Materials Today Communications 50 (2026) 114615

ELSEVIER

Contents lists available at ScienceDirect
Materials Today Communications

journal homepage: www.elsevier.com/locate/mtcomm

materialstoday

COMMU

Check for

MgH> thin films and nanowires deposited by CVD from a magnesium | e

diamidodiboranate precursor

a,*

Laurent Souqui

, Christopher M. Caroff”, R. Joseph Lastowski ", Samyukta Shrivastav ed

Gregory S. Girolami ", Jessica A. Krogstad “, John R. Abelson “¢

2 Department of Chemistry — Angstrom laboratory, Uppsala University, Uppsala 752 37, Sweden
Y School of Chemical Sciences, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

¢ Department of Materials Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
d Materials Research Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

ARTICLE INFO ABSTRACT

Keywords:

Magnesium hydride
Chemical vapor deposition
Single-source precursor
Thin films

Nanowires
Low-temperature synthesis
One-step synthesis

Magnesium hydride, MgH>, is deposited by chemical vapor deposition (CVD) at substrate temperatures of
140-300 °C from the newly synthesized magnesium diamidodiboranate precursor, Mg(NMe;BHoNMeyBHj3)o,
abbreviated Mg(NBNB),. The resulting films are pure, single-phase MgH> as evidenced by X-ray diffraction and
Raman spectroscopy. Depending on the growth conditions, the morphology of the deposits can be varied from a
granular film to islands to a continuous film with either protruding pillars or nanowires. The deposits are
nanocrystalline and consist of pure, polycrystalline a-MgH; under all conditions. The formation of MgHj, from Mg
(NBNB);, is thought to involve a hydrogen elimination mechanism involving the BH; or BH3 groups.

1. Introduction

Magnesium hydride, MgHo, is a lightweight ceramic material with
three known phases: a-MgHpz, which has a tetragonal (rutile) structure
and is stable at ambient pressure; and -MgH> and y-MgHo, which have
cubic and orthorhombic structures, respectively, but are stable only at
elevated pressures [1]. The a phase is a dielectric with a band gap of
about 5.6 eV [2]. When o-MgH3 is heated above 410 °C in powder form,
it dehydrogenates to form metallic magnesium [3,4]. In part owing to
these properties, the a-phase has been extensively studied as a potential
material for hydrogen storage [5-12], for switchable windows and
mirrors [13,14], electronics [15], and for anti-reflecting passivation
layers in photovoltaics [16,17].

Bulk samples of MgH, have been obtained by the pyrolysis of
diethylmagnesium (Mg(CoHs)2) at 200 °C in high vacuum [18]. In
contrast, under similar conditions di-n-butylmagnesium (Mg(C4Hy)2)
produces a mixture of Mg and MgH,, and diphenylmagnesium (Mg
(CeHs)2) affords only Mg. High-energy ball milling of Mg in H is most
often employed to obtain MgH, for use as a hydrogen storage material.
This route affords MgH» with a grain size of tens of nanometers; the high
density of grain boundaries and high specific surface area lower the
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macroscopic onset temperature for dehydrogenation [19-23]. Additives
and alloying can further reduce the temperature required to achieve full
dehydrogenation, but at the cost of reduced hydrogen storage capacity.
However, the small grains are not stable under cycling: rehydrogenation
at elevated temperatures heals defects and coarsens the grain size, thus
degrading performance [24,25]. To mitigate coarsening, liquid phase
synthesis has been used to afford MgH, nanoparticles in a carbon scaf-
fold [26-29], and reactive evaporation under 1-4 MPa Hj pressure has
been used to form MgH, nanowires and nanostructures [30-34]. The
latter process has sometimes been labelled “hydriding CVD” despite
having no characteristics of CVD processes [30-34].

Thin films of MgH» have been grown by low-pressure (< 1 atm)
hydrogenation of Mg in contact with a Pd layer [2,13,14], by reactive
evaporation of Mg in an atomic hydrogen beam [35], and by reactive
sputtering of Mg in the presence of an argon-hydrogen plasma [16,17,
36,37]. These methods typically afford a mixture of MgH, and metallic
Mg. Because sputtering and evaporation are line-of-sight techniques,
these methods are useful only for applications that involve relatively
planar substrates.

