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ABSTRACT

Atomic/molecular layer deposition (ALD/MLD) is strongly emerging as the state-of-the-art gas-phase fabrication technique for novel
functional inorganic-organic thin-film materials. In the actual ALD/MLD process development, selecting the proper sublimation tempera-
tures for the inorganic and organic precursors is an important task. In particular, the latter ones tend to require higher sublimation temper-
atures. In this work, we systematically investigate a representative set of most common ALD/MLD organic precursors using low-pressure
(4 mbar) thermogravimetric (TG) analysis. The onset temperature (TGonset) where the weight loss starts is found to well foretell us the
optimal precursor source temperature (TMLD) for ALD/MLD; typically, the TMLD value used in a practical ALD/MLD experiment is lower
by approximately 14% than the TGonset value. Moreover, we discuss the possibility to utilize the melting point of the compound as a starting
point if such vacuum TG measurements are not available.

Published under license by AVS. https://doi.org/10.1116/6.0000345

I. INTRODUCTION

Atomic/molecular layer deposition (ALD/MLD) is an attrac-
tive gas-phase route to fabricate new exciting inorganic-organic
thin-film materials.1–7 In this technique, ALD cycles for the inor-
ganic constituent are combined with MLD cycles for the organic
constituent. This, first of all, requires that the mutually reactive
inorganic and organic precursors are vaporized and efficiently
transported to the substrate surface one after the other in a highly
controlled way. To avoid any unwanted gas-phase reactions, the
precursor pulses are separated from each other by purging the
reactor chamber with an inert gas pulse after each precursor pulse.

Like in the conventional ALD technology for inorganics, one of
the major issues in ALD/MLD is the choice of the optimal precur-
sors. To enable the mutual surface reactions and at the same time
avoid the unwanted gas-phase side-reactions, precursor condensation
or gas-phase decomposition, it is crucial to find an optimal combi-
nation of inorganic and organic precursors with similar thermal
properties.8 Here, in particular, the volatility, reactivity, and thermal
stability of the precursors should be considered to ensure feasible
film growth in the aimed hybrid inorganic-organic film deposition

temperature range.9–11 In ALD/MLD, this often translates into issues
related to the low vapor pressures of the organic precursors
employed. These precursors are typically large organic molecules
with high symmetry and strong intermolecular bonds and, hence,
relatively low vapor pressures. To achieve enough precursor supply,
these precursors must be heated to relatively high temperatures.
Reaching the sublimation temperature is not absolutely necessary, as
some vaporization occurs even below this temperature. However, at
too low temperatures, the problem is slow vaporization kinetics.

Thermogravimetric (TG) analysis provides us with a simple
and straightforward way to investigate the thermal properties of
ALD/MLD precursors. In a TG experiment, a sample powder is
heated with a fixed heating rate and its weight is constantly mea-
sured; from the start of the weight loss in the TG curve, the onset
temperature (TGonset) of precursor vaporization can be seen.12–14

This is a highly valuable information as the TGonset provides us an
easily obtained parameter to compare the volatilities of different
(organic) precursor compounds and to establish the proper precur-
sor source temperatures (TMLD) for them to be used in practice in
ALD/MLD experiments.
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One of the challenges with organic precursors is that extensive
heating often required for their vaporization may also lead to their
thermal decomposition before the high enough dosing level is
reached.1,14 In actual ALD/MLD conditions, this issue is often less
serious,15 as the ALD reactors typically operate under medium
vacuum and utilize an inert carrier gas flow (typically nitrogen) in
order to ensure comparable sublimation kinetics.16 To mimic these
practical conditions, the TG experiments for the determination of
the onset temperatures should be carried out under vacuum using
a constant inert gas flow. It should be emphasized that using a
vacuum system is absolute necessity for many of the organics
because they often decompose before they sublime under atmo-
spheric pressure. This is vastly different from the behaviors of
typical solid (inorganic) metal precursors for which atmospheric
pressure measurements are often sufficient for estimating the pre-
cursor source temperatures in ALD.9

In this paper, we report vacuum TG analysis results for 15
representative organic precursors used in the ongoing ALD/MLD
research. The results are discussed by comparing the obtained
TGonset values with sublimation and/or melting temperatures
reported in the literature for relevant organics and also with the
TMLD values used for these organic precursors in practice in
reported ALD/MLD experiments.

II. EXPERIMENT

All the thermogravimetric analyses were carried out on a
modified Perkin Elmer TGA 7 thermobalance under a low pressure
(4 mbar) and controlled nitrogen gas flow. The N2 gas flow was
vertical in respect to the sample holder. A sample powder of
5–10 mg was placed in a steel crucible of ∼12.6 mm2 in section

area such that the bottom of the crucible was always covered with
the powder to ensure the similar sublimation area. In each TG run,
the sample was heated with a rate of 2 °C/min; this slow heating
rate was chosen to guarantee uniform heating across the sample.

The substances investigated were purchased from different
commercial chemical suppliers, mainly Sigma-Aldrich and TCI
Chemicals; similar precursor powders from the same suppliers had
also been previously employed in our practical ALD/MLD works
based on a commercial hot wall F-120 reactor (ASM Micro-chemistry,
Espoo, Finland) operated at 2–4mbar. It should be emphasized that
the other quoted TMLD precursor source temperatures from the litera-
ture (other than our works) are not necessarily based on this specific
ALD reactor type; this is important, as there are likely to be some
(systematic) differences in the required/used precursor source temper-
atures depending on the reactor configuration.

