffer from large overpotentials.!®

HER is generally accepted to have two distinct electron transfer steps, while OER has
four. There are two proposed mechanisms of OER under alkaline conditions:'® both mecha-
nisms begin with a hydroxide anion adsorbing onto an active site (reaction five) and subse-
quently being oxidized by another hydroxide anion to yield O* (reaction six). However, the

resulting O* species could either react with a neighboring O* species to form O, (reaction
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seven) or react with another OH ™ species to form a *OOH peroxide intermediate (reaction

eight) which then reacts with another OH™ species to form O, (reaction nine). The acidic

OER mechanism was not considered in this project, as metal oxides, the highest perform-

ing OER catalysts, are more prone to degradation in acidic media as compared to alkaline

media.!®

x4+ O0OH — «xOH+e

*OH+OH — *xO+H,0O+e

*O+0OH — xOO0OH+ e

*OOH + OH — % +0y+ HyO + ¢

The free energies of the intermediates
*O, *OH, and *OOH scale in a consistent
way across many different catalytic surfaces.
Both AG.oon = AG.om + 3.2 £ 0.2 eV
and AG.o = 2AG,.on + 0.4 €V are consis-
tently observed over many different catalytic
surfaces.!” The scaling relationship between
*OOH and *OH is the main cause of the high
overpotentials observed in OER catalysts.
This is because the overall energy change be-
tween H,0O and O, is 4.92 eV, meaning that
for any one electron transfer step, the most

even (and therefore optimal) energy change

OOH g O;+4H" +4¢| 14C
+3JH* + 3e
H.O + 0O,
LI+ '"l \Gq E
+2H" + 2e
H,O + OH, .4 -
+H* + @ \Gj[
2H,0 -“G"J
s [ 1
e Eealis s LSS aknindy ¥ -
W :
R ———
L--- E
Real catalyst
TR ———

Figure 1: Gibbs free energy level diagram of

the OER mechanism.

12°A real catalyst with

the scaling relationship is shown in blue, while
an ideal catalyst without a scaling relationship

is shown in red. E; =

0V, Ey =123V, and

FE5 — E, represents the overpotential required
to drive OER with current electrocatalysts.
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is £22<V — 1.23 eV. This is illustrated in
Figure 1. For the two electron transfers that take place between *OOH and *OH, this
means the optimal scaling relationship is 1.23 eV x 2 = 2.46 eV. With this, the minimum

overpotential caused by the scaling relationship between *OOH and *OH can be calculated:!®

(32+0.2€eV) —2.46 eV
2e

— 04401V (10)

Figure 2 shows overpotential data taken 00 v L v L

from many metal oxide electrocatalysts plot- 05 |- -
ted against the difference in the free energies oL |
of adsorbed *O and *OH species in said elec- 2

trocatalyst. The data fits the general trend ol o i
of a Sabatier volcano, showcasing the accu- 20 |- —
racy of the descriptor. Additionally, it shows P ; "

that the best electrocatalysts have an over- i \GE: - AGPo- I eV )

potential of roughly 0.4 V as predicted by Figure 2: Sabatier volcano diagram of metal

. oxide OER catalysts.!?
Equation 10.

3.2 Cobalt Oxide as an OER Catalyst

Near the peak of the volcano plot in Figure 2 is spinel Co30,, which has been extensively
studied as an OER electrocatalyst.!%2! It has a moderate oxygen binding affinity, placing it
at the Sabatier optimal. The two most thermodynamically stable forms of cobalt oxide are
Co30,, which contains one Co™ cation for every Co™ cation, and CoO, which only contains
Co™? cations.22 Cos0, is a p-type semiconductor at room temperature with a band gap of
1.6 eV.%

There has been debate about the active sites for OER in Co30,. Wang et. al.?* sub-
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stituted Zn™ and Al™ cations for Cot? and Co™ cations, respectively, and concluded that

1.19 analyzed OER performance

Co™? is the primary active site for OER. However, Liu et. a
on different crystal facets of Coz0,, each with their own proportion of Co™ to Co™ cations
and determined that Co™ ions exhibit higher activity for OER. Recent density functional
theory (DFT) calculations agree and suggest that Co™ is the primary active site for OER.?’
Surface oxygen vacancies in Cos0, also play a significant role in OER activity.?® Oxygen
vacancies free up electrons in the lattice, pushing them into the band gap. This leads to an
overall increase in the conductivity of Co30y,, increasing its OER activity.

