
Title Molecular layer deposition of "magnesicone", a magnesium-
based hybrid material

Authors Kint, Jeroen;Mattelaer, Felix;Vandenbroucke, Sofie S. T.;Muriqi,
Arbresha;Minjauw, Matthias M.;Nisula, Mikko;Vereecken, Philippe
M.;Nolan, Michael;Dendooven, Jolien;Detavernier, Christophe

Publication date 2020-05-06

Original Citation Kint, J., Mattelaer, F., Vandenbroucke, S. S. T., Muriqi, A., Minjauw,
M. M., Nisula, M., Vereecken, P. M., Nolan, M., Dendooven, J. and
Detavernier, C. (2020) 'Molecular layer deposition of magnesicone,
a magnesium-based hybrid material', Chemistry of Materials,
32(11), pp. 4451-4466. doi: 10.1021/acs.chemmater.9b05116

Type of publication Article (peer-reviewed)

Link to publisher's
version

10.1021/acs.chemmater.9b05116

Rights © 2020, American Chemical Society. This document is the
Accepted Manuscript version of a Published Work that appeared
in final form in Chemistry of Materials after technical editing by
the publisher. To access the final edited and published work see
https://pubs.acs.org/doi/abs/10.1021/acs.chemmater.9b05116

Download date 2023-05-22 11:21:54

Item downloaded
from

http://hdl.handle.net/10468/10403

http://hdl.handle.net/10468/10403


Molecular Layer Deposition of “Magnesicone”, a

Magnesium-based Hybrid Material.

Jeroen Kint,† Felix Mattelaer,† Sofie S. T. Vandenbroucke,†,‡ Arbresha Muriqi,¶

Matthias Minjauw,† Mikko Nisula,† Philippe Vereecken,‡,§ Michael Nolan,¶

Jolien Dendooven,† and Christophe Detavernier∗,†

†Department of Solid State Sciences, Ghent University, Krijgslaan 281 (S1), 9000 Gent,

Belgium

‡imec, Kapeldreef 75, B-3001 Leuven, Belgium

¶Tyndall National Institute, University College Cork, Lee Maltings, Dyke Parade, Cork

T12R5CP, Ireland

§M2S Department, Centre for Surface Chemistry and Catalysis, KU-Leuven (Leuven

University), Kasteelpark Arenberg 23, B-3001 Leuven, Belgium

E-mail: christophe.detavernier@ugent.be

Abstract

Molecular layer deposition (MLD) offers the deposition of ultra-thin and confor-

mal organic or hybrid films which have a wide range of applications. However, some

critical potential applications require a very specific set of properties. For application

as desiccant layers in water barrier films for example, the films need to exhibit water

uptake, swelling and be overcoatable. For application as a backbone for a solid com-

posite electrolyte for lithium ions on the other hand, the films need to be stable against

lithium, and need to be transformable from a hybrid MLD film to a porous metal oxide

film. Magnesium-based MLD films, called “magnesicone”, are promising on both these
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aspects and thus an MLD process is developed using Mg(MeCp)2 as metal source and

ethylene glycol (EG) or glycerol (GL) as organic reactants. Saturated growth could

be achieved at 2 Å/cycle to 3 Å/cycle in a wide temperature window from 100 ◦C to

250 ◦C. The resulting magnesicone films react with ambient air and exhibit water up-

take, which is in the case of the GL-based films associated with swelling (up to 10%)

and in the case of EG-based magnesicone with Mg(CO)3 formation, and are overcoat-

able with ALD of Al2O3. Furthermore, by carefully tuning the annealing rate, the

EG-grown films can be made porous at 350 ◦C. Hence, these functional tests demon-

strate the potential of magnesicone films as reactive barrier layers and as the porous

backbone of lithium ion composite solid electrolytes, making it a promising material

for future applications.

Introduction

Generally, atomic layer deposition (ALD) is the preferred deposition method when confor-

mality, uniformity and sub-nm thickness control are required. ALD is a thin film deposition

technique based on sequential and self-limiting gas-surface reactions.1–5 This self-limiting

nature of the precursor-surface chemistry not only allows thickness control down to the

atomic level, but also enables a nearly unrivalled conformality on complex 3D substrates,

such as porous materials or particles.6–10 Because of this, ALD is a well established tool

in micro-electronics production, e.g. as a high-k gate oxide deposition tool in CMOS tech-

nology. More recently, a variant on the ALD technique, molecular layer deposition (MLD),

was introduced, where one or more precursor are replaced by a purely organic compound.

This results in the deposition of purely organic films or hybrid organic-inorganic films. The

latter are named “metalcones” if the organic component is based on an organic alcohol.11–14

In this nomenclature, “metal” indicates the inorganic part of the hybrid. A wide vari-

ety of these metalcones exist, among which “alucone”,11,15 “titanicone”,16,17 “zincone”,18,19

“zircone”,20,21 “hafnicone”,22 “mangancone”,23,24 “vanadicone”25 and “tincone”.26 Several
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excellent reviews on MLD in general and existing MLD processes can be found in litera-

ture.12,27,28 Non-exhaustively, two key applications for the use of MLD-grown metalcones

can be considered here. On the one hand, a direct use of these MLD films is in the construc-

tion of flexible moisture barriers, leaning on their intrinsic flexibility and water absorbing

properties, as will be detailed in the next paragraph. On the other hand, MLD films can also

be used as carbon-containing template layers for conformal nano-porous oxides with an ex-

cellent thickness and porosity control, which can for example have applications in solid-state

ionics, as will be explained below.

The fact that ALD produces pinhole free films makes it a very interesting candidate as

deposition method for water barrier layers for organic electronics. Due to the integrity

of ALD films, lower water vapour transmission rates (WVTRs) could be achieved with

thinner ALD films compared to thicker films deposited with other methods.29 However, when

flexibility is a requirement for these water barrier films, ALD deposited oxide films are usually

ceramic in nature, and run into problems because they tend to crack. MLD films are known

to have more flexibility compared to ALD films due to the organic backbone, making them

especially interesting for flexible electronics.30–32 Nonetheless, since MLD films tend to absorb

and react with H2O,33 standalone MLD films would not be suited as water vapour barriers.

An interesting approach to address this issue is to fabricate ALD/MLD multilayers,34 thus

combining the flexibility of MLD layers with the low WVTR of ALD layers. As an additional

benefit, these multilayer structures result in longer moisture diffusion pathways as shown in

figure 1(a), lowering the WVTR.35 An added advantage is that when cracks or defects are

formed in the ALD layers, the organic/inorganic interface acts as a desiccant, effectively

slowing down the water transmission through the cracks.36 A prerequisite for a good MLD

film for this application would thus be flexibility and desiccant properties. By virtue of the

built-in organic backbone, the flexibility requirement is inherent for virtually every MLD film.

While most MLD films already favour water absorption,33 Mg-based MLD films are expected

to do that to an even greater extent given the water-uptake properties of magnesium oxide
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to form magnesium hydroxide, thus promoting magnesicone as an interesting candidate for

this application.

ALD
MLD

ALD
MLD

(a)

(b)

Figure 1: Conceptual explanation of the use of ALD-MLD layer structures as effective water
barrier coatings thanks to (a) longer moisture diffusion pathways upon cracking of the ALD
films and (b) slowing down the water transmission through the cracks based on the desiccant
effect of the MLD films.

