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ABSTRACT

Layered cobalt oxides based on the hexagonal CoO2 layer, e.g., NaxCoO2 and [CoCa3O3]0.62CoO2 (or “Ca3Co4O9”), are promising thermo-
electric materials. Here, the authors investigate the atomic layer deposition (ALD) of these materials in a thin-film form; this is not trivial,
in particular, for the former compound, as both Na and Co are little challenged as components of ALD thin films. The authors employ
diketonate precursors for all the metal constituents and ozone as the source of oxygen. In both cases, a postdeposition heat-treatment in O2

is applied to get crystalline coatings; the processes are found amazingly robust in terms of metal precursor pulsing ratios. A striking differ-
ence between the two processes is the resultant morphology: while the Ca3Co4O9 films grow highly homogeneous and smooth, the
NaxCoO2 coatings exhibit a rather unique reproducible 10–20 μm scale channel-like island structure for all x values investigated. Finally, the
authors characterized their ALD Ca3Co4O9 films for their chemical, structural, and physical property details not previously reported.

Published under license by AVS. https://doi.org/10.1116/6.0000166

I. INTRODUCTION

Layered cobalt oxides AxCoO2 (A = alkali metal) based on the
hexagonal CoO2 layer are important functional materials for
advanced energy applications. The most evident example is the
Li-ion-battery cathode material LixCoO2 showing facile deintercala-
tion and intercalation of Li+ ions.1 Another important example is
NaxCoO2, which is a prominent thermoelectric (TE) material
owing to its unusual combination of high electrical conductivity
with high Seebeck coefficient.2,3 In this respect, LixCoO2 behaves
differently as it changes with increasing x from a semiconductor of
high resistivity and high Seebeck coefficient to a metal-like conduc-
tor with low resistivity and low Seebeck coefficient.4

The interesting electrical properties of AxCoO2 materials
derive from the fact that the d-band of the transition-metal oxide
layer becomes filled with holes to compensate the charge when the
alkali-cation content is below the stoichiometric value of x = 1.
Charge carriers in a narrow d-band often experience strong correla-
tion effects, which means that they can no longer be described by
conventional single-particle approximations. For example,
Khaliullin and Chaloupka5 discussed the electronic correlation
effects in NaxCoO2 highlighting the importance of the degeneracy
of Co3+ d electrons.

Excellent thermoelectric properties were also reported for the
[Ca2CoO3]0.62CoO2 or “Ca3Co4O9” compound,6–9 which similarly
to AxCoO2 contains conductive hexagonal CoO2 sheets but sepa-
rated by rock-salt-structured Ca2CoO3 layer-blocks instead of
alkali-metal monolayers. For strontium, the related TE compound
has the stoichiometry of [Sr2O2]0.5CoO2.

10

Fabrication of nanostructures is a popular strategy to enhance
the performance of TE materials.11–13 Another goal has been to
grow these materials in high-quality thin-film form for application,
e.g., in microlectronics.14–18 Among the thin-film deposition tech-
niques, atomic layer deposition (ALD)19 would be most advanta-
geous as it ideally offers the possibility to achieve both goals, i.e.,
to coat nanostructures with high-quality conformal thin
films.12,13,17,18 We were the first to report the ALD of
[Ca2CoO3]0.62CoO2 (or Ca3Co4O9) films with good thermoelectric
properties already a decade ago.20 More recently, we attempted to
grow Sr-based [Sr2O2]0.5CoO2 films but without success. On the
other hand, well-behaving ALD processes for the perovskite
SrCoO3 and (La,Sr)CoO3 films could be developed.21,22 The only
material of AxCoO2 type deposited by ALD thus far has been
LiCoO2,

23 while a feasible ALD process for NaxCoO2 would be
desirable due to its excellent TE properties. It is important to
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notice that the deposition of NaxCoO2 thin films with other tech-
niques has turned out to be challenging. For example, Ohta et al.24

needed to employ a multistep process for growing epitaxial
NaxCoO2 films. First, they deposited CoO on sapphire using pulsed
laser deposition (PLD). Then, they capped the layer with a thin
yttria-stabilized zirconia plate for protection, put NaHCO3 powder
onto the stack, and finally annealed the sample at 700 °C in air.
The reason for this quite unconventional procedure was the high
vapor pressure of sodium which made the direct PLD process
difficult.