To date, no chemical vapor deposition (CVD) method to grow MgH,
thin films has been described, even though CVD is a desirable method for
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film growth because it is relatively fast and can be scaled to large areas
[38]. In addition, if the film's growth rate is limited by surface reactions,
then the deposit can be conformal over (and within) complex mor-
phologies and structures [38-44]. We note that conformal coatings of
MgH> on suitably nanostructured substrates might be ideally suited for
hydrogen storage applications [45].

Here, we report the low-pressure CVD of a-MgHj films at 140-300 °C
using a newly synthesized single-source precursor [46], magnesium bis
(diamidodiboranate), Mg(NMey,BHoNMeyBH3),,  abbreviated Mg
(NBNB),. During the deposition process, each ligand transfers one H
atom to the Mg center, most likely from a BH3 or BHy group via a
hydrogen elimination reaction. The reaction proceeds efficiently to
afford phase-pure MgH, plus volatile by-products, as evidenced by X-ray
diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, and
Rutherford backscattering spectrometry. Smooth, nanocrystalline films
with a thickness up to 60 nm and with optical properties close to those of
bulk MgH, can be obtained at short deposition times (< 30 min) and low
temperatures (140-200 °C). The crystallite size, which is particularly
important for hydrogen desorption kinetics, is reproducibly controlled
by varying the precursor flux. At longer deposition times, growth in-
stabilities afford MgH, pillars, whereas increasing the deposition tem-
perature leads to the formation of MgH, nanowires with an average
width of ~ 50 nm. These high surface area deposits are potentially of
interest in the context of fast, reversible hydrogen storage media.

2. Experimental details
2.1. Substrate preparation

We use a variety of substrates to facilitate post-growth analysis, as
noted in the Results section below. Two aspects were considered: the
stability of the oxide and the overlaps between film and substrate in
characterization methods, especially Raman. Regarding stability, we
previously observed that a different precursor, magnesium dimethyla-
minodiboranate, Mg(DMADB)>, reacts with SiO»/Si and Au substrates to
form Mg,Si and MgAu, respectively [47]. The use of a diffusion barrier is
also critical during hydrogen cycling, where metallic Mg can react with
the substrate as shown by Le-Quoc et al [36].

The investigated oxides are thin films of HfOy, TiO2, RuO;, WO3
deposited on silicon substrates and native SiO,. The synthesis of HfO,,
TiO5, RuO,, and WOs is as follows:

e HfO,: after degreasing of the substrate in acetone and in isopropanol

in an ultrasonic bath for 5 min each, HfO, is deposited by atomic

layer deposition (ALD, Savannah S100 Cambridge Nanotech) on
native SiOy at 120 °C from tetrakis(dimethylamido)hafnium, Hf(N

(CH3)2)4, and H2O to a thickness of 8.4-9.0 nm (85 ALD cycles).

TiOq: after degreasing of the substrate in acetone and in isopropanol

in an ultrasonic bath for 5 min each, TiO; is deposited by ALD on

native SiOy at 200 °C from tetrakis(dimethylamido)titanium, Ti(N

(CH3)2)4, and HO to a thickness of 14 nm (300 ALD cycles).

RuOg: after degreasing of the substrate in acetone and in isopropanol

in an ultrasonic bath for 5 min each, Ru is deposited by e-beam

evaporation on a silicon substrate with a 300-nm-thick thermal sil-
icon oxide to a thickness of 5-6 nm followed by exposure to air at
room temperature.

e WOsg: after degreasing of the substrate in acetone and in isopropanol
in an ultrasonic bath for 5 min each, W is deposited by e-beam
evaporation on a silicon substrate with a 300-nm-thick thermal sil-
icon oxide to a thickness of 50 nm followed by annealing at 400 °C in
O, for 3 h.

Most of the experiments in the present work use Si wafers coated
with ALD HfO; because we find that the latter material remains unaf-
fected by the deposition process (Figure S6) and acts as a diffusion
barrier to prevent reaction of the precursor with the underlying
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substrate. It also is and remains amorphous at the deposition tempera-
tures used for MgH; which facilitates the XRD analysis, unlike WO3 and
RuO,, that are polycrystalline and nanocrystalline, respectively.