III. RESULTS AND DISCUSSION

If we investigated altogether 15 solid organic compounds
through a similar vacuum (∼4 mbar) TG analysis; examples of the
TG curves are displayed in Fig. 1. The 15 organic compounds
investigated are listed in Table I. We also include in this table 54
other organic precursor compounds used in practical ALD/MLD
experiments in the literature, together with the precursor source
temperatures used in these experiments. When considering the
TMLD values listed, it should be emphasized that the optimal pre-
cursor source temperature depends on the precursor delivery
system/reactor configuration. In Table I, we also give for each
precursor compound the following parameters collected from
literature: melting point (Tm), possible decomposition temperature
(Tdecomp), and sublimation (Tsub) or vaporization (Tvap)

FIG. 1. TG curves recorded (a) for terephthalic acid under vacuum (∼4 mbar) and atmospheric pressure (corresponding TGonset values and their definition are also indi-
cated) and (b) for other selected organics under vacuum (the weight scale is normalized).
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TABLE I. Precursor source temperatures (TMLD) used for organic precursors in ALD/MLD, together with the present vacuum TGonset temperatures and the phase-change tem-
peratures (Tm, Tsub, Tvap, and Tdecomp) collected from literature. For phase-change type: M is for melting, D is for decomposition, V is for vaporization, and S is for sublimation.

Precursor No Molecule TMLD (°C)
TGonset
(°C)

Tphase-change
(°C)

Phase-change
type

Propargyl alcohol 1
Not given in

Refs. 17 and 18 −53 M

Ethylenediamine 2 RT7,19,20 8 M

2-Aminoethanol 3 8021 10 M

Ethylene glycol 4 ∼3022–24 −13 M

Glycidol 5 ∼6025,26 −54 M

Glycine 6 ∼20027,28 240 D

1,4-Butynediol 7 5029 53 M

Oxalic acid 8 10030 185 D

Lactic acid 9 11531 18 M

1,4-Butanediol 10 ∼8029,32,33 19 M

Glycerin 11
∼6024,34,35

18 M

Phenol 12
∼8036,37

41 M

1,2-Ethanedithiol 13
RT38

−41 M

Maleic anhydride 14 ∼8021,39,40 53 M

Malonic acid 15
12541

136 D

Diethylene glycol 16 10042 −10 M

1,4-Benzenediamine 17 ∼7043–45 142 M

4-Aminophenol 18 ∼1112,46–48 122 189 M

Hydroquinone 19 ∼907,22,43,46,49–66 132 172 M

Diacetylene glycol 20 ∼8067–69 112 M
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TABLE I. (Continued.)

Precursor No Molecule TMLD (°C)
TGonset
(°C)

Tphase-change
(°C)

Phase-change
type

Uracil 21 ∼20728,70–73 209 330 M

1,6-Hexanolide 22 6074 −2 M

Fumaric acid 23 Not given in Ref. 7 299 S

Maleic acid 24 ∼17275,76 132 M

1,6-Diaminohexane 25 4077 39 M

Succinic acid 26 14027 186 M

1,6-Hexanediol 27 8578 40 M

1,3,5-Benzenetriol 28 Not given in Ref. 7 218 M

Thymine 29 ∼20728,73 316 M

Tetracyanoethylene 30 RT79,80 198 M

Glutaric acid 31 19981 97 M

L-(+)-aspartic acid 32 22527 230 D

Adenine 33 ∼21028,70,73 220 360 D

4-Aminobenzoic acid 34 Not given in Ref. 7 188 D

Malonyl chloride 35 Not given in Ref. 82 54 V

trans,trans-Muconic acid 36 Not given in Ref. 7 290 M

1,4-Benzenedithiol 37 3543 97 M

8-Hydroxyquinoline 38 ∼1007,83–85 75 M
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TABLE I. (Continued.)

Precursor No Molecule TMLD (°C)
TGonset
(°C)

Tphase-change
(°C)

Phase-change
type

L-(+)-glutamic acid 39 16586 201 D

Triethanolamine 40 ∼14887,88 20 M

1,4-Diisocyanatobenzene 41 9089 94 M

Pimelic acid 42 13941 104 M

3-(Trifluoromethyl)phenol 43 ∼8036,37 −2 M

Phthalic acid 44 17790 210 D

Terephthalic acid 45 ∼18543,49,91–98 232 402 S

Isophthalic acid 46 21290 342 S

2,3-Pyridinedicarboxylic acid 47 150 (unpublished
work)

186 188 D

2,6-Pyridinedicarboxylic acid 48 23597 188 245 D

3,5-Pyridinedicarboxylic acid 49 ∼1905,97,99 203 325 D

2,3-Pyrazinedicarboxylic acid 50 145100 188 D

2-(2,2,4-Trimethyl-1,2-azasilolidin-1-yl)
ethanamine

51 5539 54 V

(E)-Aconitic acid 52 11486 190 D

Suberic acid 53
13941

143 M

DL-arginine 54 20028 230 D

Acetonedicarboxylic acid 55 13586,90 132 M

2-Aminoterephthalic acid 56 225101 and 185102 223 324 D
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temperature; the Tm data are mostly from Jean-Claude Bradley
Open melting dataset117 and cross-checked with manufacturers’
catalogs such as Sigma-Aldrich’s (in case of significant deviation,
the manufacturer’s value was used).

Optimally, an organic compound used as a precursor should
show in our (vacuum) TG run a single sharp weight-loss step due
to sublimation. This was essentially the case for all the compounds
investigated (c.f., the examples shown in Fig. 1). For our further
discussion, we analyzed the TG data by determining the TGonset

temperature from the weight-loss step as demonstrated in Fig. 1(a)
for terephthalic acid (TPA).

For TPA, we carried out the TG analysis also under normal
pressure. From the two TG curves recorded in vacuum (4mbar)
and normal pressure, it can be seen that the TGonset value is—as
expected—considerably lower for the vacuum run. In the case of
TPA, the difference between the two TGonset values, 302 and 232 °C,
is as large as 70 °C. According to previous literature data for TPA, the
onset temperature is as high as 330 °C; however, this TG analysis was

TABLE I. (Continued.)