On the other hand, the MLD films can also be used as a carbon-containing template for

the formation of a conformal nano-porous oxide. The high (reactive) surface area found in

porous thin films makes them a versatile class of materials for a wide range of applications,

including filtration,37–39 catalysis,40–44 sensing applications,45,46 gas separators,47,48 battery

electrodes,49 (super)capacitors,50–53 medical applications54–56 and protective coatings.57–59

Porous thin films can be deposited in a variety of ways, including interfacial polymerisa-

tion,38 anodic polymerization,59 hydrothermal or solvothermal reduction,52 (electro)chemical

reduction,41,52 sol-gel deposition,51 sonochemical etching,50 reactive magnetron sputtering,53

high-pressure thermal evaporation,49 polymeric micelle-assembly43 and anodic oxidation.42

However, when uniformity and thickness control on the sub-nm scale and conformality on

complex 3D structures are requirements for the envisioned application, these depositions

methods often come short. In 2009, Liang et al. 60 came up with the idea to transform

metalcones into porous metal-oxide thin films. In their case, alucones were transformed to

porous Al2O3 by removing the carbon in a controlled manner, either by annealing the films

in air or by etching them in H2O. In further work, they showed that they could tune the

pore size by tailoring the chain length of the organic reactants in the deposition process.61
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In 2018, work by Van de Kerckhove et al. 33 showed that both the reaction of the films

with ambient atmosphere and the heating and cooling rates during calcination have a great

influence on the pore formation and porosity of the Al2O3.

These porous oxide thin films can be of interest for (3D) all-solid-state thin film batteries.

To be more specific, solid composite electrolyte (SCE) layers are gaining quite a lot of at-

tention.62 These SCEs are comprised of two components: (1) a solid lithium salt ( LiX) and

(2) a Li+-blocking dielectric matrix or dielectric nanoparticles. At the solid-solid interface

between these materials an effect which is described by the “space charge layer model”63–68

takes place as recently reviewed by Chen and Vereecken 69 . When the Fermi energy of the di-

electric lies lower than that of the lithium salt, Li+ cations will accumulate on the dielectric’s

surface. This causes an electric double layer to form in order to align the Fermi levels. By

abandoning their original sites in the LiM salt, the Li+ cations leave behind vacancies and

X– anions with uncompensated charge near the solid-solid interface. This layer of anions

and vacancies can act as a ‘highway’ for Li+ diffusion, enhancing the conductivity of the

lithium salt by several orders of magnitude. A prerequisite for the dielectric in this case is

that it should be thermodynamically stable with respect to lithium, which is typically very

rare. Even Al2O3, which is generally considered a Li+ insulator70 as it is used as a protec-

tive barrier for Li+, only exhibits kinetic stability. In reality, only some rare-earth oxides

and MgO are potentially stable with respect to Li+,71,72 making porous MgO an interesting

material as a SCE matrix material.

In the past, the deposition of magnesium containing MLD films has been reported using

Mg(thd)2 - with thd being 2,2,6,6-tetramethyl-3,5-heptanedione - as metal source and 3,5-

pyridinedicar-boxylicacid73 or benzene-1,4-dicarboxylic acid74 as organic reactants in order

to compare the crystallinity of the material to other alkali and alkaline earth metal carboxy-

late MLD films. In this work, a new type of magnesium containing MLD film is investigated.

UsingMg(MeCp)2 as metal source and ethylene glycol (EG) or glycerol (GL) as organic re-
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actants, a “magnesicone” is deposited. The deposition reaction mechanisms are studied in

detail using in-situ ellipsometry, in-situ mass spectrometry and first principles density func-

tional theory calculations. Their properties in terms of self-sealing barrier coatings were

evaluated: water absorption and accompanying swelling, as well as their stability with re-

spect to the TMA-H2O process provided proof of concept of their applicability as water

barrier layers for flexible electronics. For the application in solid composite electrolytes, the

ability to transform the hybrid films to a porous metal-oxide backbone was explored by cal-

cination in ambient atmosphere using different heating and cooling rates in order to obtain

porous MgO thin films.

Experimental

Depositions were performed in a home-built MLD reactor.17,25 A base pressure of 1× 10−6 mbar

was achieved during idle reactor operation. In order to avoid precursor condensation, the

reactor walls were heated to 120 ◦C and the precursor delivery line was heated to 100 ◦C.

Both the ethylene glycol (EG, 99.997%, Sigma-Aldrich) and the glycerol (GL, 99.5%, Sigma-

Aldrich) were kept in stainless steel containers heated to 80 ◦C. Using a needle valve, the

EG vapour was delivered into the reaction chamber at a pressure of 1× 10−2 mbar. Argon

carrier gas was used to deliver the GL vapour to the reactor chamber at a total (GL + Ar)

pressure of 1× 10−2 mbar. Bis(methylcyclopentadienyl)magnesium (Mg(MeCp)2, AirLiq-

uide) was used as the organometallic Mg source. It was kept at 45 ◦C and gave a pressure

of 5× 10−3 mbar. H2O and trimethylaluminum (TMA, 98%, Strem) were stored in stainless

steel containers and pulsed into the reactor chamber at pressures of 5× 10−3 mbar. MLD pro-

cess development was performed on native oxide covered Si(100) substrates. Spectroscopic

ellipsometry (SE) was used to monitor the sample thickness in-situ. These SE measurements

were performed using a M-2000 ellipsometer (J.A. Woollam) and the data analysis was car-

ried out using the CompleteEase software package. X-ray reflectivity (XRR) measurements
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were performed on a Bruker D8 Discover, using a Cu-Kα source, and X-ray photo-electron

spectroscopy (XPS) was done using the Thermo Scientific Theta Probe, with aluminium Kα

radiation (λ = 0.834 nm). Spectra were analyzed using the CasaXPS software package.75 A

Shireley background and mixed Gaussian (70%) - Lorentzian (30%) line profiles, defined in

CasaXPS as GL(30), were used for each component in the peak models. Due to the complex-

ity of the carbon in the films in combination with adventitious carbon, the C-C peak was not

used for the calibration of the XPS peak positions. Rather, the carbonate peak position at

288.5 eV, i.e. the peak with the highest binding energy, was used, as this peak was found in

every spectrum, allowing for a direct sample-to-sample comparison. The validity of the cal-

ibration was checked by evaluating the peak postitions for the O 1s spectrum, which should

be in line with components for carbonate and Mg-O fractions in every film. To compare

the peak intensity of different measurements, the XPS spectra of corresponding elements is

plotted on the same y-scale. Fourier-transform infrared spectroscopy (FTIR) measurements

were done on a Bruker Vertex 70V using a globar source (mid IR), a KBr beamsplitter

and RT-DLaTGS detector. The optics compartment was evacuated to 2× 10−2 mbar. To

clearly display the peaks of the magnesicone films, the spectrum of the silicon substrate is

substracted from the spectrum of the magnesicone coated substrate. Mass spectrometry was

performed using a Hiden HPR-30 mass spectrometer.

The annealing of the samples and subsequent porosity measurements were performed in

a home-built setup. The anneal was performed under ambient atmosphere, using differ-

ent heating and cooling rates. The chamber was equipped with quartz windows, enabling

real-time SE measurements during the anneal. Subsequent to the anneal, a porosimetry

measurement could be performed. As the cummulative volume of the porous fraction of the

sample is too small to perform a regular nitrogen adsorption porosity measurement, we chose

ellipsometric porosimetry (EP)76,77 to investigate the porosity of the films.

During an EP measurement, the sample is placed in a low vacuum. This type of measurement
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consists of an adsorption step followed by a desorption step. During the adsorption, toluene

is gradually released into the chamber, increasing the pressure in steps of 50 Pa. This is

continued until the toluene equilibrium pressure at room temperature (P0) is reached. Sub-

sequently, during desorption, the chamber is evacuated again in intervals of 50 Pa. After

every pressure step, both during adsorption and desorption, a SE measurement is triggered.