Finally, we realize using Raman spectroscopy that the vibrational
spectrum of the silicon substrate overlaps with the one of MgH,. To be
able to measure the Raman spectrum of the films, a multilayer HfOs/Au/
Cr/Si05/Si(100) is used. First, a 5-nm-thick Cr adhesion layer is
deposited on native SiO2 by e-beam evaporation. A 54-nm-thick layer of
Au is then deposited by e-beam evaporation to act as a mirror and cut off
the signal from the substrate. Finally, HfO, is then deposited as previ-
ously described to prevent the formation of the intermetallic MgAu
during the deposition of MgH; and for consistency.

2.2. MgH, deposition

Films are deposited in a turbopumped, load-locked high vacuum
chamber (base pressure < 4.5 x 1077 Torr) described elsewhere [48,49].
The Mg(NBNB), precursor [46] is heated in a water bath to 40-60 °C,
which is sufficient to melt it without decomposition. To prevent pre-
mature condensation of the precursor, the delivery line is heated to a
temperature that is 10 °C above that of the precursor bath. No carrier gas
is used. The precursor is delivered to the chamber through a 4.2-mm
inner diameter stainless steel tube pointing towards, and 7 cm away
from, the substrate. The substrate is maintained at 140-300 °C by a
radiative heater located on its underside. The partial pressure of the
precursor under dynamic pumping ranges from 0.004 to 0.060 mTorr.
Due to the forward-directed injection of precursor, however, the inci-
dent flux on the substrate is estimated to be several times larger than the
isotropic flux corresponding to the partial pressure in the
room-temperature chamber.

The deposition process is monitored in situ by spectroscopic ellips-
ometry between 0.75 and 4.0 eV at an incidence angle of 70° with
respect to the sample normal. After the onset of precursor flow into the
chamber, the ellipsometry parameters are constant over times ranging
from 0.5 to 30 min, depending on the growth conditions, owing to a slow
rate of film nucleation. During this period, the optical parameters of the
film cannot be modeled due to the unknown surface geometry (e.g,
formation and coalescence of islands) [50]. After the nucleation period,
the ellipsometry parameters begin to change rapidly as steady-state film
growth commences. The surface can then be modeled as a thin dielectric
on top of the substrate. In this work, we report the duration of film
growth as the time between the onset of steady-state growth as detected
by ellipsometry and the cessation of precursor flow.

The substrates are stored in air in polypropylene wafer carriers.
Before being loaded into the chamber, the substrates are cut into
10 x 12 mm? pieces, degreased in an ultrasonic bath in acetone and in
isopropanol for 5 min each, exposed to UV/Oj3 cleaning for 10 min and
loaded into the chamber. Once the base pressure of 4.5 x 10~ Torr is
reached, the substrates are radiatively heated to the growth tempera-
ture, as measured with an exposed thermocouple in contact with the
sample surface. The substrates are kept at the growth temperature for
10 min before the precursor flow starts.

Relative to a reference thermocouple that is located deep within the
radiative heating assembly, the temperature reading of the sample
thermocouple progressively shifts to higher temperatures as successive
deposition runs are carried out; the offset can be as large as 70 °C.
Heating the sample stage (and thus annealing the thermocouple) to
> 450 °C, however, restores the agreement between the substrate and
reference thermocouples. We attribute the temperature shift to the for-
mation of a MgH, or Mg coating on the exposed thermocouple;
annealing the thermocouple evaporates the deposit. Periodically, we
also check the temperature of the sample stage using a reference CVD
experiment. We flow tetrakis(dimethylamido)vanadium, whose growth
onset temperature is 160-167 °C [51], and increase the substrate tem-
perature by steps of 10 °C; the actual temperature of the substrate is
assigned to be 160 °C for the lowest temperature setting at which the
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ellipsometry parameter A changes after 15 min. Owing to the un-
certainties in the substrate temperature, however, we give only quali-
tative assessments of how the reaction kinetics change as a function of
temperature.