Precursor No Molecule TMLD (°C)
TGonset

(°C)
Tphase-change

(°C)
Phase-change

type

2,3,5,6-Tetrafluoro-1,4-benzenediol 57 Not given in Ref. 22 169 M

2-Fluoro-4-(trifluoromethyl) benzaldehyde 58 ∼6036,37 182 V

2,5-Dihydroxyterephthalic acid 59 190 (unpublished
work)

230 281 D

4,40-Oxydianiline 60
∼14043,46,103–109

168 191 M

Sebacic acid 61
14741

220 M

Terephthaloyl chloride 62
90110

81 M

Trimesic acid 63 24598 252 375 M

2,6-Naphthalenedicarboxylic acid 64 250111 and 225112 275 >300a M

PMDA 65 15077 283 M

4,40-Biphenyldicarboxylic acid 66 250112 287 >300a M

7-Octenyltrichlorosilane 67 ∼10069,113,114 223 V

1,2,4,5-Benzene tetracarboxylic acid 68 ∼1907,90 281 M

4,40-Azodibenzoic acid 69 ∼310115,116 325 330 D

aThe reported melting points for 64 (2,6-naphthalenedicarboxylic acid) and 66 (4,40-biphenyldicarboxylic acid) are both just >300 °C, which is just a rough
estimate.
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carried out in 1 atm N2 atmosphere with a much higher heating rate
(10 °C/min).118 It is important to note that for TPA, the atmospheric
pressure TG run is feasible; this is, however, not the case for many of
the organics as many of them tend to decompose before sublimation
when heated under normal pressure. From Table I, it can be seen
that for many organic compounds used as precursors in ALD/MLD,
the decomposition temperature is relatively low.

To gain an overview, we plot in Fig. 2 the Tm, Tsub, Tvap, and
Tdecomp values collected from literature for all the chosen 69 organic
compounds against their molecular weight (M); in general, an
increasing trend is seen for all these values with increasing M. There
is naturally considerable scattering in the data, presumably due to
specific chemical bonding effects on lattice energy and thereby subli-
mation characteristics. Sublimation enthalpy (ΔHsub) depends on
factors such as atomic weights, hybridization states and bonding

environments of the component atoms, as well as the nature and the
number of hydrogen bonds occurring in the crystal structure.119

As a general trend of organics, ΔHsub increases with increasing
number of carbon atoms; however, aliphatic and aromatic com-
pounds follow somewhat separate trends. Slight difference is also seen
between linear and branched molecules; branched molecules are
often sterically hindered and show, therefore, weaker interactions and
lower Tm values.119 Molecular symmetry has also a distinct effect on
Tm of organic compounds, such that the more symmetric molecules
in the crystalline form tend to have higher melting temperatures in
comparison to similar molecules with lower symmetry.120

From Fig. 2, the “higher-than-expected” temperature values
for the compounds 6 (glycine), 21 (uracil), 23 (fumaric acid), 29
(thymine), 36 [(2E,4E)-hexa-2,2-dienedioic acid], 45 (TPA), 46
(isophthalic acid), and 63 (trimesic acid) are well explained by the
strong hydrogen bonding (SHB) effect.

Namely, compounds that contain larger numbers of hydrogen-
bond acceptor/donor groups are typically rigid, relatively symmetric
and tightly packed, and show higher sublimation enthalpies.121 Most
evidently, the SHB effect is seen for TPA; it has eight strong H-bonds
from four different points of the molecule (Fig. 3). In the case of
compounds 23 and 36, the trans-position and tight crystallographic
packing place them even higher in the Fig. 2 plot. Among the
hydrogen-bonded systems, also the specific H-bond arrangement
affects the sublimation characteristics (Fig. 3). For example, dicarbox-
ylic acids behave differently from the corresponding monofunctional
molecules.119 On the other hand, e.g., for the compound 43
(3-(trifluoromethyl) phenol), the “lower-than-expected” position in
Fig. 2 is presumably due to the trifluoro group and steric hindrance.

Now, to discuss the relevance of our vacuum TG analysis, we
plot in Fig. 4 the obtained TGonset values against the TMLD values
used in practical ALD/MLD experiments. Interestingly, the TMLD

values are typically lower by approximately 14% (standard deviation
8%) than the TGonset values. We believe this observation could serve
as a rough guiding rule when setting the source temperature for the
organic precursor during the course of a new ALD/MLD process
development. Naturally, the specific reactor configuration and the
selected pulsing and purging times naturally play a certain role as
well; for example, in the case of ethylene glycol (molecule 4),

FIG. 2. Relation between the molecular weight and selected thermal properties
(Tm, Tsub, Tvap, and Tdecomp) for the 69 organic compounds listed in Table I.

FIG. 3. Examples of different H-bonding schemes: (a) TPA has eight H-bonds from four different points of the molecule, (b) hydroquinone has only four H-bonds from two
different spots (—OH), and (c) thymine has four H-bonds from three different spots, with much more tight molecular packing.
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the TMLD values vary from 30 °C (F-120 ASM reactor)122 even up to
80 °C (when the ethylene glycol was stored in an external container
and the flow to the reactor was controlled with a valve).35

We, moreover, investigated how well the normal-pressure Tm

or Tsub value could be utilized for the proper TMLD value search.
These values are well tabulated in basic literature for most of the
relevant organic precursors. Like in the case of our TGonset values,
a clear correlation between Tm/Tsub and TMLD is seen in Fig. 5.