This way, the optical properties of the layer are measured at different relative toluene pres-

sures (P/P0). This dataset contains the changes in polarisation of reflected light on the film

corresponding to a certain amount of adsorbed toluene. If a proper optical model is chosen

(in this case, a Cauchy model accurately described the data) a dispersion relation for the

refractive index n together with the apparent film thickness can be fitted to the data for

every value of P/P0 (as is shown in figure 15(a-b)). During capillary condensation of toluene

in the pores, the refractive index of the film increases. Using the Lorentz-Lorenz effective

medium approximation (EMA), the adsorbed toluene volume can now be calculated for every

relative toluene pressure:

Vtoluene
Vfilm

=

(
n2−1
n2+2

)
−
(

n0
2−1

n0
2+2

)
(

ntoluene
2−1

ntoluene
2+2

) (1)

Here, n0 and ntoluene are the measured refractive indices of the porous film in vacuo and

of toluene at 632.8 nm, respectively, and n is the measured refractive index at a certain

toluene pressure. Assuming bulk properties for the toluene, ntoluene = 1.496 at 632.8 nm. At

the toluene equilibrium pressure (P = P0), Vtoluene/Vfilm (equation 1) directly reflects the

volume fraction of accessible pores for toluene in the film, i.e. the porosity.

The big advantage of this method lies in the fact that no assumptions regarding the refractive

index of the host magnesium oxide matrix are needed, as the accessible porous volume

is calculated from the adsorbed species inside rather than from the original host matrix.

Without this, one needs to know the refractive index of the host matrix to determine the

porosity of the porous film alone.

A measurement results in the sorption isotherm, as the one depicted in figure 15(c) for
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example. The differences between the adsorption (capillary condensation) and desorption

(capillary evaporation) mechanisms can cause a hysteresis loop in the sorption isotherm

because the shape of the meniscus which is formed at the vapour-liquid interface differs.

Brunauer-Emmet-Teller (BET) theory (physical adsorption of non-reactive gas molecules on

a surface) and the Kelvin equation (equation 2) can now be used, which relates the meniscus

mean curvature radius, or Kelvin radius rK , to the relative toluene pressure P/P0:

2

rk
=

1

r1
+

1

r2
= − RT

γVL cos(θ)
ln
P

P0

, (2)

in which r1 and r2 are the meniscus curvature mean radii, R the gas constant, T the

temperature and γ, VL and θ are the surface tension, molar volume and contact angle of

toluene respectively. Again assuming bulk properties for toluene, we get γ = 0.0284 Nm−1,

VL = 1.06× 10−4 m3mol−1 and θ = 0◦. This correlation between the Kelvin radius and the

relative toluene pressure can also be seen from the top and bottom axis in figure , as is also

shown in 15(c) for example.

In order to relate the rK ro the pore radius rpore, assumptions have to be made on the

meniscus shape. We assume a cylindrically shaped meniscus during condensation (rK = r1 =

rpore, r2 = ∞) and a hemispherically shaped meniscus during evaporation(r1 = r2 = rpore),

as depicted in the inset in figure 15(c). With a t-correction, which takes into account the

multilayer of toluene on the pore walls before condensation, rpore can now be correlated to

rK and thus also to every value of P/P0. The pore size distribution can be calculated by

differentiating the sorption isotherms with respect to the pore radius, as depicted in figure

15(d). The dotted lines are Gaussian distributions fitted to the sorption isotherms. The

mean pore radius was determined by taking the mean of the fitted Gaussian distribution. A

more detailed description of the mechanisms at work during EP and the theory behind the

analysis can be found in earlier literature.76–79

Density functional theory (DFT) calculations were carried out using the Vienna Ab inito
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Simulation Package (VASP) version 5.4.80 A hydroxylated MgO (100) surface in a (2x2) sur-

face supercell was used, modified with Mg(Cp)2 as metal source and EG or GL as organic

reactant. The projector augmented wave method81,82 is used to describe the core-valance

electron interactions and the valence electron configurations used for this study are Mg:

2s22p6, O: 2s22p4, C: 2s22p2 and H: 1s1. The exchange-correlation functional was approx-

imated by the Perdew–Burke–Ernzerhof (PBE) approximation.83 The geometry was then

optimised by relaxing the ionic positions, using an energy cut-off of 400 eV, as well as a

Monkhorst-Pack K-point sampling grid of (3x3x1).84 The lattice parameters for this surface

are: a = b = 8.38 Å, c = 25.98 Å, α = 89.84◦, β = γ = 90.00◦. The convergence crite-

rion for the energy is Ediff = 1× 10−4 eV and the convergence criterion for the forces is

EdiffG = 2× 10−2 eVÅ
−1

. The hydroxylated MgO (100) surface in a (2x2) surface supercell

is prepared by starting from four dissociated water molecules followed by relaxation. During

relaxation, three water molecules are spontaneously formed and desorb from the surface.

This leaves two surface –OH groups on the MgO (100) surface which are then involved in

subsequent interactions with MgCp2.

Adsorption energies were calculated, for the example of Mg(Cp)2 adsorption on MgO:

Eads =
[
E(MgO−Mg(Cp)2)

]
–
[
E(OH : MgO) + E(Mg(Cp)2)

]
(3)

Where E(MgO-Mg(Cp)2) is the total energy of Mg(Cp)2 adsorbed on hydroxylated MgO,

E(Mg(Cp)2) is the total energy of free Mg(Cp)2 and E(OH:MgO) is the total energy of

partially hydroxylated MgO (100). For interaction of EG or GL with MgCp adsorbed on

MgO (100), the interaction energy is computed from:

Eint = [E(EG/GL−MgO−Mg(Cp)) + E(CpH)] – [E(MgO−MgCp)] (4)

Where E(EG/GL-MgO-MgCp) is the total energy of EG or GL bound to the MgCp-terminated
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MgO (100) surface, E(CpH) is the total energy of free CpH and E(MgO-MgCp) is the total

energy of MgCp-terminated MgO (100). A negative value for Eads and Eint means that the

reactions are exothermic.

Results and discussion

Many types of organic-inorganic hybrids using an organic alcohol precursor, or so-called

metalcones exist,27 among which “alucone”,11,15,85 “titanicone”,16,17,85 “zincone”,18,19 “zir-

cone”,20,21 “hafnicone”,22 “mangancone”,23 “vanadicone”25 and “tincone”.26 To our knowl-

edge, the deposition of a magnesium-based metalcone, or “magnesicone”, has not yet been

reported. The EG and GL chemistries were chosen as reactants due to interesting results

with EG- and GL-based alucones in the past.17,25,33

Growth characteristics
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Figure 2: Saturation curves for both processes, i.e. Mg(MeCp)2 with EG (blue squares)
or GL (red circles). When one parameter was varied, the other parameters were kept at
standard process parameters, which were 10 s pulse times for the Mg(MeCp)2, the EG and
the GL. The substrate temperature was kept at 125 ◦C. The pumping time was 60 s after
every exposure, which was sufficient to reach the reactor base pressure.