Sodium has been a kind of white spot among the elements
used in ALD processes, except in the pioneering works exploring
sodium tert-butoxide, sodium hexamethyldisilazide, and sodium
trimethylsilanolate precursors of limited stability for the ALD of
sodium aluminates, silicates, niobates, and tantalates;25,26 the ALD
of Na oxide was not challenged due to its hygroscopic nature. Our
group then challenged combined ALD and molecular layer deposi-
tion processes for Na-containing inorganic-organic hybrid thin
films using Na-2,2,6,6-tetramethyl-3,5-heptanedionate as the pre-
cursor for sodium;27–29 thermal stability of that precursor enabled
reproducible depositions at temperatures as high as 300 °C. The
ALD of cobalt oxides is still an active matter of research as can be
seen from the list in Table I.

In this work, we challenge the ALD of NaxCoO2 for the first
time. We characterize the films with X-ray diffraction and various
microscopy techniques; the results reveal a highly controlled but
peculiar type of growth mode resulting in unique channel-like
island structures. We compare the results with those obtained for
ALD Ca3Co4O9 films grown under similar conditions to find out
that the growth modes are strikingly different for these two highly
related thermoelectric compounds. Moreover, we thoroughly char-
acterize our Ca3Co4O9 films for their chemical composition, depth
profile, and physical properties.

II. EXPERIMENT

NaxCoO2 and Ca3Co4O9 thin films were grown with an ASM
Microchemistry F120 ALD reactor operated at a pressure of about
1 Torr. In all depositions, O3 generated from O2 (grade 5.0, AGA)
with a Fischer Modell 502 generator was used as the reactant (i.e.,
third precursor). The NaxCoO2 films were grown from Na(thd)
and Co(acac)3 (acac = acetylacetonate) metal precursors, while the
Ca3Co4O9 films were grown with Ca(thd)2 and Co(thd)2 to be con-
sistent with our earlier work.20 The metal-thd precursors were pre-
pared using the method described by Hammond et al.,45 and Co
(acac)3 was purchased. The solid metal precursors were sublimated
from open boats at the following temperatures: Na(thd) at 170 °C,
Co(acac)3 at 130 °C, Ca(thd)2 at 180 °C, and Co(thd)2 at 90 °C. The
replacement of Co(thd)2 with Co(acac)3 for the NaxCoO2 process
had the advantage that the sublimation temperature is closer to
that of the second precursor. It is important to note that we also
performed depositions for Ca3Co4O9 using the Co(acac)3 precursor
and observed very little differences to the depositions carried out
with Co(thd)2. The NaxCoO2 films were deposited with a total of
2400 single-metal cycles, and the Ca3Co4O9 films with 2800 single-
metal cycles, unless stated otherwise. The single-metal cycles were
combined to supercycles to adequately obtain the desired stoichi-
ometry; for example, the Ca3Co4O9 supercycle consisted of a
combination of seven single-metal cycles as follows:
[3 × (Co + Ca) + Co]. The precursor/N2 purge times were fixed to
the following values based on preliminary tests: 4, 10, 3, and 12 s
for the metal precursor exposure, precursor purge, O3 exposure,
and O3 purge, respectively, in the NaxCoO2 process, and 5.5, 8, 3,
and 8 s for the Ca precursor exposure, precursor purge, O3 expo-
sure, and O3 purge, respectively, in the Ca3Co4O9 process. The Co
(thd)2 exposure time in the latter case was 4.5 s.