Nevertheless, in this plot, much more “random” variation is seen
compared to the TGonset versus TMLD plot shown in Fig. 4. In par-
ticular, the proper TMLD seems to be higher than Tm/Tsub at low
temperatures and vice versa at high temperatures. The reason
behind this observation is not fully understood; however, the “too
high” TMLD values for the precursors with the lowest Tm/Tsub

values are apparently due to the fact that in ALD/MLD the precur-
sors are not commonly cooled below room temperature.

Finally, we like to turn back to terephthalic acid as an illustra-
tive example. For TPA, Alfa Aesar catalog reports Tsub at 402 °C;
this is determined in a sealed glass tube as a point where the vapor
pressure of TPA reaches 1 atm. Other chemical manufacturers typi-
cally report only the Tm value, which is higher than 300 °C. As dis-
cussed earlier in this work, the normal-pressure TG measurements
(in N2) revealed the onset temperature between 300 and 330 °C
depending on the heating rate. Our vacuum TGonset value of 232 °C
is, thus, clearly closest to the TMLD value of 185 °C typically used in
practical ALD/MLD experiments.123

IV. SUMMARY AND CONCLUSIONS

In the present work, we measured the TGonset temperatures for
15 representative organic compounds commonly employed as precur-
sors in ALD/MLD. The measurement conditions (vacuum, slow
heating rate) were chosen so that the TGonset values obtained could
provide us with useful estimates for the source temperatures required
for these organic precursors in the practical ALD/MLD growth of
inorganic-organic thin films. Indeed, a clear correlation between the
thus far reported TMLD values and our TGonset values was seen, the
former being by approximately 14% lower (standard deviation of 8%).

Since the vacuum TG technique is not always available, we
also considered the possibility to estimate the TMLD temperatures
based on the melting points Tm, commonly found in literature for
the relevant organic compounds. For this purpose, we collected
thermal data for altogether 69 organic compounds (including the
15 compounds experimentally investigated in the present work) so
far employed in ALD/MLD. It was found that the Tm values, in
general, reflect relatively well the TGonset and TMLD values.
However, particularly challenging are the materials with strong
hydrogen bonds as these tend to considerably increase the melting
point but not necessarily the required TMLD temperature.

Being able to choose the precursor source temperatures prop-
erly allows faster process optimizing. Too low source temperatures
require longer pulse lengths, thus elongating deposition times and
possibly also leading to larger fluctuations in the temperature
profile along the reactor chamber. In contrary, too high source tem-
peratures may lead to decomposition of the precursor and uncon-
trollable film growth.
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FIG. 4. Present TGonset values plotted against the TMLD values used as the pre-
cursor source temperature in practical ALD/MLD experiments in literature; the
dashed line represents the situation for TGonset = TMLD.

FIG. 5. Reported normal-pressure Tm and Tsub values plotted against the TMLD
values used as the precursor source temperature in practical ALD/MLD experi-
ments in literature; the dashed line represents the situation for Tm/Tsub = TMLD.

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(5) Sep/Oct 2020; doi: 10.1116/6.0000345 38, 052406-8

Published under license by AVS.