There have been a number of techniques employed to decrease the overpotential of OER
using Co304:2" creating Co3O4 with different morphologies,?® doping Co;0, with different
heteroatoms,? and creating Cos0, composites with other materials.?® However, conformal

thin films of Co30, have never been explored for the oxygen evolution reaction.

3.3 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a thin film deposition technique that has excellent
conformity to substrate surfaces. A subset of chemical vapor deposition (CVD), it utilizes
sequential pulses of gas-phase precursors under vacuum to achieve a self-limiting surface
reaction on a substrate.

The most common type of ALD process is an A-B process (see Figure 3), which occurs
in four repeating steps. In step one, reactant A is flooded into the reactor and saturates all
of the reactive surface sites on the substrate. In step two, the reactor is purged of excess
reactant A and reaction byproducts by flowing an inert carrier gas through the reactor. In
step three, reactant B is flooded into the reactor and reacts with the reactive surface sites
left by reactant A. In step four, excess reactant B and reaction byproducts are purged from
the reactor. Step one can then be repeated, as the same reactive surface sites exist on the
newly grown layer. To synthesize metal oxide thin films via ALD, reactant A is typically a

pyrophoric organometallic compound, and reactant B is an oxidizing agent such as Hy,O, O,
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or Os. The vigorous reaction between pyrophoric compounds and oxidizing agents means
that less reactant /precursor can be used to carry out the reaction, making the ALD process
more efficient.

Co30, has been grown via ALD using many different pre-

43y

cursors, including Co(thd), and Og,3? dicobalt hexacarbonyl

t-butylacetylene (CCTBA) and O3,** and CoCp, and O4.34 Of

OH-terminated
surface

these precursors, CoCp, has the advantages of being widely

commercially available, able to deposit within a moderate

ALD temperature window from 175 to 275 °C, and able to

deposit on the widely available (100)Si substrate, both on

thermally grown SiO, and native SiO,.
The two most important parameters to note when opti-

mizing ALD processes are growth per cycle (GPC) and unifor-

mity. GPC is the thickness by which an ALD film grows upon
each ALD cycle, and it can be used to judge the quality of an
ALD film. For example, a higher GPC than expected could

indicate the presence of parasitic chemical vapor deposition

(CVD), where product is being formed in the gas phase and

depositing onto the substrate rather than a surface reaction

occurring, necessitating less reactant be used or purge times

be lengthened. Uniformity is the evenness of the deposited

Figure 3: Outline of an A-
thin film, which is desirable to ensure that film thickness can g A1 process: AlLOg de-

position from Al(CHjz); and

be easily controlled. There are many potential causes of non- 051
2 .

uniformity: overlapping precursor pulses leading to parasitic
CVD, thermal decomposition of precursors, non-uniform gas distribution in the reactor, and
parasitic side reactions.?® Non-uniformity can be calculated by using Equation 11, where o

is the standard deviation of thickness measurements and p is the average thickness measure-
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ment.

Non — uni formity% = 7 (11)
0

Another important constraint when designing an ALD process is the ALD window (see
Figure 4). Much like optimizing other ALD parameters, this window is typically character-

ized by a region of deposition temperatures in which GPC is stable.

T T T T T
Q
[&]
> L i
[&]
) ALD-window
o 4+—>
< R i
=
o
Q | J
1 L L
s

Deposition temperature ( °C)

Figure 4: Diagram of a typical ALD temperature window showing the effects of temperature
on growth per cycle (GPC).3¢ Either of the four phenomena described could occur depending
on the specific ALD chemistry used.