The dependency of the growth rate or ‘growth per cycle’ (GPC) on pulsing times was ex-

amined. For ideal ALD/MLD processes, saturation is observed, i.e. independence of the

GPC on the pulse time beyond the saturation point. Figure 2 shows GPC curves for both

chemistries. At 125 ◦C, saturation for both reactants is observed. The Mg(MeCp)2 precursor
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saturates at pulse times of about 10 s independent of the reactant chemistry. The reactants

however, show a different saturation behaviour. The GL saturates faster (2 s) compared

to the EG (10 s), despite the lower vapour pressure. It is hypothesized that in the case of

GL, the use of Ar as a carrier gas ensures a more effective vapour delivery compared to the

‘vapour draw’ method applied for the EG, but could also be purely related to vaporisation

kinetics or additional side reactions. As standard dosage times for the Mg(MeCp)2, EG and

GL, 10 s pulses were chosen. The chamber was pumped down for 60 s after every exposure

to avoid CVD-type reactions.

Figure 3: Growth profiles for 100 pulses Mg(MeCp)2, followed by 100 cycles of the standard
process, followed by 100 pulses Mg(MeCp)2, followed by 100 cycles of the standard process,
for both the EG- and GL-based process.

Reducing one of the pulse times to zero should halt the growth, due to the self-limiting

nature of the gas-surface interactions, which are a prerequisite for ALD behaviour. For the

GL-based magnesicone process this is indeed the case. For the EG films on the other hand,

when only Mg(MeCp)2 is pulsed (i.e. for 0 s EG pulsing time), a non-zero GPC was found in

figure 2. Parasitic CVD type growth due to insufficient purging times was ruled out based on

monitoring the effects of the pumping time on the GPC (results shown in supplementary).

It is observed that 60 s of pumping time results in the same GPC as 20 min of pumping time

(Figure S1). Therefore, this observation was investigated more in depth, and the results

are shown in figure 3. First, a bare native oxide-covered Si substrate was exposed to 100

pulses of Mg(MeCp)2 in the absence of any reactant pulses. During the first 15 cycles, some
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deposition is observed, which then becomes inhibited and no further growth is observed.

This could be related to precursor adsorption on the SiO2 surface. Next, 100 cycles of

both the magnesicone processes were given using the standard process parameters. The EG

process shows some growth inhibition, but after 50 cycles reaches the expected growth rate

of 2.6 Å/cycle. The GL process immediately takes off at this growth rate. Subsequently,

another 100 pulses of Mg(MeCp)2 without reactant were given, on the previously deposited

magnesicone. As expected for a typical ALD or MLD process, the GL-based process showed

no additional growth. However, the EG process showed a continuous, albeit decreasing

growth rate. It seems a reaction between Mg(MeCp)2 and the EG-based bulk magnesicone

takes place. A possible explanation is that a reservoir-like effect, as reported earlier for

ALD86,87 and MLD11,88,89 films involving EG (instead of H2O) takes place and unbound EG

gets incorporated in the film during film growth, which then reacts when coming into contact

with the Mg(MeCp)2. When only Mg(MeCp)2 is pulsed onto the magnesicone, the growth

rate initially is 1.5 Å/cycle but drops off with increasing cycle number to 0.8 Å/cycle after

100 cycles. This effect might be due to the gradual disappearance of unreacted EG in the

film. When the standard process is now performed again, the growth continues as expected

for both magnesicone types.

Figure 4: Temperature dependence for both magnesicone processes between 100 ◦C and
250 ◦C using the standard pulsing and pumping times.
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The temperature dependency of the growth rate with standard parameters for both the EG-

and the GL-based magnesicone process is shown in figure 4. Temperatures below 100 ◦C could

not be reached due to issues with condensation, while temperatures above 250 ◦C could not

be reached due to limitations of the heating element. For both magnesicone types, growth

is observed in the whole investigated temperature window, with a maximum in the growth

rate at 125 ◦C of 2.5 Å/cycle for the EG-based process and 2.6 Å/cycle for the GL-based

process. The growth rates at higher temperatures drop off, more pronounced for the EG

process, which is typical behaviour of MLD processes, where the reaction activation with

increasing temperature competes with a decrease in active reaction sites with increasing

temperature.12,13,15 While the decomposition temperature of the Mg(MeCp)2 precursor is

not known, it would appear from figure 4 that even at the highest temperature investigated

here, no decomposition is taking place.

Pressure (Torr)

0

5 1e−6

0

5 1e−7

Time (s) Time (s)

=79m/z
GL

Mg(MeCp)2

Figure 5: Mass spectrometry during the initial four cycles of a 5-60/20-60 GL/Mg(MeCp)2
process for a mass-over-charge ratio of 79, related to methylcyclopentadienyl. The regions
shaded blue represent the Mg(MeCp)2 pulses, the regions shaded in green represent the GL
pulses. The area highlighted by the red boxes is enlarged on the right for clarity.

The reaction mechanism of the GL/Mg(MeCp)2 process was investigated using in-situ mass

spectromety (figure 5). The most prominent indication towards unravelling the reaction

mechanism are the fragments of the Mg(MeCp)2 ligands, as for example the m/z = 79 related

to methylcyclopentadienyl. These are not only detected during the Mg(MeCp)2 pulses, but

also arise during the GL pulses, indicative of (a) chemisorption of the Mg(MeCp)2 molecule

on the -OH surface during the Mg(MeCp)2 pulse and (b) ligand exchange reactions during

the GL pulses. In both cases, HCpMe release is expected and observed. Based on the MS
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results and the reaction mechanisms in a MgO ALD process using H2O and magnesium bis-

(ethylcyclopentadienyl) Mg(EtCp)2,90 which is chemically very similar to the Mg(MeCp)2

precursor, we propose the following typical ligand exchange reaction mechanism for the GL

process:

OH* + Mg(MeCp)2 −−→ O−MgCpMe* + HCpMe (5a)

MgCpMe* + C3H2(OH)3 −−→ Mg−OC3H2−(OH)2* + HCpMe (5b)

2 MgCpMe* + C3H2(OH)3 −−→ Mg2O2C3H2−OH* + 2 HCpMe (5c)

In analogy, a typical ligand exchange reaction mechanism for the EG process would look

like this:

OH* + Mg(MeCp)2 −−→ O−MgCpMe* + HCpMe (6a)

MgCpMe* + HOC2H4OH −−→ Mg−OC2H4OH* + HCpMe (6b)

where the * denotes a surface species. For the GL process, either of the reactions 5b or 5c

takes place, corresponding to either one or two of the GL OH-groups reacting to the surface.

In principle, bridging can also occur using both of the EG hydroxyl groups, resulting in the

following reaction during the EG pulse:

2 MgCpMe* + HOC2H4OH −−→ Mg−OC2H4O−Mg + 2 HCpMe (7)

which renders the surface non-reactive for chemisorption of precursor molecules, as no re-

maining hydroxyl adsorption sites are left. This has been observed for earlier MLD processes

using EG.17 Recent work shows that these non-reactive surface sites might allow absorption

or adsorption of precursor molecules, introducing new reactive surface sites.91,92 This would

eventually lead to typical linear steady state growth as observed in figure 3. As discussed

previously, the EG-based process displays a reservoir effect which is not seen for the GL-
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based process. It is therefore possible that the EG-based process displays a different reaction

mechanism than the typical ligand exchange reaction mechanism proposed here.

To further explore the mechanism of magnesicone growth, density functional theory (DFT)

calculations were performed using the reaction of EG and GL at MgCp-terminated MgO

(100) as a model system. In the DFT calculations, Mg(Cp)2 is used as Mg-precursor instead

of Mg(MeCp)2 as the former is more computationally tractable. Figure 6a shows the relaxed

atomic structure after the adsorption of the Mg(Cp)2 precursor. The computed adsorption

energy of the Mg(Cp)2 precursor is −0.44 eV, showing a moderate energy gain for the adsorp-

tion of the precursor. There is no spontaneous proton transfer to the Cp ligand. The energy

cost for this process, leading to loss of CpH and formation of a new Mg−O bond is 0.52 eV.