https://avs.scitation.org/journal/jva


REFERENCES
1S. M. George, Chem. Rev. 110, 111 (2010).
2P. Sundberg and M. Karppinen, Eur. J. Inorg. Chem. 2014, 968.
3X. Meng, J. Mater. Chem. A 5, 18326 (2017).
4J. Cai, Q. Sun, and X. Meng, AIMS Mater. Sci. 5, 957 (2018).
5L. Mai, Z. Giedraityte, M. Schmidt, D. Rogalla, S. Scholz, A. D. Wieck, A. Devi,
and M. Karppinen, J. Mater. Sci. 52, 6216 (2017).
6P. Sundberg and M. Karppinen, Beilstein J. Nanotechnol. 5, 1104 (2014).
7O. Nilsen, K. Klepper, H. Nielsen, and H. Fjellvåg, ECS Trans. 16, 3 (2008).
8B. S. Lim, A. Rahtu, J. Park, and R. G. Gordon, Inorg. Chem. 42, 67 (2003).
9A. Niskanen, T. Hatanpää, M. Ritala, and M. Leskelä, J. Therm. Anal. Calorim.
64, 955 (2001).
10S. A. Rushworth, R. Nickson, and P. Hughes, Microelectron. Reliab. 45, 1000 (2005).
11S. Rushworth, K. Coward, H. Davies, P. Heys, T. Leese, L. Kempster,
R. Odedra, F. Song, and P. Williams, Surf. Coat. Technol. 201, 9060 (2007).
12C. Wang, S. Yang, and Y. Chen, R. Soc. Open Sci. 6, 181193 (2019).
13S. Shahbazi, S. A. Stratz, J. D. Auxier, D. E. Hanson, M. L. Marsh, and
H. L. Hall, J. Radioanal. Nucl. Chem. 311, 617 (2017).
14F. Heym, W. Korth, B. J. M. Etzold, C. Kern, and A. Jess, Thermochim. Acta
622, 9 (2015).
15M. Tuomisto, Z. Giedraityte, L. Mai, A. Devi, V. Boiko, K. Grzeszkiewicz,
D. Hreniak, M. Karppinen, and M. Lastusaari, J. Lumin. 213, 310 (2019).
16O. Nilsen, H. Fjellvåg, and A. Kjekshus, Thermochim. Acta 404, 187 (2003).
17V. M. Smirnov, E. G. Zemtsova, and P. E. Morozov, Rev. Adv. Mater. Sci. 21,
205 (2009).
18V. M. Smirnov, E. G. Zemtsova, A. A. Belikov, I. L. Zheldakov, P. E. Morozov,
O. G. Polyachonok, and V. B. Aleskovskii, Dokl. Phys. Chem. 413, 95 (2007).
19C. Prasittichai, H. Zhou, and S. F. Bent, ACS Appl. Mater. Interfaces 5, 13391
(2013).
20H. Zhou and S. F. Bent, ACS Appl. Mater. Interfaces 3, 505 (2011).
21D. C. Miller, R. R. Foster, S. H. Jen, J. A. Bertrand, D. Seghete, B. Yoon,
Y. C. Lee, S. M. George, and M. L. Dunn, Acta Mater. 57, 5083 (2009).
22A. I. Abdulagatov, K. E. Terauds, J. J. Travis, A. S. Cavanagh, R. Raj, and
S. M. George, J. Phys. Chem. C 117, 17442 (2013).
23D. C. Miller et al., J. Appl. Phys. 105, 093527 (2009).
24K. Van de Kerckhove, J. Dendooven, and C. Detavernier, J. Vac. Sci. Technol. A
36, 051506 (2018).
25B. Gong, Q. Peng, and G. N. Parsons, J. Phys. Chem. B 115, 5930 (2011).
26Y. Lee, B. Yoon, A. S. Cavanagh, and S. M. George, Langmuir 27, 15155
(2011).
27L. Momtazi, H. H. Sønsteby, D. A. Dartt, J. R. Eidet, and O. Nilsen, RSC Adv.
7, 20900 (2017).
28L. Momtazi, D. A. Dartt, O. Nilsen, and J. R. Eidet, J. Biomed. Mater. Res.
Part A 106, 3090 (2018).
29D. Choudhury, G. Rajaraman, and S. K. Sarkar, J. Vac. Sci. Technol. A 36,
01A108 (2018).
30J. E. Bratvold, G. Carraro, D. Barreca, and O. Nilsen, Appl. Surf. Sci. 347, 861
(2015).
31M. Vähä-Nissi, J. Sievänen, E. Salo, P. Heikkilä, E. Kenttä, L. S. Johansson,
J. T. Koskinen, and A. Harlin, J. Solid State Chem. 214, 7 (2014).
32R. G. Closser, D. S. Bergsman, L. Ruelas, F. S. M. Hashemi, and S. F. Bent,
J. Vac. Sci. Technol. A 35, 031509 (2017).
33D. S. Bergsman, R. G. Closser, C. J. Tassone, B. M. Clemens, D. Nordlund,
and S. F. Bent, Chem. Mater. 29, 1192 (2017).
34D. M. Piper, J. J. Travis, M. Young, S.-B. Son, S. C. Kim, K. H. Oh,
S. M. George, C. Ban, and S.-H. Lee, Adv. Mater. 26, 1596 (2014).
35K. Van de Kerckhove, M. K. S. Barr, L. Santinacci, P. M. Vereecken,
J. Dendooven, and C. Detavernier, Dalton Trans. 47, 5860 (2018).
36L. Keskiväli, M. Putkonen, E. Puhakka, E. Kenttä, J. Kint,
R. K. Ramachandran, C. Detavernier, and P. Simell, ACS Omega 3, 7141 (2018).
37L. Svärd, M. Putkonen, E. Kenttä, T. Sajavaara, F. Krahl, M. Karppinen,
K. Van de Kerckhove, C. Detavernier, and P. Simell, Langmuir 33, 9657 (2017).