2.3. Thin film characterization

The phase of the films is investigated by X-ray diffraction (XRD) as
well as p-Raman spectroscopy. The X-ray diffractograms are recorded on
a Bruker D8 ADVANCE Plus diffractometer equipped with a Cu X-ray
anode, a Gobel mirror to obtain a parallel beam, a 2-mm divergence slit
on the primary side, 2.5° Soller slits on the secondary side, and an
EIGER2 R 500 K detector. A sapphire single-crystal crystal (which gives
a low XRD background) is used as a sample holder. The incident angle o
is fixed at 1° for glancing incidence measurements (GI-XRD). p-Raman
spectroscopy is performed on a film deposited on HfO,/Au/Cr-coated
substrates with a confocal Raman microscope (Nanophoton Raman 11)
that employs a 531.9 nm excitation laser at 0.10 mW, objective x100 and
2400 line/mm grating. The gold underlayer is used to block Raman
scattering from the Si substrate, which otherwise interferes with the
MgH, Raman bands at 300 cm ™! and 950 em ™! (at room temperature
and with excitation wavelength of 488 nm) [4,52-54]. The spectrum is
obtained by averaging thirty 12-second scans over an area of 864 ym?.
Spikes due to cosmic rays are removed manually.

X-ray photoelectron spectroscopy (XPS, Kratos Analytical AXIS) and
Rutherford backscattering spectrometry (RBS, NEC Pelletron acceler-
ator) are used to assess the composition of the films. For XPS, the X-ray
anode (monochromatic Al Ka radiation, 1486.6 eV) was operated at
210 W at a base pressure of 5.9 x 102 Torr. The binding energy scale
was calibrated to the Au 4 f; 5 core-level peak at 84.0 eV and the Cu 2p3,
2 peak at 932.6 eV. No sputter cleaning procedure is used. Sample
charging is compensated with a flood gun, and adventitious carbon is set
to 284.8 eV. The CasaXPS software (version 2.3.13) is used to analyze
the XPS data. Atomic ratios are determined from the XPS peak intensities
by factoring in the relative sensitivity coefficients. For RBS, the incident
beam is 2.03 MeV “He' incident at 22.5° to the sample normal, the
detector angle is 52.5° with respect to the sample normal, and the
scattering angle is 150°. The energy scale is calibrated with two refer-
ence samples: Pt/Mn/Si and Au/Cu/Si. The RBS spectra are fitted by
using the SIMNRA software (version 7.03).

The morphology of the deposited films is characterized by scanning
electron microscopy (SEM, Hitachi S-4800) and an in-lens detector. The
accelerating voltage is 10 kV. For transmission electron microscopy
(TEM, JEOL 2010 LaB6), samples are scraped with a blade onto a TEM
grid consisting of a carbon film on 200 mesh Cu grid (Ted Pella Inc.) and
imaging is carried out with an accelerating voltage of 200 kV. The op-
tical properties and thickness of the continuous granular films are
measured ex situ by variable angle spectroscopic ellipsometry (VASE, J.
A. Woollam instrument) in the range 0.95-4.13 eV. The measurements
are performed at incident angles of 50, 60, and 70°. The use of variable
angles of incidence affords an unambiguous deconvolution of the optical
thickness into the physical thickness and index of refraction of each
layer. Both in situ and variable-angle spectroscopic ellipsometry data are
analyzed with the CompleteEASE software (version 5.04).

3. Results and discussion
3.1. Morphology

Depending on the growth conditions, the magnesium dia-
midodiboranate precursor Mg(NBNB), affords films of significantly
different morphologies, including granular films, pillars, and nanowires.

For substrate temperatures of 140-200 °C, continuous granular films
with grain sizes of up to ~ 60 nm are observed for growth times
< 30 min (Fig. 1). The morphology and grain sizes at a given thickness
are independent of the precursor partial pressure up to the experimental

Materials Today Communications 50 (2026) 114615

Fig. 1. Planar SEM of a continuous MgH, film with a granular morphology
deposited at 0.010 mTorr at 200 °C for 21.5 min on HfO,/Si.

maximum of 0.60 mTorr, although the growth rate increases linearly
with pressure (Fig. 2). In this same temperature range, however, the
morphology becomes dominated by pillars if the growth time is longer
than 30 min. For example, after 120 min at 200 °C and a precursor
pressure of 0.010 mTorr, pillars of length 260-280 nm protrude from a
continuous, 60 nm thick MgH, film (Fig. 3). The width of the pillars
decreases from 100 nm at the base to 60 nm at the top. This morphology
is consistent with morphological instability models used to describe
protrusions observed in thermal CVD of polycrystalline Si [55-57].