The resulting atomic structure is shown in Figure 6b and in this structure the surface Mg−O

distance is 1.79 Å. Further loss of CpH is not favourable and the next pulse will result in

exchange of a Cp ligand with the organic precursor. These calculations are consistent with

the mass spectrometry results that show CpH elimination during growth.

Figure 6: Atomic structures of (a) the hydroxylated MgO surface after adsorption of the
Mg(Cp)2 precursor and (b) elimination of CpH. Green: magnesium, Red: oxygen, Gray:
carbon, White: hydrogen.
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Next, the MLD reactions using ethylene glycol (EG) and glycerol (GL) as organic reactants

were analysed. In a first calculation, the organic reactants were modelled in an upright

configuration. Figure 7 shows the optimised atomic structure after the introduction of EG

and GL and associated loss of CpH. For both organic reactants Mg−O bonds are formed,

with an Mg−O distance of 1.81 Å. However, the resulting structures for both reactants are

rather different. It can be observed in Figure 7 that after reaction with GL, Mg from the

adsorbed Mg-precursor binds with two oxygen atoms of GL. The computed energy change

for this reaction is −0.43 eV.

Figure 7: Atomic structures of MLD reaction products of the adsorption of an (a) EG or (b)
GL molecule on a Mg(Cp)−MgO surface. Green: magnesium, Red: oxygen, Gray: carbon,
White: hydrogen.

The computed energy change for the reaction with EG, leading to the upright configuration,

is + 0.23eV. This positive energy means that the configuration is not favourable. Given

the propensity for EG to lie flat, other configurations in which the EG molecule lies flat are

explored. The structure in Figure 8a shows EG tilted towards the surface. This also results

in an endothermic reaction with a calculated energy change of 0.28 eV. Figure 8b shows

EG tilted such that the terminal hydroxyl group interacts with an Mg atom at the MgO
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(100) surface. The Mg−O distance to the EG molecule is 1.83 Å, while the distance from

the surface to the terminal hydroxyl group is 2.2 Å. The energy change for this configuration

is exothermic by −0.62 eV. The EG molecule thus prefers to orient flat to the surface, in

order to interact with the MgO (100) surface. A complete overview of all computed energy

changes can be found in Table 1.

Figure 8: Atomic structures of MLD reaction products of the adsorption of the EG molecule
on an Mg(Cp)−MgO surface with the EG molecule in (a) a tilted or (b) flat configuration.

GL molecules will thus prefer to lie in an upright position, while EG molecules prefer to lie flat

on the surface. As a consequence the the change in thickness for GL-based process is larger

than for EG-based process, resulting in a thicker GL-based magnesicone compared to the

EG-based magnesicone. This was also be observed in the first 50 cycles of the magnesicone

processes in Figure 3 where the EG process shows some growth inhibition compared to the

GL process. After these 50 cycles the growth process becomes more complicated, possibly

by the reservoir effect.

Given the possible role of this “reservoir” of EG in the growth of the EG-based magnesicone

film as observed in Figure 3 when only introducing the Mg-precursor, it was briefly inves-
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Table 1: Computed energy change upon formation of Mg−O after reaction between
Mg(MeCp) and EG or GL.

Structure Energy change

(eV)

Mg−MgO−GL (upright) -0.43

Mg−MgO−EG (upright) 0.24

Mg−MgO−EG (tilted) 0.28

Mg−MgO−EG (flat) -0.62

tigated how EG and GL react with the MgO (100) surface. Figure 9 shows the optimised

atomic structures of Mg(Cp)−MgO in the presence of the organic reactants adsorbed at the

surface. Upon relaxation, the proton of the terminal hydroxyl group of EG is transferred

such that the oxygen atom can bind with the Mg atom of Mg(Cp). The distance from this

oxygen atom to Mg at the surface is 1.98 Å. The energy gain in this case is −1.64 eV, which

is significantly larger than the gain in energy of EG binding to Mg from Mg(Cp) as shown in

Figure 8b. Therefore, EG molecules could be incorporated into the growing film and remain

available. In the case of GL, the change in energy is −0.70 eV, similar to the energy gain

when GL reacts with Mg(Cp). In this case the terminal hydroxyl group remains intact, while

the central OH group binds to Mg of Mg(Cp) with an Mg−O distance of 2.17 Å.

Both types of the as-deposited magnesicone films were characterised using XRR, SE and

XPS to determine their density, optical properties and composition. The results are listed in

table 2. The GL films show a lower density and refractive index, which could indicate more

carbon (and by extension, hydrogen) into the films. XPS shows the EG-grown magnesicone

contains about 43 at% C, 12 at% Mg and 45 at% O at the surface. A minor contribution

from surface carbon was observed, skewing the ratios towards more carbon and oxygen.

XPS depth profiling was avoided as Ar-ion bombardment of these films, mainly composed of

light elements, is expected to induce a severe degree of intermixing, rendering compositional

interpretation challenging. However, considering this contribution, the surface composition

matches rather well with a 1:1 ratio of Mg to EG-precursor components into the films. A
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Figure 9: Atomic structures of Mg(Cp)−MgO surface in the presence of (a) EG adsorbed
at the surface (b) GL adsorbed at the surface. A larger supercell expansion is presented to
more clearly show the adsorption structures.
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Mg alkoxide-like structure would have a formula unit as MgC2O2Hx, i.e. -MgOCH2CH2O-,

with 40 at% C, 20 at% Mg and 40 at% O, which is close to the observed values. This is

similar to the work on Mn-cone and Al-cone films.24,33 For GL-grown magnesicone, about

46 at% C, 11 at% Mg and 43 at% O is found. The atomic ratios match rather well with a

3:2 ratio of Mg to GL-precursor components which is expected when balancing the charges

of the reaction. This results again in the formula unit MgC2O2Hx, identical to the EG-

based films. It can be seen from the XPS data in table 2 that the magnesicone films are

stoichiometrically similar to each other.

Table 2: Properties of both magnesicone types deposited at 125 ◦C. The density was obtained
from the critical angle of XRR spectra. Spectroscopic ellipsometry was used to determine
the optical properties. XPS was used to determine the film composition.

Density Refractive index XPS

(g/cm3) at 632.8 nm at% C at% Mg at% O

EG 1.80 1.46 43 12 45

GL 1.60 1.41 46 11 43

Figure 10 shows the C 1s spectra of the as-deposited films. Both the magnesium alkoxide of

the films and the adventitious carbon are expected to display C-C and C-O features in the

spectrum. However, as each of these components will display a small shift in binding energy,

and the separation between C-C and C-O itself is also small, we decided to fit these four

components with a single Gaussian-Lorentzian peak. A clear peak for carbonate was found

at higher binding energy. This peak is usually related to adventitious carbon. However,

the carbonate peak is clearly more intense for the EG-grown magnesicone. Assuming the

same air exposure, we would expect the same intensity of components related to adventitious

carbon for both chemistries. Therefore, this difference could point to a weaker Mg-O bonding

in the EG-grown films, which more readily form carbonate upon (brief) air exposures, as

will be discussed below. Furthermore, in both films a small peak at lower binding energy is

observed. This peak could be related to carbon ring structures, originating from remnants

of the Mg(MeCp)2 ligands built into the films, albeit only at a very low fraction (i.e. less
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than 2% of the carbon signal).
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Figure 10: XPS spectrum of the C 1s peaks of (a) EG-grown and (b) GL-grown magnesicone
films. The hollow circles represent the measured datapoints, the shaded areas represent the
different fitted Gaussian/Lorentzian regions and the red line is the sum of the fitted areas.