4 ALD Process Optimization

4.1 Methods and Materials

The Co;0, ALD process was initially based off of the work of Holden and Conley,** who

had grown Co30,4 from CoCp, and O3 on (100)Si/SiO, substrates. They investigated both

nm
cycle’

thermally grown SiO, and native SiO, substrates and found GPCs of 0.043 and 0.5
respectively. They also discovered that the ALD window lies between 175 °C and 275 °C.

They deposited Co;04 at 250 °C and achieved a non-uniformity of 4.7% over a 5 in wafer.
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To deposit the films, a Kurt J. Lesker

(KJL) ALD-150LE system was used. The o

system had two separate lines to deliver pre-  nzimet
cursor gas to the reactor where the sub-
strate was located. One line was connected
to a precursor manifold with interchangeable

precursors, and the other was connected to Tomk

an. Oz generator. Both lines had Ny flow Figure 5: A simplified process flow diagram of

available as a carrier and purge gas. To the KJL ALD system. The temperatures of
o the CoCpy ampoule, CoCp, valve, the CoCpy
evenly distribute the precursor gas over the delivery line, and the reactor can all be con-

substrate, the KJL. ALD system had a show- trolled independently.

erhead pattern at the entrance of the reac-

tor. A CoCpy precursor ampoule purchased from Strem was connected to the system and
heated to 100 °C to ensure sufficient volatility. O3 was generated within the ALD system by
feeding O, into an ozone generator. The process variables considered were the pulse times
of the CoCpy and O, the N, purge time and flowrate, the substrate heater temperature,
the pressure of the incoming Os, and the precursor valve and delivery line temperatures.
To measure film thickness, variable-angle spectroscopic ellipsometry (VASE) was used. The
VASE fitting model for Co30, was based off of data taken by Holden and Conley.?* All films
in this study were grown on native SiO, substrates. The thickness of the native SiO, layer on
the substrate was measured before ALD using the FilmSense native SiO, model, and these
measurements were used to fit the Co30,/Si0y VASE model after ALD.

The general approach for ALD optimization was to grow films at 336 cycles, which

should yield an expected film thickness of 16.80 nm from the 0.5 oyec measured by Holden
and Conley. Then, based off of the thickness measurements, ALD process parameters were
changed to achieve a uniform film with a consistent GPC. Process parameters were always

changed based off of the settings of the previous ALD run.
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4.2 Optimization

The first film grown in the KJL. ALD system (Figure 6a) displayed uneven deposition.
The pattern of the showerhead became visible on the substrate. Within the spots, a max-
imum thickness of 10.76 nm was measured, while the thickness outside of these spots was
measured to be 1.04 nm. Because the observed film thicknesses were lower than the expected

16.80 nm, a lack of precursor was suspected to be the cause of the spotting.

(a) Image of the first ALD film grown on the KJL (b) Image of a Co30, thin film grown with a 1 s
ALD system, with a 0.3 s CoCp, pulse time and CoCpy pulse time and an Oj pressure of 5 torr.
an Os pressure of 0.1 torr. The superimposed A dark ring of Co30, 33.58 nm thick is visible
showerhead pattern (spotting) is clearly visible. within the showerhead pattern.

Figure 6: Images of ALD films grown with 336 cycles of 10s/10s/10s (N5/O3/N,), a N,
flowrate of 50 sccm in both source lines, and with the substrate heater at 271 °C.

Therefore, for the next ALD film, the CoCp, pulse time was increased to 0.6 s. However,
the same spotting pattern in Figure 6a and low overall growth was still observed. Because of
this, the CoCp, pulse time was found to not be the limiting precursor, and the O5 pulse time
was instead increased to 15 s. Although spotting similar to Figure 6a was still observed, the
film thickness measured in the spots increased to 4.97 nm from the 1.70 nm observed in the

previous film. It was therefore concluded that the primary cause of non-uniformity was a
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lack of O3 in the reactor.