38C. MacIsaac, J. R. Schneider, R. G. Closser, T. R. Hellstern, D. S. Bergsman,
J. Park, Y. Liu, R. Sinclair, and S. F. Bent, Adv. Funct. Mater. 28, 1800852
(2018).
39L. Ju, B. Bao, S. W. King, and N. C. Strandwitz, J. Vac. Sci. Technol. A 35,
01B136 (2017).
40T. D. Gould, A. Izar, A. W. Weimer, J. L. Falconer, and J. W. Medlin,
ACS Catal. 4, 2714 (2014).
41K. B. Klepper, O. Nilsen, P.-A. Hansen, and H. Fjellvåg, Dalton Trans. 40,
4636 (2011).
42D. Choi, M. Yoo, H. M. Lee, J. Park, H. Y. Kim, and J.-S. Park, ACS Appl.
Mater. Interfaces 8, 12263 (2016).
43D. J. Hagen, L. Mai, A. Devi, J. Sainio, and M. Karppinen, Dalton Trans. 47,
15791 (2018).
44W. Zhou, J. Leem, I. Park, Y. Li, Z. Jin, and Y.-S. Min, J. Mater. Chem. 22,
23935 (2012).
45T. Yoshimura, S. Tatsuura, W. Sotoyama, A. Matsuura, and T. Hayano,
Appl. Phys. Lett. 60, 268 (1992).
46T. Tynell, H. Yamauchi, and M. Karppinen, J. Vac. Sci. Technol. A 32, 01A105
(2014).
47P. Sundberg, A. Sood, X. Liu, and M. Karppinen, Dalton Trans. 42, 15043
(2013).
48A. Sood, P. Sundberg, and M. Karppinen, Dalton Trans. 42, 3869 (2013).
49M. Nisula and M. Karppinen, J. Mater. Chem. A 6, 7027 (2018).
50A. Tanskanen and M. Karppinen, Dalton Trans. 44, 19194 (2015).
51S. Lee, G. H. Baek, J. H. Lee, D. W. Choi, B. Shong, and J. S. Park, Appl. Surf.
Sci. 458, 864 (2018).
52G. Luka, L. Wachnicki, B. S. Witkowski, R. Jakiela, and I. S. Virt, Mater. Des.
119, 297 (2017).
53D. Molina Piper et al., Nano Energy 22, 202 (2016).
54T. Tynell, I. Terasaki, H. Yamauchi, and M. Karppinen, J. Mater. Chem. A 1,
13619 (2013).
55T. Tynell, A. Giri, J. Gaskins, P. E. Hopkins, P. Mele, K. Miyazaki, and
M. Karppinen, J. Mater. Chem. A 2, 12150 (2014).
56T. Tynell and M. Karppinen, Thin Solid Films 551, 23 (2014).
57J. Liu, B. Yoon, E. Kuhlmann, M. Tian, J. Zhu, S. M. George, Y.-C. Lee, and
R. Yang, Nano Lett. 13, 5594 (2013).
58A. J. Karttunen, L. Sarnes, R. Townsend, J. Mikkonen, and M. Karppinen,
Adv. Electron. Mater. 3, 1600459 (2017).
59F. Krahl, A. Giri, J. A. Tomko, T. Tynell, P. E. Hopkins, and M. Karppinen,
Adv. Mater. Interfaces 5, 1701692 (2018).
60J. P. Niemelä and M. Karppinen, Dalton Trans. 44, 591 (2015).
61J. W. DuMont and S. M. George, J. Phys. Chem. C 119, 14603 (2015).
62B. Yoon, B. H. Lee, and S. M. George, J. Phys. Chem. C 116, 24784 (2012).
63J. Huang, A. T. Lucero, L. Cheng, H. J. Hwang, M. W. Ha, and J. Kim, Appl.
Phys. Lett. 106, 123101 (2015).
64B. Yoon, B. H. Lee, and S. M. George, ECS Trans. 41, 271 (2011).
65B. Yoon, Y. Lee, A. Derk, C. Musgrave, and S. George, ECS Trans. 33, 191
(2011).
66M. Nisula, J. Linnera, A. J. Karttunen, and M. Karppinen, Chem. A Eur. J. 23,
2988 (2017).
67B. H. Lee, B. Yoon, A. I. Abdulagatov, R. A. Hall, and S. M. George, Adv.
Funct. Mater. 23, 532 (2013).
68K.-H. Yoon, K.-S. Han, and M.-M. Sung, Nanoscale Res. Lett. 7, 71 (2012).
69K. S. Han, Y. Park, G. Han, B. H. Lee, K. H. Lee, D. H. Son, S. Im, and
M. M. Sung, J. Mater. Chem. 22, 19007 (2012).
70Z. Giedraityte, J. Sainio, D. Hagen, and M. Karppinen, J. Phys. Chem. C 121,
17538 (2017).
71V. Pale, Z. Giedraityte, X. Chen, O. Lopez-Acevedo, I. Tittonen, and
M. Karppinen, Sci. Rep. 7, 6982 (2017).
72Z. Giedraityte, O. Lopez-Acevedo, L. A. Espinosa Leal, V. Pale, J. Sainio,
T. S. Tripathi, and M. Karppinen, J. Phys. Chem. C 120, 26342 (2016).
73L. Momtazi, H. H. Sønsteby, and O. Nilsen, Beilstein J. Nanotechnol. 10, 399
(2019).

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(5) Sep/Oct 2020; doi: 10.1116/6.0000345 38, 052406-9

Published under license by AVS.

https://doi.org/10.1021/cr900056b
https://doi.org/10.1002/ejic.201301560
https://doi.org/10.1039/C7TA04449F
https://doi.org/10.3934/matersci.2018.5.957
https://doi.org/10.1007/s10853-017-0855-6
https://doi.org/10.3762/bjnano.5.123
https://doi.org/10.1149/1.2979975
https://doi.org/10.1023/A:1011579114687
https://doi.org/10.1016/j.microrel.2004.11.007
https://doi.org/10.1016/j.surfcoat.2007.04.050
https://doi.org/10.1098/rsos.181193
https://doi.org/10.1007/s10967-016-5005-0
https://doi.org/10.1016/j.tca.2015.03.020
https://doi.org/10.1016/j.jlumin.2019.05.028
https://doi.org/10.1016/S0040-6031(03)00149-7
https://doi.org/10.1134/S0012501607040069
https://doi.org/10.1021/am4043195
https://doi.org/10.1021/am1010805
https://doi.org/10.1016/j.actamat.2009.07.015
https://doi.org/10.1021/jp4051947
https://doi.org/10.1063/1.3124642
https://doi.org/10.1116/1.5038867
https://doi.org/10.1021/jp201186k
https://doi.org/10.1021/la202391h
https://doi.org/10.1039/C7RA01918A
https://doi.org/10.1002/jbm.a.36499
https://doi.org/10.1002/jbm.a.36499
https://doi.org/10.1116/1.4990776
https://doi.org/10.1016/j.apsusc.2015.04.154
https://doi.org/10.1016/j.jssc.2013.11.040
https://doi.org/10.1116/1.4980049
https://doi.org/10.1021/acs.chemmater.6b04530
https://doi.org/10.1002/adma.201304714
https://doi.org/10.1039/C8DT00723C
https://doi.org/10.1021/acsomega.8b01301
https://doi.org/10.1021/acs.langmuir.7b02456
https://doi.org/10.1002/adfm.201800852
https://doi.org/10.1116/1.4972418
https://doi.org/10.1021/cs500809w
https://doi.org/10.1039/c0dt01716g
https://doi.org/10.1021/acsami.6b00762
https://doi.org/10.1021/acsami.6b00762
https://doi.org/10.1039/C8DT03735C
https://doi.org/10.1039/c2jm35553a
https://doi.org/10.1063/1.106681
https://doi.org/10.1116/1.4831751
https://doi.org/10.1039/c3dt51578h
https://doi.org/10.1039/c2dt32630b
https://doi.org/10.1039/C8TA00804C
https://doi.org/10.1039/C5DT02488A
https://doi.org/10.1016/j.apsusc.2018.07.158
https://doi.org/10.1016/j.apsusc.2018.07.158
https://doi.org/10.1016/j.matdes.2017.01.084
https://doi.org/10.1016/j.nanoen.2016.02.021
https://doi.org/10.1039/c3ta12909h
https://doi.org/10.1039/C4TA02381A
https://doi.org/10.1016/j.tsf.2013.11.067
https://doi.org/10.1021/nl403244s
https://doi.org/10.1002/aelm.201600459
https://doi.org/10.1002/admi.201701692
https://doi.org/10.1039/C4DT02550D
https://doi.org/10.1021/jp512074n
https://doi.org/10.1021/jp3057477
https://doi.org/10.1063/1.4916510
https://doi.org/10.1063/1.4916510
https://doi.org/10.1002/chem.201605816
https://doi.org/10.1002/adfm.201200370
https://doi.org/10.1002/adfm.201200370
https://doi.org/10.1186/1556-276X-7-71
https://doi.org/10.1039/c2jm32767h
https://doi.org/10.1021/acs.jpcc.7b06129
https://doi.org/10.1038/s41598-017-07456-6
https://doi.org/10.1021/acs.jpcc.6b08986
https://doi.org/10.3762/bjnano.10.39
https://avs.scitation.org/journal/jva