At higher temperatures, the morphology for growth times < 30 min
evolves from the continuous granular films seen at 200 °C to a perco-
lated network of islands at 225 °C (Fig. 4(a)) to separate elongated
islands at 280 °C (Fig. 4(b)). At these higher growth temperatures, a
continuous faceted film with protruding nanowires is eventually formed
at longer growth times (Fig. 5). From a mechanistic perspective, faceting
requires significant anisotropic attachment of adspecies during growth,
which may contribute to vapor-solid growth of nanowires [58-61].

Increasing the deposition time results in increases in both the
nanowire length and density (as can be seen by comparing Fig. 4 with
Fig. 5). Some of the nanowires appear to originate from a broad pillar,
but such pillars are not seen at shorter deposition times (Fig. 4(b)): the
wires emerge between crystallites and do not have a broadened base. We
interpret the pillar-like base of the nanowires in Fig. 5 as evidence of
lateral growth of the wire itself, rather than growth from a pre-existing
pillar. Furthermore, Fig. 5 suggests that the nanowires have a rectan-
gular cross-section like those of nanoribbons and nanobelts of tetragonal
materials such as a-t B [62], SnO3 [63], WO3 [64], and RuxTi(;.x)O2 [65].
Combining SEM and TEM (Fig. 6) we find that the nanowires grown at
243 °C for 109 min are about 3.5 pm long and 50 nm wide. For appli-
cations in hydrogen storage, a diameter of 50 nm is small enough to
improve the kinetics of hydrogen absorption and desorption [68],
although smaller dimensions are required to obtain the lowest possible
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Fig. 2. Influence of Mg(NBNB), pressure on the growth rate of MgH, at 200 °C
on HfO,/Si. Solid circles are experimental data obtained from VASE, the open
circle at 0 mTorr is trivial.
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Fig. 3. (a) Cross-sectional and (b) plan-view SEM of a MgH, film deposited on
HfO,/Si at 200 °C over a total deposition time of 120 min, revealing a pillar-
like morphology.

Fig. 4. Plan-view SEM of MgHj thin films deposited on HfO,/Si at 0.010 mTorr
at (a) 225 °C for 17 min revealing the percolated network of islands and (b) 280
°C for 24 min revealing disconnected, elongated structure with nanowires
growing between them.

dehydrogenation temperatures [69,70].

3.2. Phase analysis and microstructure

The Raman spectrum of a film deposited at 215 °C for 24 min (Fig. 7)
exhibits bands at 957 cm ™! and 1280 ecm ™!, which are assigned to the Eg
and A; ¢ modes of MgHp, respectively, as reported in earlier studies [4,
52-54]. The bands are broadened and slightly blue-shifted compared to
those seen for coarser powders and thicker films; these differences could
be due to a smaller grain size and/or compressive stress [71,72]. The
broad feature near 1200 cm™! has previously been assigned to
two-phonon second-order processes in MgHy.*

XRD shows that the only crystalline phase deposited from the ther-
mal decomposition of Mg(NBNB), on HfO,/Si is o-MgH, (PDF
00-012-0697; tetragonal, space group P4,/mnm) [73] regardless of the
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Fig. 5. (a) cross-sectional and (b) plan-view SEM of a MgH, film deposited on
HfO,/Si at 243 °C for 109 min. The MgH, film is facetted and coalescing around
nanowires with a broadened base. The section of the nanowires appears to be
rectangular.

Fig. 6. TEM images of MgH, nanowires. The lighter rectangle-shaped region
within the wire is due to electron beam damage caused by an attempt to collect
diffraction data. Most likely this change reflects dehydrogenation of the MgH,,
as has been previously reported [66,67].

morphology of the films (Figures 8 and S1 for pillars, Fig. 9 for planar
films, Figure S2 for percolated films with nanowires). The relative in-
tensities of the low index peaks indicate that there is some degree of
preferred orientation (see below). Films deposited at higher precursor
pressures give broader X-ray diffraction peaks, which we interpret as a
reduction in the size of coherently diffracting domains. Application of
the Scherrer equation gives crystalline domain sizes of between 6 and
15 nm (hence smaller than the grains observed with SEM), but these
values are lower limits owing to the non-Lorentzian line shapes and the
possibility of film stress [74,75].