Functional characteristics towards application in moisture barrier

films

As explained in the introduction, a magnesicone - Al2O3 superstructure might be a very

interesting material to use as a component in laminated water barrier multilayers (figure

1). In order to grow these superstructures, the deposited magnesicone films need to possess

several non-trivial properties.

• The films need to act as a desiccant, capturing water rather than allowing water
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transmission.

• The films need to show swelling upon water uptake, allowing to slow down water

transmission through the cracks.

• the films need to be overcoatable by a effective water barrier, for example ALD

Al2O3. This translates to a non-reactivity with H2O and TMA.

These properties are investigated here in detail using FTIR, XRR and in-situ ellipsome-

try.

Magnesicone films as desiccant films

Previous work has shown that metalcones can be air-sensitive and in particular, water-

sensitive,15,33,79 indicating that great care should be taken in order to minimize ambient

exposure of these films.33 However, this can also be used as an advantage when working

towards films for use as a desiccant in moisture barrier layer, as described in the introduction

(figure 1).

In order to study the influence of exposure of the magnesicones to ambient atmosphere,

the bonding nature in the films was measured using FTIR, while the thickness was being

monitored using XRR at regular intervals starting immediately post-deposition. Between

thickness measurements, the magnesicone films were exposed to ambient atmosphere. The

results of these air exposures in ambient lab conditions on the chemical bonding in the

films can be see in figure 11. Similar trends as in work by Dameron et al. 15 and Van de

Kerckhove et al. 33 were observed. Already after 2 hours, a broad band centered around

3300 cm−1 which is related to water absorption93 can be seen, already after 2h of exposure

for both the EG- and the GL-based films. The peak centered around 1620 cm−1 might also

originate from water uptake. From the change in area of these peaks, as shown for the peak

at 1620 cm−1 in figure S2 and figure S3 of the supplementary information, it is clear that the

interaction with ambient water is more severe for the EG-based films, compared to the GL-
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based films. Earlier work on the infrared spectrum of MgO by Hanna 94 shows the presence

of peaks at 893 cm−1 (present in the EG as-deposited spectrum) and 927 cm−1 (present in

the GL as deposited spectrum) which are associated with Mg-O bonds. Besides the water

uptake, the GL films seem to undergo little change. For the EG films however, after 1 day,

the peak at 893 cm−1 associated with Mg-O bonds disappears and a broad peak is formed,

centred around 1430 cm−1. This peak can be associated with the formation of magnesium

carbonates (MgCO3)95 due to the reaction with ambient H2O and CO2.96 This corroborates

the observation found in XPS in figure 10(a), showing a far stronger carbonate peak for

an EG-grown film when compared to the GL-grown films immediately after measurement

(figure 10) and after 10 days (not shown here). To summarize, upon exposure to ambient

atmosphere, both films undergo water uptake, albeit more severe for the EG-based films,

compared to the GL-based films. Both films show peaks indicating the presence of Mg-O

bonds. However, in the course of less than a day, these bonds are broken in the EG films,

and MgCO3 is formed, indicating the transformation of the film.

Swelling of magnesicone upon water uptake

As explained above, water uptake is only useful in a desiccant film for moisture barriers if

the water uptake is accompanied by swelling. In the latter case, a self-healing effect can

be expected, effectively slowing down water transmission through the cracks formed in the

ceramic component of the composite barrier (figure 1). The swelling of these films upon

water uptake and MgCO3 formation is evaluated with XRR (raw data shown in figure S4

and figure S5 of the supplementary information). From the XRR results for the EG deposited

film it wasn’t possible to fit the film thickness, due to lack of clear fringes in the spectrum,

indicative of a rapid transformation upon air exposure. The results for the GL-grown films

are shown in figure 12. It can be seen that the compositional changes occurring during

exposure to ambient atmosphere as observed by FTIR, are accompanied by a significant

increase in thickness of the film. Already after 30 minutes, the initial film thickness of
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Figure 11: FTIR spectra of the magnesicone films for the EG (top) and GL (bottom) chem-
istry, taken immediately after deposition and after ageaing in ambient laboratory conditions
for 2 hours, 1 day and over the course of a week. The coloured regions indicate identified
absorption bands,93–96 with the colour matching the labels above.
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55.1 nm increased by 1.8 nm. After three days of exposure to ambient air, the total thickness

is increased by almost 10 %, much more than was the case for Al-based metalcones. Van

de Kerckhove et al. reported a thickness increase of only 5 % after more than twice the

exposure time (7 days) of a GL-grown alucone film.33 Furthermore, Lemaire et al reported

triethanolamine (TEA)-grown alucone films swelling also up to a thickness increase of only

5.1 %, while TEA-grown titanicone films even decreased up to 14.1 % in thickness.85 XPS

suggests that the interaction of water and thus this swelling of a few percent is accompanied

by a transformation to hygroscopic MgCO3. As fitting the spectra and extracting the exact

thickness proved too challenging for the EG-grown films, it can not be concluded that the

even faster water absorption found in figure 11 is associated with the swelling of the film.

In both cases however, the films can capture the moisture and slow down the transmission

through the composite structure.
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Figure 12: The thickness evolution of GL-grown magnesicone film thickness with a starting
thickness of a 55.1 nm, as stored in ambient laboratory conditions. After only 3 days of
exposure, the film thickness increased as much as 9.2%. The dashed line is a guide to the
eye.

Compatibility of magnesicone with ALD overcoating

In order to grow superstructures with ALD Al2O3 as shown in figure 1, the deposited

magnesicone films need to be non-reactive to TMA and H2O. From figure 3 it is clear that

a reservoir-like effect can be present in the EG-grown films, and figures 11 and 12 show that

these films are prone to uptake of H2O. Hence, the assumption of non-reactivity of either
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the surface or the bulk of the EG-based magnesicone film to these typical ALD conditions

certainly is non-trivial. To this end, we investigated the effect of exposing the EG-grown

magnesicone to H2O exposure at ALD processing pressure and to the complete TMA-H2O

ALD process.

A 16 nm magnesicone film was deposited using the Mg(MeCp)2-EG process. In the same

reactor system, i.e. without exposure to ambient air, the film was exposed to water at

conditions representative of the water pulses used in a typical ALD Al2O3 process, i.e. 2 s

pulses at a pressure of 5× 10−3 mbar and a substrate temperature of 125 ◦C. The changes

in optical constants of the magnesicone was monitored using real-time ISE to investigate

whether the water uptake observed in ambient air (figure 11) also poses a large effect without

an air break and under ALD process conditions. As can be seen from figure 13(a), no change

in the optical properties of this film is observed even after 200 seconds of water exposure in

a vacuum-type ALD reactor system. As a typical water pulse in a TMA-H2O ALD process

for the deposition of Al2O3 only takes aprox. 5 seconds, we are confident that water doesn’t

accumulate in the MLD films.