The as-deposited films were heat-treated in O2 atmosphere for
crystallization using an ATV PEO 601 rapid-thermal-processing
oven. The annealing temperature was held for 15 min while the
ramp times were set to 40 min. The crystal phases in the films were
identified with grazing-incidence X-ray diffraction (GIXRD) and
XRD in Bragg–Brentano geometry using a Panalytical X’Pert Pro
MPD diffractometer (Cu-Kα source). The same tool was employed
for determining the film thicknesses with X-ray reflection (XRR). A
J. A. Woollam CompleteEase ellipsometer was used to confirm
these thickness values and to determine optical dispersion.
Furthermore, the morphology of the films was investigated with
atomic force microscopy (AFM) using a Dimension5000 Nanoscope.
Elemental compositions of the films were determined with X-ray
photoelectron spectroscopy (XPS) using a Thermo-Scientific K-alpha
spectrometer.

III. RESULTS AND DISCUSSION

The best TE properties for bulk NaxCoO2 samples are realized
for x values between ∼0.5 and 0.75.2,3 We started our ALD studies
on the NaxCoO2 system targeting x = 0.5 stoichiometry. Figure 1(a)
presents the GIXRD patterns for an as-deposited x = 0.5 NaxCoO2

film grown at 220 °C and for the same thin film after annealing at
500 and 900 °C in O2. The as-deposited film is weakly crystalline
with most peaks consistent with the presence of the spinel Co3O4

phase. After annealing at 500 °C, the layered NaxCoO2 phase can

TABLE I. ALD processes reported for cobalt oxides. iPr-MeAMD, isopropyl-acetamidinate;
AMD, N-tert-butyl-N’-ethylpropionamidinate; TMEDA, tetramethylethylenediamine;
tBu-DAD, 1,4-di-tert-butyl-1,3-diazadienate; dpdab, 1,4-di-iso-propyl-1,4-diazabutadienyl;
and tBuAc, tert-butylacetylene.

Precursor Reactant
Deposition temp.

(°C) Reference

Co(thd)2 O3 115–300 30–32
Co(acac)3 Air 180 33
Co(Cp)2 O3 137–331 34
Co(Cp)2 O2 plasma 100–400 35
(CO)2-Co(Cp) O3 50–150 36
Co(iPr-MeAMD)2 H2O 170–180 37
Co(AMD)2 H2O 180–270 38
TMEDA-CoCl2 H2O 225–300 39
Co(tBu-DAD)2 O3 100–150 40
Co(dpdab)2 O2 125–300 41
[Co2(CO)8] O3 50 42
tBuAc-(CO)6-Co2 O3 70–140 43
CoI2 O2 475–650 44
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be readily identified from the presence of the most prominent
(002) peak at 16°. This phase remains remarkably stable over a
wide temperature range until a new phase appears after annealing
at 900 °C, as is evident from the disappearance of the NaxCoO2

(002) peak and the appearance of a new peak at 22°. There is no
straightforward identification of this high-temperature phase, but
one possibility is Co(OH)2.

The NaxCoO2 phase forms (upon postdeposition annealing at
600 °C in O2) in a remarkably wide nominal x range; Fig. 1(b)
shows GIXRD patterns for a series of films with the nominal x
value ranging from 0.33 to 2. Only for the sample with a clear Na
excess (x = 2), diffraction peaks due to other phase(s) than
NaxCoO2 are observed [Fig. 1(b)].