To deliver more O3 to the reactor, O3 pressure was instead increased to 2 torr and pulse
time was decreased back to 10 s. The increase in O3 pressure to 2 torr led to a dramatic
increase in the maximum film thickness within the spots to 14.40 nm, much closer to the
expected 16.8 nm. The thickness outside of the spots also increased to 6.73 nm. To rule out
the possibility of the process now being limited by CoCps,, its pulse time was increased to 1
s, which led to a modest increase in the film thickness outside of the spots to 8.97 nm.

After further increasing the O3 pressure to 5 torr, a spot of concentrated deposition was
observed (see Figure 6b). A film thickness of 33.58 nm was measured within this concentrated
spot, which is significantly higher than the expected 16.80 nm; the thickness outside of this
spot was measured to be 8.46 nm. This excessive growth was theorized to be the result of
CVD, meaning that the O3 and CoCp, were interacting in the gas phase; however, increasing
the purge time to 15 s did not change the result seen in Figure 6b.

This lack of improvement after increasing the purge time could be explained by the
condensation of CoCp, within the delivery lines to the reactor. Although CoCp, sublimes
at 40 °C and 0.1 torr, its melting point is only reached at 173-174 °C.37 As the delivery lines
were at 150 °C, it could be possible that condensed CoCp, was collecting within the delivery
lines and slowly evaporating over time even while the CoCp, valve was closed, leading to
parasitic CVD. To test this possibility, the temperature of the CoCp, valve was increased
from 150 °C to 180 °C and the temperature of the Co30, delivery line was increased from
150 °C to 190 °C. A thickness map of this film is presented in Figure 7a. To generate the
thickness map, VASE measurements were taken at the white points and film thickness was
interpolated between measurements. This change removed the visible showerhead pattern,
although a faint dark spot was still visible on the deposited film. The film thickness in
the spot was found to be 15.08 nm, meaning that CVD was no longer occurring, but film
thickness dropped off steeply, with the remainder of the film only being 0.45 nm thick.

Because the film thickness in Figure 7a was still lower than the expected 16.80 nm,
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0 rm 0 rm

(a) Film thickness ranges from (b) Film thickness ranges from (c) Film thickness ranges from
0.45 nm to 15.08 nm. 0.32 nm to 16.48 nm. 2.14 nm to 16.01 nm.

Figure 7: Thickness maps of Co30, films grown with 336 cycles of 1s/10s/10s/10s
(CoCpy/Ny/O3/Ny), and the substrate heater at 271 °C. In Figure 7a, the temperature
of the CoCp, delivery line and valve were increased to eliminate CoCpy condensation. In
Figure 7b, the N, flowrate in the CoCp, source line was increased from 50 to 75 sccm. In
Figure 7c, O3 pressure was increased from 5 to 10 torr.

and because the precursor could not saturate the entire wafer, lack of precursor was still
suspected. To remedy this, the N, flowrate in the CoCp, delivery lines was increased from
50 to 75 scem in order to further spread CoCp, out within the reactor. This film is shown in
Figure 7b, which illustrates a mild improvement in the size of the deposited area. However,
the film in Figure 7b still appeared deficient in precursor, so CoCp, pulse time was first
increased to 1.5 s and then to 3 s to test lack of CoCpy. However, when CoCp, pulse
time was increased, a significant difference from Figure 7b was not observed, except for the
presence of CVD in the 3 s CoCp, pulse film, ruling out CoCp, as the limiting precursor.

Because CoCp, was ruled out as the cause of the lack of growth, its pulse time was
returned to 1 s and O pressure was instead increased to 10 torr, leading to the film shown
in Figure 7c. A significant improvement in uniformity was observed relative to any of the
previous films. However, the non-uniformity observed in the film shown in Figure 7c was
still 35.56 %, significantly higher than the 4.7 % achieved by Holden and Conley. To further
reduce non-uniformity, it was clear that the amount of Os in the reactor needed to be
increased.