Next, an attempt to overcoat a 50 nm EG-grown magnesicone with ALD Al2O3 was per-

formed using typical ALD conditions (i.e. pulse times of 5 seconds, purge times of 30

seconds). As can be seen from figure 13(b), the initial growth is anomalously high, with

over 8 Å during the first ALD cycle. After 10 cycles an initial film of only 1.5 nm is formed,

stabilizing the surface as is evident from the linear growth. However, the growth rate in

the linear regime only amounts to about 0.06 Å per cycle which is far lower compared to

the expected ALD Al2O3 growth of about 1.0 Å/cycle.1 The initially high growth rate can

be explained as follows. From figure 3, it is clear that EG can be stored in the ’reservoir’

of an EG-grown film. During the first TMA pulse(s), this EG can react with the TMA in

a CVD-like manner, effectively forming what is assumed to be an aluminum alkoxide-like

interface layer. Apparently, typical ALD growth on this surface is hindered by slow kinetics,
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possibly due to the low hydroxyl concentration following this anomalous growth behaviour,

but is still possible. Hence, an ALD Al2O3 film can be grown on top of the magnesicone,

albeit with an interfacial transition region and at a lower-than-typical GPC.
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Figure 13: (a) In vacuo thickness and refractive index of a 16 nm EG-grown magnesicone
sample which has been exposed to 100 × 2 s pulses of H2O at a pressure of 5× 10−3 mbar,
at a substrate temperature of 125 ◦C. (b) In-situ Al2O3 thickness deposited on a 50 nm
EG-grown film at a substrate temperature of 125 ◦C. A measurement was taken after every
half-cycle. The film thickness was extracted using in-situ ellipsometry and fitted to a Cauchy
model with parameters optimised for ALD Al2O3.

Introducing porosity towards application as porous and lithium-

stable MgO framework

Similar to previous work on alucones by Liang et al.60,61 and Van de Kerckhove et al. 33

magnesicone films were annealed in order to introduce porosity. From the previous sections

it is clear that the films are air-sensitive, and the resulting MgO is also known to be air-

sensitive, the samples were transferred from the deposition chamber to the annealing chamber

as fast as possible. Furthermore, the annealing and the EP measurements were combined

on an automated home-built set-up in order to minimize the time between annealing and

EP measurement, as discussed in the experimental section. The proposed mechanism at

work here is that during calcination, the carbon at least partially gets “burned out” of the

metalcones, leaving behind a nanoporous material. In this work EG and GL magnesicones

were annealed to target the formation of porous MgO films. All films were annealed up to
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Figure 14: Real-time SE results during an anneal of EG films. The top graphs show the
temperature profiles, the middle graphs show the refractive indices of the films during anneal
and the bottom graphs show the fitted thickness in nm. All films were annealed up to 350 ◦C.
For the left pane (a) the heating and cooling rate was 50 ◦C/hour. The middle pane (b) was
heated at a rate of 50 ◦C/hour an cooled down rapidly by abruptly turning off the heating.
The right pane (c) shows a relatively fast (400 ◦C/hour) heating and cooldown.
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350 ◦C. From the work of Van de Kerckhove et al. 33 on the calcination of alucone films,

it is clear that several parameters determine the degree of porosity. On the one hand only

the calcination of EG-grown alucones resulted in porous films. In the case of magnesicone

in this work no porosity could be obtained in GL-grown magnesicone either. Futhermore,

Van de Kerckhove et al. 33 showed that the rate of annealing plays a critical role in the

final film properties. Therefore, different heating and cooling rates were applied in order to

investigate the influence of the ramp rate on the pore size and porosity of the EG-grown

magnesicone films. By using SE to monitor the film in situ during annealing, additional data

on the film thickness and temperature of transition to porous film could be obtained, as can

be seen from figure 14. A Cauchy model was used to describe the dispersion relation for

the refractive index during the anneal. From this data, both the refractive index and film

thickness could be fitted to the measurement. When the film becomes porous, this thickness

should be interpreted as an apparent thickness, as it is no exact measure for the thickness of

the porous film. The maxima in the second derivative of the (median filtered) refractive index

with respect to the temperature were taken as a measure for the start and stop temperatures

for the transformation of “magnesicone” to either a porous film or collapsed MgO.

Figure 14(a) shows the real-time SE data for a film which was heated and cooled at a ramp

rate of 50 ◦C/h. Around 310 ◦C, a sudden drop in refractive index occurs, together with an

increase in apparent thickness. As refractive index is correlated to film density, this suggests

that the film becomes porous, as the density goes down while the thickness goes up. During

the cooldown at the same rate, i.e. 50 ◦C/h, no change is observed in refractive index, and the

thickness goes down gradually. This indicates that no collapse occurs, and the film remains

porous.

This is not the case when the cooldown is done abruptly at uncontrolled conditions as dis-

played in figure 14(b). During the anneal, identical behaviour can be observed. A drop in

refractive index (or density) together with a rise of sample thickness indicates the films be-
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coming porous. However, when the target temperature of 350 ◦C was reached, the heating was

switched off, and the sample cooled down rapidly. At this point, the refractive index starts

to rise quickly, while the thickness goes down rapidly. This is an indication of the porous

structure collapsing (density going up and thickness going down). This clearly presents that

a carefully chosen cooling rate is important in order to obtain porous films.

The heating rate also plays a critical role in the formation of porous films. Figure 14(c)

shows an anneal with a much higher heating- and cooling rate of 400 ◦C/h. Again, a drop in

refractive index can be observed during the anneal, which is in this case accompanied by an

immediate decrease in thickness. This would indicate that no pores are being formed when

the heating rate is chosen too high, and instead the carbon removal is accompanied by a

collapse of the MgO films. This clearly displays that a well-chosen ramp rate during heat-up

is critical to allow the pore formation to occur, while a controlled cooldown is critical to

avoid pore collapse.

Figure 15: Overview of the analysis process of an EP measurement on a magnesicone film
after annealing to 350 ◦C at 200 ◦C h−1 heating and cooling. (a) The refractive index and (b)
the apparent film thickness for each value of the relative pressure P/P0 obtained by fitting a
Cauchy model to the raw data. (c) The amount of adsorbed toluene for every value of P/P0,
calculated using an EMA model. (d) The pore size distribution calculated using BET, the
Kelvin equation and the t-correction.

For optimized calcination procedures in terms of cooldown and sample transfer, porosity
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measurements were performed subsequent to the calcination for different ramp rates. The

method used to probe the porosity was ellipsometric porisometry (EP), the methodology of

which is explained in detail in the experimental section, and summarised in figure 15 for

the EG-grown magnesicone annealed at 200 ◦C h−1. Figure 15(c) shows the porosity, while

figure 15(d) shows the pore radius distribution. In figure 16, the total porosity and the

pore size maxima (the average pore size for a Gaussian distribution) are summarised for the

examined annealing conditions. As also seen by Van de Kerckhove et al. 33 , the ramp rate

has an influence on the porosity and pore size. Interestingly, a different dependence of the

porosity on the ramp rate was found compared to their work on alucones. They reported that

a slower ramp rate resulted in a more porous alumina film, whereas in this work an optimum

was found: the most porous film was achieved with a ramp rate of 200 ◦C/h and delivered a

porosity of 44.7%. We ascribe this effect to the fact that we are creating porous MgO, which

reacts with H2O to form Mg(OH)2, resulting in smaller pore sizes. Using slower cooling

rates leaves the porous MgO more time to react with the atmospheric moisture, leading to

Mg(OH)2, causing the pores to “clog” and get smaller. The fact that a ramp rate of 20 ◦C/h

leaves a more porous film compared to 50 ◦C/h suggests that the relation between porosity

and ramp rate, which was found in the work of Van de Kerckhove et al. 33 , still occurs, but

gets overtaken by the formation of Mg(OH)2.

The mean pore radii of the porous films all lie between approximately 0.9 nm and 1.6 nm.