Interestingly, even though the layered NaxCoO2 phase could
be readily and very reproducibly grown with our ALD process, the
resultant films were not continuous but exhibited a unique
channel-like island structure. As an example, Fig. 2(a) shows a
micrograph for an as-deposited NaxCoO2 film with x = 0.33 grown
with 2400 ALD cycles. This micrograph was recorded with a
simple optical microscope using a 10× magnification lens. It is
clear that even after the high number of deposition cycles applied,
the peculiar island pattern persists. Parallel results were systemati-
cally observed for the other x values too (0.33≤ x≤ 1).
Unfortunately, this morphology made the films insulating, at least
on the macroscopical scale. So, it was not possible to determine the
electrical resistivity or the Seebeck coefficient. Previously, somewhat
similar channel-like structures have been seen for ALD-grown
metallic Cu films and then attributed to the coalescence of the

islands.46 However, the length scales are quite different in the two
cases; the island pattern structures of the size observed here for our
NaxCoO2 films have not been reported thus far for any
ALD-grown materials, to the best of our knowledge.

We investigated the deposits in more detail using AFM
[Fig. 2(b)]. For this sample with x = 0.33, these measurements show
a height of the features of about 120 nm and a width on the order
of magnitude of 10–20 μm, indicating that indeed all the deposited
materials are in the lamellas with the bare substrate surface in
between. Given the limited coverage, a growth per cycle (GPC)
between 0.23 and 0.30 Å/cycle can be estimated, which is consistent
with the GPC values expected from the single-metal processes.
Similar island heights were measured for the sample with x = 1.

It was also interesting to compare this morphology with those
seen for the films yielded under similar conditions from the two
parent binary processes. First, the present morphology of the
NaxCoO2 films is in sharp contrast to our earlier research on ALD
of Co3O4 films, where very smooth continuous films were straight-
forwardly achieved.32 Second, in the present study, we carried out a
series of initial Na(thd) + O3 depositions for the optimization of
sublimation conditions and pulse length of the Na(thd) precursor.
These amorphous films were smooth and homogeneous and could
be readily characterized with XRR for film thickness; the GPC cal-
culated from the film thickness and the number of ALD cycles
applied was 0.23 Å/cycle, thus very similar to that for the Co3O4

films.
The island formation was also something not seen in our

earlier work for [Ca2CoO3]0.62CoO2(Ca3Co4O9) thin films, which

FIG. 2. Morphology of NaxCoO2 deposits (x = 0.33): (a) optical micrograph and
(b) AFM image.

FIG. 1. GIXRD patterns for postdeposition heat-treated NaxCoO2 films: (a)
x = 0.5 films heat-treated at different temperatures and (b) films with different x
values heat-treated at 600 °C; all heat-treatments are carried out in O2.
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were found smooth and continuous.20 Therefore, we repeated this
process here for investigating the differences between the ALD
growths of these apparently quite similar materials in more detail.
Figure 2(a) shows XRR curves for a Ca3Co4O9 film deposited
with 2800 cycles and a nominal Ca/Co ratio of 3:4 at 250 °C. For
the as-deposited thin film, the pronounced fringes indicate a
smooth film with a thickness of 95 nm corresponding to a GPC
of 0.34 Å/cycle, which is a typical value for ALD metal oxide
films from diketonate precursors.42,47 After annealing, the film
became much rougher as demonstrated in Fig. 3(a) for a sample
heat-treated at 750 °C in O2.

The increased roughness is caused as commonly observed for
ALD films by crystallization of the material; from the GIXRD
patterns shown in Fig. 3(b), the presence of the crystalline
[Ca2CoO3]0.62CoO2 phase is seen for samples heat-treated at 600 °C
or above. It is worth noticing that the appearance of diffraction
peaks in the GIXRD geometry implies the presence of randomly ori-
ented grains. On the other hand, in the XRD patterns measured in

Bragg–Brentano geometry, the (00l) peaks dominated, as in our pre-
vious study.20

We confirmed the composition of the “Ca3Co4O9” films with
XPS depth profiling for both the as-deposited and heat-treated
films. As can be seen in Fig. 4(a), the composition of the
as-deposited film is quite constant throughout the profile with a
slight excess of Ca and a relatively high C content of about 10%.
After annealing at 750 °C, diffusion of Ca to the interface with Si
can be observed in Fig. 4(b), while the composition of the main
film is now close to the targeted Ca3Co4O9 composition.