It is known that in certain ALD processes, O3 undergoes significant surface loss, meaning

that Os is catalytically decomposed to O, by the metal oxide it is trying to grow, necessitating
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large amounts of O3 to grow an ALD film.3*3% Co;0, was identified as a high-loss oxide by
Knoops et. al., as it required a high O4 pulse time to uniformly grow.?® It was noted that
within the KJL ALD reactor, the substrate was not the first surface where precursor gases
were allowed to come into contact; rather, the precursor gases first came into contact with
the showerhead above the substrate. Staining indicative of deposition was also noted on the
showerhead. Therefore, it was suspected that Coz0, had deposited on the back side of the
showerhead and was catalytically degrading O3 above the showerhead before it could oxidize
the surface of the substrate below the showerhead.
To remedy this, the showerhead was re-

moved from the KJL ALD system, leading to 2o
the film shown in Figure 8. The removal of
the showerhead had a dramatic effect on the
overall quality of the film. Visually, the film
appeared entirely uniform, and there was no
longer a visible dark spot as observed in Fig-

ure 6b. The non-uniformity of the film in "
nim

Fi Iso significantl
igure 8 was also significantly reduced to Figure 8 Thickness map of a Coy0, film

4.36 %.

The spot in the middle of Figure 8 only
became apparent through VASE measure-
ments and corresponds to where the precur-
sor gases enter the reactor. As the thickness
within the spot was 18.63 nm, larger than

the expected 16.80 nm, CVD was suspected

grown without the showerhead with 336 cycles
of 1s/10s/10s/10s (CoCpy/Ny/O3/N,) with an
O3 pressure of 10 torr, N, flowrate of 50 sccm
in the O3 source line and N, flowrate of 75 scem
in the CoCp, source line, and the substrate
heater at 271 °C. The film thickness ranges
from 14.35 nm to 18.63 nm. Note that the
scale has been adjusted for this thickness map
compared to Figures 7a-7c to highlight its non-
uniformity.

and purge times were increased to 15 s. However, the lengthened purge time had no effect,

so it was returned to 10 s. As any possibility of CVD had been eliminated through the

nm

previous set of process adjustments, it was more likely that a GPC higher than 0.05 cyels
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was being observed. Therefore, limited growth due to lack of precursor was still the most
likely explanation for the non-uniformity.

To ensure CoCp, was not the limiting precursor, its pulse time was increased to 1.5 s,
which had a minimal effect on the film. O3 pulse time was increased from 10 s to 15 s and
then to 30 s, which grew the spot in the middle significantly. However, 30 s O3 pulses were
impractical, as they increased the cycle time significantly. As 10 torr was the maximum the
KJL ALD metering valve could achieve, the deposition temperature was decreased from 271
°C to 200 °C to reduce the deactivation rate and therefore prevalence of O5 surface loss.

The thickness map of the 200 °C de-
posited film in Figure 9 displays a spot that 2om
is much less prevalent than the one in Figure
8. The thickness in this spot was 16.85 nm,
close to the expected 16.80 nm. The non-
uniformity of this film was found to be 3.08
%, lower than the 4.7 % reported by Holden

and Conley.
14 nm

The high uniformity of the final film can Figure 9: Thickness map of a CoyO, film

be explained by a lower deposition temper- grown without the showerhead with 336 cycles
of 1s/10s/10s/10s (CoCpy/Ny/O3/N,) with an

ature and high O usage. This suggests that O3 pressure of 10 torr, N, flowrate of 50 sccm

in the O3 source line, N, flowrate of 75 sccm

in the CoCp, source line, and the substrate

growing Co30, using CoCp, and Oy is lower heater at 200 °C. The film thickness ranges
from 14.04 nm to 16.85 nm.

the upper bound of the ALD window for

than previously reported. This also suggests

that Os surface loss is significant, requiring further study into its mitigation. Additionally,

this film matches the 0.05 CZ’;@ GPC found by Holden and Conley, confirming its accu-
racy. While the film quality could be improved, a film that is more uniform than has been
previously reported is a good starting point for analyzing other important properties of

electrocatalysts - their stoichiometry and crystalline structure.
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5 Annealing and Characterization

After ALD optimization, Co30, thin films were annealed to study how film thickness and
annealing process parameters affect the crystallinity and stoichiometry of the films. Film
thicknesses, annealing temperatures, and gases used during annealing were all varied. The
thin films were studied using X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) both before and after annealing.