26/w diffractograms of the film with nanopillars (Figure S1) show a
strong (101) peak and weak (110) and (211) peaks. The relative in-
tensities can be simulated by calculating the powder diffraction pattern
of MgH, with a March-Dollase factor arbitrarily set to 0.5 (Figure S3),
corresponding to a random powder in which 37.7 % of the crystallites
have a preferred (002) and (101) orientation (Figure S3(b) and S3(c)
respectively) [76,77]. Surface energy considerations cannot explain
either of these preferred orientations, the low energy surface of the
MgHj, crystal being the (110) plane [78,79]. The preference for a (002)
texture can be explained from the symmetry of the crystal (c-axis) as
sometimes seen in other materials with a tetragonal structure (rutile
RuxTi(1.002[65], a-t B [62], t-WO3[64]). A (101) texture could be
related to the preference of MgH, 1D-nanostructures to grow in the
[101] direction (and its symmetry equivalent directions) [30,34]. As
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Fig. 8. GI-XRD diffractogram of 270-nm-long MgH, pillars on a 60-nm MgH,
film deposited on HfO,/Si at 200 °C for 120 min. The broad background fea-
tures that extend from around 28-38° and 50-60° originate from the amor-
phous HfO,. The red trace at the bottom is the diffraction pattern seen for a
non-oriented sample of a-MgH, [95].

Saita et al. pointed out, Mg and H atoms form alternating planes
perpendicular to the [101] direction [30]. The significant charge
transfer of up to 0.8 e to each H atom in MgHj therefore makes the [101]
direction a polar axis; due to charge balance, this becomes the easy axis
for growth, as it is for SnO; in the rutile structure, and many 1D-nano-
structures of group 13-15 (III-V) or group 12-16 (II-VI) semi-
conductors [63,80-82].

The 20/0 diffractogram (Figure S2) of the percolated films with
nanowires deposited at higher temperatures (morphology in Fig. 4) al-
lows us to probe the orientation of the facetted film because, unlike the
pillars that comprise most of the film, the nanowires contribute very
little to the overall diffraction intensity due to their small aggregate
volume. For the faceted films, we find that the (110) peak is strong,
whereas the (101), (200), and (211) peaks are weak. These relative in-
tensities match the calculated pattern in Figure S3(d) for a (110) texture;
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Fig. 9. Influence of the precursor pressure on the breadth of the peaks recorded
with GI-XRD of planar MgH, thin films deposited on HfO,/Si at 200 °C. The
thickness of the film deposited at 10 pTorr is 44 nm (average growth rate
2.5 nm/min), at 20 pTorr is 47 nm (6.0 nm/min), and for 60 uTorr is 37 nm
(11.4 nm/min).

the (110) planes are the low energy surface of the MgH, crystal [78,79].
Thus, the pillars and the faceted films have different orientations.

3.3. Composition

At the early stages of film growth (i.e., just after the transition from
nucleation to steady-state growth as defined in the previous section),
XPS measurements grown on a variety of oxide surfaces show a strong
Mg 1 s peak at 1303 £ 0.3 eV (e.g., Fig. 10 (c) for a film grown on HfO3)
consistent with the presence of MgH,. Milcius et al [83]. suggested that
XPS cannot differentiate magnesium oxides, hydroxides, and hydrides,
although more recent work suggests that the binding energy of MgH, is
about 0.6 eV smaller than that of MgO [84], and about 0.6 eV larger
than that of metallic Mg [84].

For these early-stage films grown on RuO,, WOs, or native SiOo, the
XPS spectra show no detectable amounts of nitrogen or boron. Similar
experiments performed on HfO, show no nitrogen (Fig. 10 (a)) but
boron is present in amounts close to the detection limit (Fig. 10 (b)),
corresponding to a B/Mg atomic ratio of 0.03. On TiO», small amounts of
both boron and nitrogen are detected (B/Mg = 0.04 and N/Mg = 0.05)
(Figure S5); the nitrogen peaks at 398.7 and 406.2 eV correspond to
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organic and oxidized nitrogen, respectively.

These results suggest that conversion of Mg(NBNB), to MgH» occurs
cleanly with loss of all or nearly all of the nitrogen and boron. The
presence of small amounts of these elements may be due to substrate
effects. On HfO5 and TiO,, the B 1s binding energy is 191.8 and
191.7 eV, respectively, characteristic of boron oxides. On electronega-
tivity grounds, the borane groups in the NBNB ligands are more likely to
react with basic oxides such as TiO, and HfO5 than with acidic oxides
such as SiO,, RuO,, and WOs.