The sorption isotherms, as the one in figure 15(c) for 200 ◦C h−1, don’t show a hysteresis

loop, indicating an open pore shape. The maximum mean pore radius is achieved for a

ramp rate of 100 ◦C/h with 1.57 nm. It would seem that, regarding the pore sizes, this ramp

rate is a good trade-off between the hydration associated with slow ramp rates and collapse

associated with the fast ramp rates. However, the porosity is only 29.3%, whereas the ramp

rate of 200 ◦C/h gave a porosity of 44.7% with pore radii of 1 nm.

XPS was used to study the content of the two magnesicone types annealed at 200 ◦C/h up to
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Figure 16: Porosity and mean pore size for different ramp rates of the EG-based magnesicone
films.

350 ◦C in ambient air. The O1s spectrum in figure 17 corroborates the potential formation

of Mg(OH)2. The spectrum of the as-deposited film in figure 17(a) clearly shows two peaks;

a peak at 530.5 eV originating from the Mg-bound oxygen, i.e. the Mg-O-C bond from the

alkoxide formula unit, and a peak at a higher binding energy of 531.8 eV. At this peak

position, both metal carbonate and metal hydroxide compounds are expected. In the case

of the as-deposited spectrum in figure 17(a), this is likely related to the carbonate formed

on the surface of the film. After calcination, the spectrum in 17(b) still shows two features.

The feature at lower binding energy has reduced in area by about 10% and is shifted to even

lower binding energy (529.7 eV), indicating the transformation from Mg-O-C to MgO. On

the other hand, the area of the feature at 531.8 eV has increased about three-fold compared

to the area in the as-deposited film. Since the carbonate fraction in the carbon spectrum is

similar before and after anneal (figs 10(a) and 18(a), respectively), the increase in peak area

must arise from hydroxide formation, supporting the claim that even at this high annealing

rate, some of the formed MgO is transformed into Mg(OH)2.

Finally, the calcination is accompanied by a reduction of carbon content in both the EG- and

GL-based magnesicone films (figure 18). Their composition post-calcination is summarised
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Figure 17: XPS spectrum of the O 1s peaks of (a) as-deposited and (b) calcined EG-grown
magnesicone. The calcination was performed up to 350 ◦C at heating and cooldown rates of
200 ◦/hour in ambient air. The hollow circles represent the measured datapoints, the shaded
areas represent the different fitted Gaussian/Lorentzian regions and the red line is the sum
of the fitted areas.
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in table 3. The GL-grown films, which did not become porous, indeed maintain more carbon

in the films compared to the EG-films, i.e. 34at% for the latter compared to 21at% for the

former. However, a large fraction of the carbon in these films is tranformed into carbonate-

type carbon, as is evident from the larger fraction at higher binding energies. In the as-

deposited films, only a minor fraction of carbonate was formed due to the air exposure

(figure 10), and upon prolonged air exposure no carbonate species could be detected by

FTIR as well (figure 11). Thus, rather than removing of the carbon, as is the case for the

air-sensitive EG-grown films, the carbon in the GL-grown films is transformed to carbonate

by the calcination treatment.

The EG-grown films on the other hand did achieve a porosity of about 44.7% despite the

carbon remaining in these films. When observing the carbon spectra in figure 10(a) and

18(a), i.e. before and after anneal, respectively, the area under the carbonate fraction re-

mains almost constant, while the C-C/C-O fractions (as well as the small 5-methyl-1,3-

cyclopentadiene fraction) are clearly reduced to about 40% of the as-deposited value. As

observed by XPS, the carbon is more difficult to remove from the GL-grown films, and the

calcinated films are not porous. The EG-based films on the other hand do become porous,

but it can be seen that the carbonate formed due to air-exposure is not removed under these

annealing conditions. This highlights the importance of a rapid (or air-free) transfer from

the deposition chamber to the annealing chamber if the aim is to achieve a film with a high

porosity, as for use in application as porous and lithium-stable MOx frameworks.

Table 3: Composition (at%, from XPS) of both the EG- and GL-based magnesicone films
after calcination at 200 ◦C/h up to 350 ◦C in ambient air

C Mg O

EG 21 21 58

GL 34 14 52
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Figure 18: XPS spectrum of the C 1s peaks of (a) EG-grown and (b) GL-grown magnesicone
films after an anneal up to 350 ◦C at heating and cooldown rates of 200 ◦/hour in ambient
air. The hollow circles represent the measured datapoints, the shaded areas represent the
different fitted Gaussian/Lorentzian regions and the red line is the sum of the fitted areas.
The same y-scale as figure 10 is used to allow for direct comparison.
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Conclusion

Hybrid organic-inorganic thin films or “metalcones” deposited with MLD are an interesting

class of materials, since the deposition is conformal on high-aspect-ratio structures, and

these materials can be made porous. We report a novel MLD process to deposit magnesium-

containing hybrid organic-inorganic thin films, or “magnesicones”, using Mg(MeCp)2 and

EG or GL. Saturated growth could be achieved at 2 Å/cycle to 3 Å/cycle using relatively

short (10s) precursor pulses in a wide temperature window from 100 ◦C to 250 ◦C for both

chemistries. Interaction energies of EG and GL calculated by DFT, presented some clear

differences in reaction mechanism. While the ligand elimination process is favourable for

both precursors, GL species prefers to lie in an upright position and EG prefers to orient

in a flat configuration and interacts at the MgO (100) surface. Therefore, the GL-based

magnesicone will grow thicker compared to the EG-based magnesicone as observed for the

standard MLD process before the “reservoir” effect complicates the growth. This reservoir

of incorporated EG molecules in the growing film is plausible as the energy gained from the

interactions between EG and the MgO surface is found to be larger compared to the energy

gained from the ligand exchange process. The EG- and GL-grown magnesicone films contain

about 43at% and 46at% carbon, respectively as measured by XPS.

Two possible applications are envisioned for these magnesicones. On the one hand, they

can be used a a component for self-sealing water barrier coatings in combination with a

ceramic metal-oxide film such as ALD Al2O3. For this application, three key properties

were investigated. First, the desiccant properties and associated swelling of the films were

evaluated, in order to slow down water transmission and act as a component of an ALD/MLD

multilayer in water barrier films. From FTIR, a clear water uptake was observed in the EG-

grown films, associated with MgCO3 formation. This water uptake was accompanied by a

thickness increase of about 10%. The GL-grown films on the other hand showed no carbonate

formation, and a slower water uptake. In addition, the possibility to overcoat with ALD
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Al2O3 was tested on the EG-based magnesicone. It was found that during initial growth

the EG stored in the film reservoir reacted with the TMA precursor, potentially forming an

’alucone’ interface, followed by a slow Al2O3 ALD growth. A second potential application is

porous and lithium-stable MOx frameworks, for example as a backbone for solid composite

electrolyte films. For this application, the transformation from the hybrid magnesicone to a

porous Mg-containing framework is critical. Calcining of the GL-based magnesicone did not

lead to porous films. Rather than carbon removal, the carbon is transformed into carbonate

species, which can not be removed by the calcination treatment. However, it was shown that

by calcining the EG-based magnesicone, porous MgO films could be obtained with porosities

between 27.4% and 44.7%, as determined by ellipsometric porosimetry. The porosity clearly

depended on the ramp (both heating and cooling) rates. Slow anneals allow the porous

MgO films to react with ambient moisture, leading to a lower porosity due to ‘clogging’ of

the pores and the formation of magnesium hydroxide, whereas annealing faster (≥400 ◦C)

can cause a collapse of the pores, resulting in non-porous films. These functionally relevant

tests demonstrate the potential of magnesicone films, making it a promising material for

future applications.
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