The films were further characterized using spectroscopic
ellipsometry. For the film that was annealed at 750 °C, we assumed
that the deposit consists of two layers both modelled with the com-
bination of a Lorentz and a Cody–Lorentz oscillator. A good fit was
obtained for 74 and 8 nm thicknesses of the upper and the lower
layer, respectively, which is in accordance with the XPS results. The
dispersion of the real and imaginary parts of the refractive indices
n and k is shown in Fig. 5. The most pronounced feature of the
optical dispersion curves is an absorption peak starting at
∼500 nm. The optical measurements reported in the literature typi-
cally show significant absorption throughout the visible spec-
trum.13,48 Absorption peaks at similar wavelengths as reported here
have been attributed to charge transfer transition between the
O2− and Co3+ ions,48 and the transition between the crystal-field
splitted t2g and eg Co 3d bands.49 This is consistent with the obser-
vations made by Chambrier et al.,50 who observed an absorption
onset at similar wavelengths for their Ca3Co4O9 films fabricated
with PLD.

Finally, we characterized our Ca3Co4O9 films for their
electrical transport properties. The electrical sheet resistance of
the as-deposited film was 83 kΩ/□, which corresponds to a
resistivity of 790 mΩ cm. After annealing at 600 °C, the sheet
resistance decreased to 17 kΩ/□, and after annealing at 750 °C,
it decreased to 2.2 kΩ/□, while a further increase in the

FIG. 3. (a) XRR patterns for as-deposited and heat-treated (750 °C) Ca3Co4O9

films; (b) GIXRD patterns of Ca3Co4O9 films heat-treated at different tempera-
tures; all heat-treatments are carried out in O2.

FIG. 4. XPS depth profiles for Ca3Co4O9 films: (a) as-deposited and (b) heat-
treated at 750 °C.
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annealing temperature to 850 °C increased the sheet resistance
to 3.8 kΩ/□. Using the film thickness measured for the
as-deposited film, these values correspond to resistivities of
160, 20, and 36 mΩ cm. The resistivity value obtained for the
film annealed at 750 °C is very close to the value (12 mΩ cm)
we previously measured for optimized (in terms of oxygen
content) ALD Ca3Co4O9 films.20

IV. SUMMARY AND CONCLUSIONS

We have investigated and compared the ALD of two impor-
tant thermoelectric layered cobalt oxide materials, NaxCoO2 and
[Ca2CoO3]0.62CoO2 or “Ca3Co4O9.” The former ALD process was
new, while the latter we had developed earlier.

In both cases, obtaining the targeted thermoelectric material
in crystalline form required a postdeposition heat-treatment;
importantly, for NaxCoO2, the layered phase was obtained as the
single crystalline phase for a wide range of Na contents x. Then,
comparing the heat-treated NaxCoO2 and Ca3Co4O9 films, the film
morphologies were found amazingly different. While the Ca3Co4O9

films were smooth and continuous, the NaxCoO2 films indepen-
dent of x exhibited an intriguing morphology consisting of virtually
macroscopic island structures. This may not be only a negative
aspect as it could provide us with interesting possibilities once
properly elaborated to design/fabricate unique nano-/microstruc-
tures for enhanced thermoelectric characteristics.

Finally, we characterized our ALD Ca3Co4O9 films in more
detail than was previously accomplished.20 The presence of poly-
crystalline Ca3Co2O9 was proven with GIXRD for films annealed in
O2 at 600 °C or higher; the elemental-composition profile was mea-
sured with XPS; and the optical dispersion was determined with
spectroscopic ellipsometry. Moreover, the robustness of this process
was demonstrated by an unintentional Ca excess; here, the stoichio-
metric Ca3Co4O9 was obtained after annealing through diffusion of
Ca to the interface with the substrate.