74B. Gong and G. N. Parsons, ECS J. Solid State Sci. Technol. 1, P210 (2012).
75Y.-Q. Cao, L. Zhu, X. Li, Z.-Y. Cao, D. Wu, A.-D. Li, H. Spreitzer, and
M. Gratzel, Dalton Trans. 44, 14782 (2015).
76K. B. Klepper, O. Nilsen, T. Levy, and H. Fjellvåg, Eur. J. Inorg. Chem. 2011,
5305.
77L. D. Salmi, E. Puukilainen, M. Vehkamäki, M. Heikkilä, and M. Ritala,
Chem. Vap. Depos. 15, 221 (2009).
78Y.-S. Park, H. Kim, B. Cho, C. Lee, S.-E. Choi, M. M. Sung, and J. S. Lee, ACS
Appl. Mater. Interfaces 8, 17489 (2016).
79C.-Y. Kao, B. Li, Y. Lu, J.-W. Yoo, and A. J. Epstein, J. Mater. Chem. C 2, 6171
(2014).
80C.-Y. Kao, J.-W. Yoo, Y. Min, and A. J. Epstein, ACS Appl. Mater. Interfaces 4,
137 (2012).
81L. D. Salmi, M. Mattinen, T. Niemi, M. J. Heikkilä, K. Mizohata, S. Korhonen,
S.-P. Hirvonen, J. Räisänen, and M. Ritala, Adv. Mater. Interfaces 4, 1700512
(2017).
82C. Chen, P. Li, G. Wang, Y. Yu, F. Duan, C. Chen, W. Song, Y. Qin, and
M. Knez, Angew. Chem. Int. Ed. 52, 9196 (2013).
83O. Nilsen, K. R. Haug, and T. Finstad, Chem. Vap. Depos. 19, 174 (2013).
84A. Raupke et al., ECS Trans. 64, 97 (2014).
85A. Räupke et al., ACS Appl. Mater. Interfaces 6, 1193 (2014).
86K. B. Klepper, O. Nilsen, S. Francis, and H. Fjellvåg, Dalton Trans. 43, 3492
(2014).
87P. C. Lemaire, C. J. Oldham, and G. N. Parsons, J. Vac. Sci. Technol. A 34,
01A134 (2016).
88N. Bahlawane, D. Arl, J. S. Thomann, N. Adjeroud, K. Menguelti, and
D. Lenoble, Surf. Coat. Technol. 230, 101 (2013).
89A. Lushington, C. Langford, J. Liu, K. Nie, R. Li, X. Sun, J. Guo, and X. Sun,
J. Phys. Chem. C 121, 11757 (2017).
90K. B. Klepper, O. Nilsen, and H. Fjellvåg, Dalton Trans. 39, 11628 (2010).
91J. Penttinen, M. Nisula, and M. Karppinen, Chem. A Eur. J. 23, 18225 (2017).
92E. Ahvenniemi and M. Karppinen, Dalton Trans. 45, 10730 (2016).
93A. Tanskanen and M. Karppinen, Phys. Status Solidi Rapid Res. Lett. 12,
1800390 (2018).
94A. Tanskanen and M. Karppinen, Sci. Rep. 8, 8976 (2018).
95E. Ahvenniemi and M. Karppinen, Chem. Commun. 52, 1139 (2016).
96K. B. Lausund and O. Nilsen, Nat. Commun. 7, 13578 (2016).
97Z. Giedraityte, L.-S. Johansson, and M. Karppinen, RSC Adv. 6, 103412
(2016).
98H. Lan, L. D. Salmi, T. Rönkkö, J. Parshintsev, M. Jussila, K. Hartonen,
M. Kemell, and M.-L. Riekkola, Anal. Chim. Acta 1024, 93 (2018).