Because of the low sensitivity of RBS for light elements, we carried
out measurements on the thickest films, which have a nanopillar
morphology. No nitrogen, boron, or carbon could be detected in the film
by RBS (Figure S7). This result is consistent with the XPS results
(although the RBS detection limit for light elements is at the few percent
level). The small amount of oxygen is ascribed to surface oxidation when
the samples are exposed to air.

The RBS spectrum of a film deposited on HfO,/Si at 200 °C for
120 min clearly shows the presence of Mg. The peak intensity and width
can be fit well if the film is assumed to be MgH; (Fig. 11 (b) and S7 (b));
in contrast, efforts to fit the peak to elemental magnesium always result
in an overestimation of the peak height (Fig. 11 (a) and S7 (a)). The
reason for the better fit is that hydrogen atoms significantly increase the
energy loss rate of the He ions, so that the RBS peak for Mg in MgH, is
lower in height and greater in width.! An even better fit can be obtained
by assuming that a small amount of oxygen is present, and by accounting
for the roughness of the film using a gamma distribution function
(Fig. 11 (c) and S7 (c)) [86]. The best fit results are a composition of 27.
(7) at% Mg, 67.(0) at% H and 5.(3) at% O, and a gamma distribution
[86] with a FWHM of 775 x 10'® atoms/cm?. This latter value corre-
sponds to a standard deviation of the height distribution of o
=329 x 10'° atoms/cm? The average thickness of the films is
d = 1770 x 10" atoms/cm?, giving o/d = 0.18.

! To explain the strong effect of H, we note that stopping power for “He ions
depends not only on the atomic numbers of the target elements, but also on the
spatial distribution of the electron density. The stopping power is therefore
relatively large for light elements: for “He ions at 2 MeV, the stopping power of
7.46x 10 % eVem? for H (Z = 1) is only a factor of 5.9 less than the value of
44.10 x 1071 eV cm? for Mg (Z = 12) [85]. Using Bragg’s rule, the stopping
power for pure MgHs is then 19.67 x 107'° eV cm?, therefore 59.60 x 107° eV
cm? per Mg atom. We neglect the further complication that MgH, is partially
ionic, which modifies the electron distribution and thus slightly modifies the
stopping power.

3.4. Optical properties

MgH, thin films have often been explored for optical applications,
namely switchable windows and mirrors [13,14] and anti-reflecting
passivation layers in photovoltaics [16,17]. For a planar MgH, film
grown under conditions similar to the film described in Fig. 1, the
dielectric function was obtained by fitting the variable angle spectro-
scopic ellipsometer (VASE) data to a general oscillator model (Fig. 12(a,
b)). The imaginary part €5 of the dielectric function is fit using two
Gaussians at 3.1 and 4.1 eV and the real part ¢; is adjusted with pa-
rameters €, IR pole, and UV pole (Table 1). The resulting absorption
coefficient o (Fig. 12(c)) in the range 0.95-4.13 eV gives a plot whose
shape is similar to the one reported by Westerwaal et al. for films of
MgH, deposited by reactive evaporation, but the values of a are an order
of magnitude smaller and the spectrum lacks the absorption below 2 eV
attributed to Mg clusters [35]. Conversely, the imaginary part of the
dielectric function, eo, reported by Isidorsson et al for hydrogenated
magnesium is essentially zero up to 3 eV [2].

From this comparison, we suggest that the two Gaussian contribu-
tions may originate from point defects such as H vacancies, because they
are expected to form more easily under vacuum growth conditions than
under high Hj pressures, and because such vacancies are expected to
form deep localized states within the band gap [15,87,88]. Note that the
IR and UV poles are used to model the dispersion due to strong ab-
sorption under and above the measured range, respectively. Little
interpretation can be based on the IR pole because the only parameter is
its amplitude. In contrast, we found that a UV pole with an energy of
5.56 eV is necessary to fit the dielectric function. This energy value is
comparable to the bandgap of MgH, (reported in other works as 5.6 eV
[2], 5.41-5.55 eV [35], 5.8 eV [78,79], and 5.16 eV®®), consistent with
our model.

