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Highly conformal magnesium oxide thin films by low-temperature chemical
vapor deposition from Mg(H;BNMe>BHs), and water
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Pure, dense, and stoichiometric MgO thin films have been deposited at temperatures as low as
225°C by chemical vapor deposition using a recently reported magnesium precursor, magnesium
N,N-dimethylaminodiboranate, which has the highest room-temperature vapor pressure among
known Mg-containing compounds, with water as a co-reactant. The films are characterized by
x-ray photoelectron spectroscopy, atomic force microscopy, scanning electron microscopy, and
spectroscopic ellipsometry. Conformal coating on a trench with 35:1 aspect ratio is achieved at a
film growth rate of 2 nm/min. The growth rate can be tuned between 2—20 nm/min according to the
requirement of the structure to be coated. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4795860]

Magnesium oxide is a technologically important material
that has been studied as a high-x dielectric,' a barrier for
Josephson tunnel junctions,” a substrate for the heteroepitaxial
overgrowth of high T. superconductor films,® a protective
coating on the walls of plasma devices,* and in many other
applications. The utility of MgO stems from its properties: it
has a wide band gap of 7.3 eV, a bulk static dielectric constant
of 9.8, a high melting temperature of 2800 °C, and a stable,
large yield of secondary electrons when its surface is bom-
barded with ions.

For many device fabrication and technological applica-
tions, as listed above, it is necessary to deposit dense, uni-
formly conformal coatings on substrates with convoluted
shapes or on the interior surfaces of high aspect ratio features.
Up to now, MgO thin films have been deposited by a variety
of methods including pulsed laser deposition,” molecular
beam epitaxy,® magnetron sputtering,’ electron beam evapora-
tion,*” ion plating,® sol-gel methods,'® and atomic layer depo-
sition (ALD)“’13 or chemical vapor deposition (CVD).“F24
To achieve conformal coating, the surface reaction rate of the
deposition process must be slow relative to the gas-phase
transport rate of precursor species to the growth surface. Of
the techniques listed, ALD and CVD have these attributes
and, therefore, are best able to achieve the conformal growth
of films with excellent physical properties. Although ALD
process can afford extremely conformal coating on very high
aspect ratio structures, for most industrial needs (features with
aspect ratio 5-20), CVD can provide almost equally confor-
mal coating with a higher growth rate. The performance of a
CVD process, however, is largely determined by the proper-
ties of the precursor molecule®*°—its vapor pressure, the
temperature range over which it reacts with the growth sur-
face, and its ability to afford the desired phase with low impu-
rity content.
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Many magnesium-containing CVD and ALD precursors
for MgO and other oxide phases have been described, but
most of them suffer from problems, such as limited volatil-
ity, high growth temperature, low growth rate, or impurities
in the resultant film. The properties of these precursors are
summarized in Table I.

Here, we describe the growth of MgO films from a
recently reported Mg-containing CVD precursor, magnesium
N,N-dimethylaminodiboranate, Mg(H;BNMe,BH3),, abbrevi-
ated as Mg(DMADB),. This precursor is synthesized in the
laboratory of G.S.G.*” and has a room-temperature vapor
pressure of 0.8 = 0.1 Torr, which is higher than any other
known magnesium compound by a factor of four. This com-
pound sublimes easily and is thermally stable, showing no
evidence of decomposition when stored for several months at
room temperature under an inert atmosphere. The high vapor
pressure is also evidenced by the vapor-mediated coarsening
when the precursor is stored for several weeks: the original
crystal form—a fine white powder—is progressively replaced
by large, clear, faceted crystals of the precursor molecule.
Due to its high vapor pressure, no carrier gas or heating of the
reservoir is necessary during the CVD process. Instead, the
precursor is admitted into the growth chamber under its own
pressure.

The CVD system is of UHV construction®® with a base
pressure about 10~° Torr, most of which is H,.* The sub-
strates are p-type silicon (100) or Corning 7059 glass. The
silicon wafers are cleaned by the RCA method,*® and then
are dipped in 10% aqueous HF for 30 s, rinsed in deionized
(DI) water, dried with flowing N,, and loaded into the cham-
ber within 5 min. The substrate temperature is established by
direct Joule heating: a dc current is passed through a rectan-
gular slice of silicon (10-20 ohm-cm resistivity). The silicon
either serves directly as the substrate, or a piece of Corning
glass is clamped on top of it. The growth temperature ranges
from 225 to 800 °C, as measured by a K-type thermocouple
in mechanical contact with the substrate.
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TABLE I. Comparison of Mg-containing precursors for MgO growth by CVD (or ALD). The symbol (...) indicates that no data were given in the reference.

Tsource Tsubstrate Growth rate Impurities Step coverage

Precursor molecule [{©) ({©) (nm/min) (at. %) (aspect ratio) Reference
Mg(CsHs), 40 RT-700 . .. .. 14

50 100400 (ALD) 0.16 (nm/cycle) H (1-15)* C (0.1-2.0) 13
Mg(CH;3-CsHy), 50 400-550 20-50 Carbon not detectable with XPS 15
Mg(C,Hs-CsHy)o 80-90 125-400 (ALD) 0.07-0.16 (nm/cycle) Carbon not detectable with RBS 12
Mg(tmhd), 190 350-740 1.7-8.3 Possibly carbon 16 and 17
Mg(acac), 230 350-680 30 Possibly carbon 16 and 18
Mg(C;H;5CO0), 350 450-550 19
Mg(O,CNEL,) 2 125-175 400-600 Carbon (1) .. 20
Mg(f-ketoiminate), 225-232 450 Carbon (7-8) 21
Mg(hfa),(TMEDA) 41 550-675 1.4-1.6 Fluorine (<0.6) . 22
Mg(thd),(TMEDA) 80 600 1.2 .. .. 23
MgsMe,(O'Bu), 140 400-800 1.0-1.8 Possibly carbon 24
Mg(DMADB), 25 (RT) 225-800 1-20 Boron (<0.5) 90% (15:1) at (this work)

low growth T

“Impurity content reported to be a strong function of substrate temperature.