99J. Penttinen, M. Nisula, and M. Karppinen, Chem. A Eur. J. 25, 11466
(2019).
100Z. Giedraityte, M. Tuomisto, M. Lastusaari, and M. Karppinen, ACS Appl.
Mater. Interfaces 10, 8845 (2018).
101K. B. Lausund, V. Petrovic, and O. Nilsen, Dalton Trans. 46, 16983 (2017).
102J. Heiska, M. Nisula, E.-L. Rautama, A. J. Karttunen, and M. Karppinen,
Dalton Trans. 49, 1591 (2020).
103T. Miyamae, K. Tsukagoshi, O. Matsuoka, S. Yamamoto, and H. Nozoye,
Jpn. J. Appl. Phys. 41, 746 (2002).
104S. Yoshida, T. Ono, and M. Esashi, Micro Nano Lett. 5, 321 (2010).
105S. Yoshida, T. Ono, and M. Esashi, Nanotechnology 22, 335302 (2011).
106M. Putkonen, J. Harjuoja, T. Sajavaara, and L. Niinistö, J. Mater. Chem. 17,
664 (2007).
107P. Sundberg, A. Sood, X. Liu, L.-S. Johansson, and M. Karppinen, Dalton
Trans. 41, 10731 (2012).
108S. Haq and N. V. Richardson, J. Phys. Chem. B 103, 5256 (1999).
109Y. Takahashi, M. Iijima, K. Inagawa, and A. Itoh, J. Vac. Sci. Technol. A 5,
2253 (1987).
110A. Lushington, J. Liu, M. N. Bannis, B. Xiao, S. Lawes, R. Li, and X. Sun,
Appl. Surf. Sci. 357, 1319 (2015).
111L. D. Salmi, M. J. Heikkilä, M. Vehkamäki, E. Puukilainen, M. Ritala, and
T. Sajavaara, J. Vac. Sci. Technol. A 33, 01A121 (2015).
112K. B. Lausund, M. S. Olsen, P.-A. Hansen, H. Valen, and O. Nilsen, J. Mater.
Chem. A 8, 2539 (2020).
113J. Huang, M. Lee, A. T. Lucero, L. Cheng, M.-W. Ha, and J. Kim,
Jpn. J. Appl. Phys. 55, 06GK04 (2016).
114S.-W. Seo, E. Jung, C. Lim, H. Chae, and S. M. Cho, Thin Solid Films 520,
6690 (2012).
115A. Khayyami, A. Philip, and M. Karppinen, Angew. Chem. Int. Ed. 58, 13400
(2019).
116A. Khayyami and M. Karppinen, Chem. Mater. 30, 5904 (2018).
117Bradley, A. Williams, and A. Lang, “Jean-Claude Bradley Open Melting Point
Dataset,” Figshare, V. 2 (2014).
118A. B. Elmas Kimyonok and M. Ulutürk, J. Energ. Mater. 34, 113 (2016).
119C. Ouvrardt and J. B. O. Mitchell, Acta Crystallogr. Sect. B Struct. Sci. 59,
676 (2003).
120R. Pinal, Org. Biomol. Chem. 2, 2692 (2004).
121M. Charton and B. I. Charton, J. Comput. Aided Mol. Des. 17, 211
(2003).
122J. Heiska, M. Madadi, and M. Karppinen, Nanoscale Adv. 2, 2441 (2020).
123C. A. Lucchesi and W. T. Lewis, J. Chem. Eng. Data 13, 389 (1968).

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(5) Sep/Oct 2020; doi: 10.1116/6.0000345 38, 052406-10

Published under license by AVS.

https://doi.org/10.1149/2.023204jss
https://doi.org/10.1039/C5DT00384A
https://doi.org/10.1002/ejic.201100192
https://doi.org/10.1002/cvde.200906770
https://doi.org/10.1021/acsami.6b01856
https://doi.org/10.1021/acsami.6b01856
https://doi.org/10.1039/C4TC00673A
https://doi.org/10.1021/am201506h
https://doi.org/10.1002/admi.201700512
https://doi.org/10.1002/anie.201302329
https://doi.org/10.1002/cvde.201207043
https://doi.org/10.1149/06409.0097ecst
https://doi.org/10.1021/am404918g
https://doi.org/10.1039/C3DT52391H
https://doi.org/10.1116/1.4937222
https://doi.org/10.1016/j.surfcoat.2013.06.098
https://doi.org/10.1021/acs.jpcc.7b00489
https://doi.org/10.1039/c0dt00817f
https://doi.org/10.1002/chem.201703704
https://doi.org/10.1039/C6DT00851H
https://doi.org/10.1002/pssr.201800390
https://doi.org/10.1038/s41598-018-27124-7
https://doi.org/10.1039/C5CC08538A
https://doi.org/10.1038/ncomms13578
https://doi.org/10.1039/C6RA24175A
https://doi.org/10.1016/j.aca.2018.04.033
https://doi.org/10.1002/chem.201901034
https://doi.org/10.1021/acsami.7b19303
https://doi.org/10.1021/acsami.7b19303
https://doi.org/10.1039/C7DT03518G
https://doi.org/10.1039/C9DT04572D
https://doi.org/10.1143/JJAP.41.746
https://doi.org/10.1049/mnl.2010.0128
https://doi.org/10.1088/0957-4484/22/33/335302
https://doi.org/10.1039/B612823H
https://doi.org/10.1039/c2dt31026k
https://doi.org/10.1039/c2dt31026k
https://doi.org/10.1021/jp984813&plus;
https://doi.org/10.1116/1.574429
https://doi.org/10.1016/j.apsusc.2015.09.155
https://doi.org/10.1116/1.4901455
https://doi.org/10.1039/C9TA09303F
https://doi.org/10.1039/C9TA09303F
https://doi.org/10.7567/JJAP.55.06GK04
https://doi.org/10.1016/j.tsf.2012.07.017
https://doi.org/10.1002/anie.201908164
https://doi.org/10.1021/acs.chemmater.8b01833
https://doi.org/10.6084/m9.figshare.1031637
https://doi.org/10.1080/07370652.2015.1005773
https://doi.org/10.1107/S0108768103019025
https://doi.org/10.1039/b407105k
https://doi.org/10.1023/A:1025330209199
https://doi.org/10.1039/D0NA00254B
https://doi.org/10.1021/je60038a026
https://avs.scitation.org/journal/jva