ACKNOWLEDGMENTS

The authors acknowledge funding from the Academy of
Finland (No. 296299) and the use of the RawMatTERS Finland
Infrastructure (RAMI) at Aalto University.

REFERENCES
1K. Mizushima, P. C. Jones, P. J. Wiseman, and J. B. Goodenough, Mater. Res.
Bull. 15, 783 (1980).
2I. Terasaki, Y. Sasago, and K. Uchinokura, Phys. Rev. B 56, R12685
(1997).
3T. Motohashi, E. Naujalis, R. Ueda, K. Isawa, M. Karppinen, and H. Yamauchi,
Appl. Phys. Lett. 79, 1480 (2001).
4T. Motohashi, Y. Sugimoto, Y. Masubuchi, T. Sasagawa, W. Koshibae,
T. Tohyama, H. Yamauchi, and S. Kikkawa, Phys. Rev. B 83, 195128 (2011).
5G. Khaliullin and J. Chaloupka, Phys. Rev. B 77, 104532 (2008).
6Y. Miyazaki, K. Kudo, M. Akoshima, Y. Ono, Y. Koike, and T. Kajitani, Jpn.
J. Appl. Phys. 39, L531 (2000).
7Y. Miyazaki, Solid State Ionics 172, 463 (2004).
8M. Karppinen, H. Fjellvåg, T. Konno, Y. Morita, T. Motohashi, and
H. Yamauchi, Chem. Mater. 16, 2790 (2004).
9M. Schrade, T. Norby, and T. G. Finstad, J. Appl. Phys. 117, 205103 (2015).
10H. Yamauchi, K. Sakai, T. Nagai, Y. Matsui, and M. Karppinen, Chem. Mater.
18, 155 (2006).
11A. I. Hochbaum, R. Chen, R. D. Delgado, W. Liang, E. C. Garnett,
M. Najarian, A. Majumdar, and P. Yang, Nature 451, 163 (2008).
12T. Tynell, I. Terasaki, H. Yamauchi, and M. Karppinen, J. Mater. Chem. A 1,
13619 (2013).
13T. Tynell, A. Giri, J. Gaskins, P. E. Hopkins, P. Mele, K. Miyazaki, and
M. Karppinen, J. Mater. Chem. A 2, 12150 (2014).
14M. Aksit, S. K. Kolli, I. M. Slauch, and R. D. Robinson, Appl. Phys. Lett. 104,
161901 (2014).
15B. Rivas-Murias, J. M. Vila-Fungueirino, and F. Rivadulla, Sci. Rep. 5, 11889
(2015).
16L. S. Panchakarla, L. Lajaunie, A. Ramasubramaniam, R. Arenal, and
R. Tenne, ACS Nano 10, 6248 (2016).
17C. Bae et al., Semicond. Sci. Technol. 29, 064003 (2014).
18J.-H. Lee, T.-H. Park, S.-H. Lee, N.-W. Park, W.-Y. Lee, J.-H. Lim, S.-K. Lee,
and J.-S. Park, Ceram. Int. 42, 14411 (2016).
19S. M. George, Chem. Rev. 110, 111 (2010).
20J. Lybeck, M. Valkeapää, S. Shibasaki, I. Terasaki, H. Yamauchi, and
M. Karppinen, Chem. Mater. 22, 5900 (2010).
21E. Ahvenniemi, M. Matvejeff, and M. Karppinen, Appl. Surf. Sci. 320, 838
(2014).
22E. Ahvenniemi, M. Matvejeff, and M. Karppinen, Dalton Trans. 44, 8001
(2015).
23M. E. Donders, W. M. Arnoldbik, H. C. M. Knoops, W. M. M. Kessels, and
P. H. L. Notten, J. Electrochem. Soc. 160, A3066 (2013).
24H. Ohta, S.-W. Kim, S. Ohta, K. Koumoto, M. Hirano, and H. Hosono, Cryst.
Growth Design 5, 25 (2005).
25E. Østreng, H. H. Sønsteby, S. Øien, O. Nilsen, and H. Fjellvåg, Dalton Trans.
43, 16666 (2014).
26H. H. Sønsteby, O. Nilsen, and H. Fjellvåg, J. Vac. Sci. Technol. A 34, 041508
(2016).
27Z. Giedraityte, O. Lopez-Acevedo, L. A. E. Leal, V. Pale, J. Sainio,
T. S. Tripathi, and M. Karppinen, J. Phys. Chem. C 120, 26342 (2016).
28J. Penttinen, M. Nisula, and M. Karppinen, Chem. Eur. J. 23, 18225 (2017).
29J. Penttinen, M. Nisula, and M. Karppinen, Chem. Eur. J. 25, 11466 (2019).
30K. B. Klepper, O. Nilsen, and H. Fjellvåg, Thin Solid Films 515, 7772 (2007).
31K. B. Klepper, O. Nilsen, and H. Fjellvåg, J. Cryst. Growth 307, 457 (2007).
32D. J. Hagen, T. S. Tripathi, and M. Karppinen, Dalton Trans. 46, 4796
(2017).