5.1 Experimental Methods

A tube furnace with available 10% H, and 90% Ar, N, and air was used to anneal the
films. The tube furnace was heated from room temperature at a rate of 50 m—?n to the
annealing temperature, where it was held for one hour and then allowed to naturally cool to
room temperature. All gases were flowed through the furnace at 0.4 sccm.

XPS spectra were captured by a PHI 5000 VersaProbe III Photoelectron Spectrometer.
The sample was treated as non-conductive and was placed on an insulating layer during
analysis. A 25 W, 100 pum X-ray beam was used to excite photoelectrons. Survey spectra
were taken with a step of 1 eV over 6 sweeps. Cls spectra were taken with a step of 0.1 eV
over 18 sweeps. Ols spectra were taken with a step of 0.1 eV over 12 sweeps. Co2p spectra
were taken with a step of 0.1 eV over 30 sweeps.

XRD spectra were collected by a Bruker D8 Discover X-ray diffractometer. Two frames
were collected by an area detector at 45° and 65° with respect to the sample surface normal,
with each frame having an exposure time of 30 minutes and a width of 30°. The resulting
spectra from both frames were analyzed and stitched together using MDI Jade.

Both 7 nm and 27 nm thick films were tested under Ny, air, and H,, and at 300 and

600 °C. All films were annealed for 1 hour.
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5.2 Results

The 27 nm films were found to be much more crystalline than the 7 nm films before
annealing. In Figure 10, the 27 nm film shows a clear (311) peak, while the 7 nm film does
not show any of the expected Co3z0, peaks. This effect of film thickness was also found
to persist after annealing. The annealing

procedures tested in this study did not have Non-Annealed €050, Films

=
»
'

a significant effect on the 7 nm films, while
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they had a noticeable on the 27 nm films.
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Figure 10: XRD spectra of the 7 nm film and
27 nm film before annealing. The dashed yel-
on the crystallinity of 27 nm films under N, low lines show expected peak intensities and
20 values that correspond to spinel Coz0y.

other hand, annealing had a noticeable effect

and air.

In Figure 11c, annealing at 300 °C under air did not significantly improve the crystallinity
of the 27 nm film, but annealing at 600 °C under air increased the height of the (311) peak
and also allowed small (220) and (400) peaks to intensify above the background. In Figure
11d, annealing at 300 °C under N, only slightly increased the height of the (311) peak.
However, annealing under 600 °C dramatically changed the crystal structure of the cobalt
oxide, adding a peak that does not correspond to spinel Co30,, but rather the (002) plane of
halite CoO, indicating that the film was reduced during annealing. This is further confirmed
by examining the Co2p XPS spectrum for the 27 nm film annealed at 600 °C under N,
(Figure 12a).

Comparing the XPS data from Figure 12a and the shape of the curves from Figure 12c, it



Nivarty - Co304 Thin Film Annealing 18

7nm Co304 Films Under Air 7nm Co30, Films Under Ny
2.0 2.0 4
(220)
~ (311) ~
% 15 (222) é 15
g (400) (422)(511) (440 r (422)(511) (440
2 600 °C = 600 °C
£ 10 £ 104
- 300 °C B 300 °C_
0.5 0.5 4 T
No Anneal No Anneal
0.0 T 0.0 T
30 40 50 60 70 80 30 40 50 60 70 80
20(°) 20(°)
(a) (b)
27nm Co;04 Films Under Air 27nm Co304 Films Under N;
] | (111)
227 N220) 201 g (220) (002)
(310) 1
_‘:'g 15 (222) %‘ 154
e (400)  (422)(511) (440) b (422)(511) (440)
2 600 °C = 600 °C
2 104 £ 101
g 3
h 300 °C N 300 °C
0.5 0.5
No Anneal No Anneal
0.0 T T T T 0.0 T T T T
30 40 50 60 70 80 30 40 50 &0 70 80
26(°) 20e(%)
(c) (d)