The refractive index (n, k) of MgH, has typically been measured at a
single wavelength (2.1 eV), rather than over a range of wavelengths. We
obtain refractive index values (n, k) of (1.72, 4.5 x 1073) at 2.1 eV which
are slightly lower compared with the values of (1.94, 7.6 x 1073) [2,73]
for bulk MgH, at the same wavelength (Figure S8). We deduce that our
CVD films are less dense than films obtained by hydrogenation of
magnesium under hundreds of atmospheres of Hy. Additionally, the
presence of oxygen could also lower the refractive index, the latter being
lower for magnesium oxide (1.7 [89,90]) and magnesium hydroxide
(=1.6 [91]).

3.5. Proposed reaction mechanism

The conversion of Mg(NBNB), to MgH> involves the transfer of two
hydrogen atoms from the ligands to the magnesium center. We have not
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Fig. 11. Experimental RBS spectrum (blue solid line) of a MgH, film deposited on HfO,/Si at 200 °C for 120 min, and simulated spectrum (red solid line): (a)
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Fig. 12. Optical properties of a 35-nm thin film deposited at 180 °C: (a) real part of the dielectric function &, (b) imaginary part of the dielectric function &5, and (c)

absorption coefficient a.

Table 1
Parameters used to fit the dielectric function of a 35-nm MgH, thin film
deposited at 180 °C with a general oscillator model.

Component Amplitude Energy (eV) FWHM (eV)
Gaussian 1 0.161 3.13 1.12
Gaussian 2 0.167 4.13 0.94

€00 1.83 - -

IR pole 0.128 -

UV pole 27.0 5.56

determined experimentally whether the hydrogen elimination reaction
involves the BH; groups (Eq. 4) or the BH3 groups (Eq. 5):

Mg(NMe,BH,NMe,BH;), — MgH, + 2NMe, = BHNMe,BH;

C))

Mg(NMezBHzNMezBH3)2 - MgHz + 2 (HzBNMez)z (5)
where NMe,=BHNMe, BHj3 is the borane adduct of a known dia-
minoborane BH(NMey)2[92], and (HoBNMejy), is a known [93,94] cyclic
compound analogous to cyclobutane. Specific isotopic labeling of just
the BH, group or just the BHs group with !B or 2H is not possible for the
synthetic route we use to make the NBNB ligand.

The NBNB ligands are isoelectronic and isosteric with 1,1,3,3-tetra-
methyl-substituted n-butyl groups, -CMe;CHoCMeyCHs; Eqgs. (4) and
(5) are analogous to p-hydrogen and 8-hydrogen elimination processes,
respectively (although in the NBNB ligand, the BH3 hydrogen atoms are
also a to the Mg center). Both mechanisms seem reasonable to us. For
comparison, p-hydrogen elimination the pathway responsible for the
formation of MgH, by bulk pyrolysis of diethylmagnesium (Mg

(CH2CH3)2) and di-n-butylmagnesium (Mg(CHo,CH2CH2CHgs)s) [18].

Neither of these magnesium alkyls is volatile, however, and so they are
unsuitable as CVD precursors.

4. Conclusions

We demonstrate the single-source chemical vapor deposition of
MgH, thin films using the novel diaminodiboranate precursor Mg
(NBNB); in the temperature range 140-300 °C. Raman spectroscopy and
XRD confirm that the deposited films are pure, single-phase a-MgH» and
do not contain Mg clusters as often observed in films obtained by non-
CVD methods. From the low concentrations of heteroatoms (B, C, N)
and other impurities in the films, we conclude that the decomposition of
Mg(NBNB), into MgH> occurs cleanly by forming one or more volatile
by-products by a hydrogen-elimination mechanism involving the BH, or
BH3 groups.

At deposition temperatures below 200 °C, thin continuous films with
a granular morphology are obtained at short deposition times. The op-
tical absorption of these films is low in the visible region (i.e., between 1
and 2 eV) but increases at higher energies. The refractive index at 2.1 eV
is smaller than that of bulk material. At longer deposition times, pillars
develop with a preferential orientation normal to the substrate along the
polar [101] direction.

At deposition temperatures above 200 °C, the initial deposit consists
of islands, and a greater mass thickness is required to reach continuous
film formation. In addition to the formation of islands and films, nano-
wire growth and faceting are observed. For example, at 243 °C, a film
grown for 109 min has nanowires that are 3.5 ym long and 50 nm wide;
these wires are thin enough to be technologically relevant for hydrogen-
storage applications.
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