FIG. 5. Optical constants n and k for Ca3Co4O9 films: as-deposited (dashed
lines) and heat-treated at 750 °C (solid lines).

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/6.0000166 38, 032412-5

Published under license by AVS.

https://doi.org/10.1016/0025-5408(80)90012-4
https://doi.org/10.1016/0025-5408(80)90012-4
https://doi.org/10.1103/PhysRevB.56.R12685
https://doi.org/10.1063/1.1400777
https://doi.org/10.1103/PhysRevB.83.195128
https://doi.org/10.1103/PhysRevB.77.104532
https://doi.org/10.1143/JJAP.39.L531
https://doi.org/10.1143/JJAP.39.L531
https://doi.org/10.1016/j.ssi.2004.01.046
https://doi.org/10.1021/cm049493n
https://doi.org/10.1063/1.4921861
https://doi.org/10.1021/cm0519176
https://doi.org/10.1038/nature06381
https://doi.org/10.1039/c3ta12909h
https://doi.org/10.1039/C4TA02381A
https://doi.org/10.1063/1.4871506
https://doi.org/10.1038/srep11889
https://doi.org/10.1021/acsnano.6b02430
https://doi.org/10.1088/0268-1242/29/6/064003
https://doi.org/10.1016/j.ceramint.2016.06.032
https://doi.org/10.1021/cr900056b
https://doi.org/10.1021/cm101812k
https://doi.org/10.1016/j.apsusc.2014.09.131
https://doi.org/10.1039/C5DT00436E
https://doi.org/10.1149/2.011305jes
https://doi.org/10.1021/cg049818c
https://doi.org/10.1021/cg049818c
https://doi.org/10.1039/C4DT01930J
https://doi.org/10.1116/1.4953406
https://doi.org/10.1021/acs.jpcc.6b08986
https://doi.org/10.1002/chem.201703704
https://doi.org/10.1002/chem.201901034
https://doi.org/10.1016/j.tsf.2007.03.182
https://doi.org/10.1016/j.jcrysgro.2007.06.028
https://doi.org/10.1039/C7DT00512A
https://avs.scitation.org/journal/jva