Figure 11: XRD spectra of both 7 and 27 nm films annealed under both air and N,. The
dashed yellow lines represent expected peak locations and intensities for spinel Coz0,. (a)
7 nm films annealed under air. (b) 7 nm films annealed under Ny. (c¢) 27 nm films annealed
under air. (d) 27 nm films annealed under N,. For the film annealed at 600°C, a reduction
to halite CoO was observed, indicated by the appearance of a peak corresponding to the
(002) plane of halite CoO. What appears to be a spinel (311) peak is actually from the (111)
plane of halite CoO.

is clear that the film has CoO stoichiometry rather than Co30, stoichiometry. Reduction to
CoO was also observed in all of the films annealed in H, (see Figure 12b). This is consistent
with H, being well-known as a reducing agent; however, the effect for N, could be explained
by the low concentration of O, in the gas, which at high temperature created a large difference
in the chemical potential of oxygen between Co30, and the gas, leading to the reduction of

the film to CoO.
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Figure 12: XPS spectra of select reduced films. (a) Co2p XPS spectrum of a 27 nm cobalt
oxide film annealed under N, at 600 °C. This spectrum most closely matches the CoO
spectrum from Figure 12¢. (b) Co2p XPS spectrum of a 7 nm cobalt oxide film annealed
under Hy at 300 °C. This spectrum most closely matches the CoO spectrum from Figure 12c.
(¢) Comparison of Co2p XPS spectra of various cobalt oxide stoichiometries. Adapted from
Biesinger et. al.. 1

With regards to stoichiometry, there were no differences found between any of the 7 nm
and 27 nm films both before and after annealing. This means that what appears to be a
small increase in the (311) peak in the 7 nm film annealed under Ny at 600 °C (see Figure

11b) is actually from the (111) plane of halite CoO.
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6 Conclusions

Thin films of Co30, were successfully grown via ALD using CoCpy and O3 precursors
with a non-uniformity of 3.08 % over a 4” native SiO,/Si substrate. Oz surface loss was
found to be significant, but was mitigated by using a lower deposition temperature of 200
°C and a 10 s O3 pulse at 10 torr. There were no differences found between the surface
stoichiometries of 7 nm and 27 nm films, both before and after annealing. On the other
hand, 27 nm ALD-grown Coz0, films were found to be more crystalline than 7 nm ALD-
grown Cos0, films. Additionally, annealing under air improved the crystallinity of 27 nm
films but did not affect 7 nm films. Reduction of Co30, to CoO was observed in cobalt oxide
films annealed under a Hy atmosphere, and at 600 °C under a N, atmosphere. Annealing at
600 °C in air improved the crystallinity of 27 nm Co30, thin films more than annealing at

300 °C.

7 Future Work

More work could be done in increasing the uniformity of the ALD films by further
increasing the amount of O3 in the reactor. Additionally, ALD films with fewer cycles could
be grown to study the nucleation behavior of ALD-grown Co30,. ALD films with more cycles
could also be grown to ensure that non-uniformity remains low with large film thicknesses.

Much more work could be done with annealing ALD-grown Cos0, films. As it is known
that Hy and Ny at high temperatures will reduce the film, the parameter space can be nar-
rowed down to annealing only under air or O,. With a narrower parameter space, more
annealing temperatures and annealing times can be investigated. There are also many im-
portant annealing variables that cannot be meaningfully tested by the current equipment,
such as cooling rate, which need to be explored to achieve a full understanding of the Co30,

crystallization process.
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