33S. Haukka, M. Lindblad, and T. Suntola, Appl. Surf. Sci. 112, 23 (1997).
34M. Diskus, O. Nilsen, and H. Fjellvåg, Chem. Vap. Depos. 17, 135 (2011).
35M. E. Donders, H. C. M. Knoops, M. C. M. van de Sanden, W. M. M. Kessels,
and P. H. L. Notten, J. Electrochem. Soc. 158, G92 (2011).
36B. Han, K. H. Choi, J. M. Park, J. W. Park, J. Jung, and W.-J. Lee, J. Vac. Sci.
Technol. A 31, 01A145 (2013).
37T. Q. Ngo et al., J. Appl. Phys. 114, 084901 (2013).
38Z. Zhang, H. C. Nallan, B. M. Coffey, T. Q. Ngo, T. Pramanik, S. K. Banerjee,
and J. G. Ekerdt, J. Vac. Sci. Technol. A 37, 010903 (2019).
39K. Väyrynen, T. Hatanpää, M. Mattinen, M. Heikkilä, K. Mizohata,
K. Meinander, J. Räisänen, M. Ritala, and M. Leskelä, Chem. Mater. 30, 3499
(2018).
40J. Kim et al., Chem. Mater. 29, 5796 (2017).
41S. Jung, D. K. Nandi, S. Yeo, H. Kim, Y. Jang, J.-S. Bae, T. E. Hong, and
S.-H. Kim, Surf. Coat. Technol. 337, 404 (2018).

42D. K. Nandi, J. Manna, A. Dhara, P. Sharma, and S. K. Sarkar, J. Vac. Sci.
Technol. A 34, 01A115 (2016).
43B. Han, K. H. Choi, K. Park, W. S. Han, and W.-J. Lee, Electrochem.
Solid-State Lett. 15, D14 (2011).
44M. Rooth, E. Lindahl, and A. Hårsta, Chem. Vap. Depos. 12, 209 (2006).
45G. S. Hammond, D. C. Nonhebel, and C.-H. S. Wu, Inorg. Chem. 2, 73
(2963).
46D. J. Hagen, J. Connolly, I. M. Povey, S. Rushworth, and M. E. Pemble, Adv.
Mater. Interfaces 4, 1700274 (2017).
47D. J. Hagen, T. S. Tripathi, I. Terasaki, and M. Karppinen, Semicond. Sci.
Technol. 33, 115015 (2018).
48K. Agilandeswari and A. R. Kumar, J. Magn. Magn. Mater. 364, 117 (2014).
49K. Tanabe, R. Okazaki, H. Taniguchi, and I. Terasaki, J. Phys. Cond. Matter
28, 085601 (2016).
50M. H. Chambrier et al., Solid State Ionics 273, 13 (2015).

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(3) May/Jun 2020; doi: 10.1116/6.0000166 38, 032412-6

Published under license by AVS.

https://doi.org/10.1016/S0169-4332(96)00979-8
https://doi.org/10.1002/cvde.201006891
https://doi.org/10.1149/1.3552616
https://doi.org/10.1116/1.4772461
https://doi.org/10.1116/1.4772461
https://doi.org/10.1063/1.4819106
https://doi.org/10.1116/1.5063669
https://doi.org/10.1021/acs.chemmater.8b01271
https://doi.org/10.1021/acs.chemmater.6b05346
https://doi.org/10.1016/j.surfcoat.2018.01.047
https://doi.org/10.1116/1.4935353
https://doi.org/10.1116/1.4935353
https://doi.org/10.1149/2.008202esl
https://doi.org/10.1149/2.008202esl
https://doi.org/10.1149/2.008202esl
https://doi.org/10.1002/cvde.200506447
https://doi.org/10.1021/ic50005a021
https://doi.org/10.1002/admi.201700274
https://doi.org/10.1002/admi.201700274
https://doi.org/10.1088/1361-6641/aae2e9
https://doi.org/10.1088/1361-6641/aae2e9
https://doi.org/10.1016/j.jmmm.2014.04.016
https://doi.org/10.1088/0953-8984/28/8/085601
https://doi.org/10.1016/j.ssi.2014.10.026
https://avs.scitation.org/journal/jva

	Atomic layer deposition of thermoelectric layered cobalt oxides
	I. INTRODUCTION
	II. EXPERIMENT
	III. RESULTS AND DISCUSSION
	IV. SUMMARY AND CONCLUSIONS
	References