DI water is used as a co-reactant to afford MgO films.
The DI water is delivered without carrier gas, and the pres-
sure is regulated with a needle valve. The precursor and water
enter the chamber via two parallel stainless steel tubes that
point directly at the substrate; the tubes have 0.41 cm inside
diameter and terminate about 7 cm before the substrate. We
will describe growth conditions in terms of the average partial
pressures in the chamber; however, forward-directed expan-
sion of the gases from the delivery tubes implies that the
fluxes impinging on the substrate are somewhat higher than
those due to the average partial pressures in the system.

We have investigated the growth of MgO films by pas-
sage of a mixture of the CVD precursor Mg(DMADB), and
water over Si(100) substrates at temperatures between 225
and 800°C. The films obtained under 500°C are smooth,
continuous, and adherent, and those obtained above 500°C
are rougher due to crystallization. A representative XPS sur-
vey spectrum for a film grown at 250 °C, with Mg(DMADB),
and H,O pressures each set at 0.05 mTorr, shows that peaks
for carbon, nitrogen, and boron are absent or barely at the
detection limit (Fig. 1). In individual high resolution XPS
scans in these impurity regions, the N and C regions are com-
pletely featureless, and only a very weak B 1s peak can be
detected (Fig. 1 inset) that corresponds to a concentration of
less than 0.5 at. %. The high purity of the MgO films can be
attributed to the known reaction pathway of the DMADB
ligand with water to afford the gas phase byproducts H, and
dimethylaminodiborane, B,HsNMe,.

A depth profiling XPS analysis shows that the apparent
concentrations of Mg and O throughout the film are 48.1 = 1.5
and 519 * 1.5 at. %, respectively. Under identical depth
profiling conditions, a crystalline and highly pure reference
sample of MgO gives an apparent stoichiometry of 47.9 = 1.0
and 52.1 = 1.0 at. % for Mg and O, respectively. We conclude
that the CVD-grown films have an exact 1:1 stoichiometry
within the error of the analysis, and that the atomic concentra-
tions as measured by XPS are slightly affected by preferential
sputtering of Mg. RBS also confirms that the films are stoichi-
ometric MgO and that carbon, nitrogen, or boron are absent
within the ~1% error of this technique (data not shown).

Comparison of the total number of Mg atoms per unit
area (as determined by RBS) with the film thickness (as
measured by SEM cross-section) indicates that the Mg den-
sity is 93% = 1% that of bulk, crystalline MgO. This is an
acceptably high density for a thin film, considering that it is
structurally amorphous (see below) and deposited at very
low homologous temperature.

Cross-sectional SEM of a 30 nm thick MgO film grown
at 250 °C reveals no microstructure (granular or columnar),
consistent with the fracture surface expected for an amor-
phous solid (Fig. 2(a)). A 1x1 ,um2 tapping-mode AFM
image shows the same MgO film is uniform, continuous, and
quite smooth, with a root-mean-square (rms) roughness of
1.5 nm (a truncated 500 x 700 nm area is given in Fig. 2(b)).

X-ray diffraction (XRD) profiles in the 6-260 mode show
that MgO films deposited at temperatures less than 500 °C are
amorphous. When the films are grown above 500°C, the
(200) reflection characteristic of MgO is detected at 20 = 43°.
A lower bound on the grain size estimated from the Scherrer
equation is ~15nm. At higher growth temperatures, this peak
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=
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Binding Energy (eV)

FIG. 1. XPS survey scan spectra for an MgO grown on Si(100) at 250 °C, af-
ter argon sputtering for 10 min, labeled with the major peaks and regions for
possible impurities. Inset: high resolution XPS scans for N 1s, C Is, and B
1s regions, respectively.
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FIG. 2. (a) SEM cross-section image and (b) AFM image for an MgO film
grown at 250°C on Si (100) substrate. The AFM image depicts a
500 x 700 nm area and gives an rms roughness of 1.5 nm.

grows in intensity and sharpens as the crystallinity increases.
Films grown on both Si(100) and glass at all growth tempera-
tures are preferentially oriented with the (100) direction per-
pendicular to the substrate; the (111) diffraction peak at
20 =37°, which is strong in randomly oriented samples, is
notably absent. This finding is in agreement with previously
reports of MgO growth by CVD,?*%*3!

Film thickness and optical response are evaluated in situ
by spectroscopic ellipsometry (SE). A standard multilayer opti-
cal model is employed to analyze the optical stack, which con-
sists of a thick substrate (silicon) covered by a dielectric layer
(the MgO film). The uncertainty in the data extraction is fur-
ther reduced by also requiring that index data as a function of
wavelength fit Cauchy’s equation,’ n(1) = A + B/A* + C/2%,
which is commonly used for dielectric materials.

The refractive index vs. wavelength plots of the films are
similar to those of bulk MgO®® except that the refractive index
is slightly reduced (Fig. 3). These results suggest that the
densities of the CVD-deposited films are lower than for
the bulk material, i.e., that they contain some void volume.
Approximate packing densities for the films can be derived
from the refractive indices in two ways: from the Bragg and
Pippard equation®* in its extended form,* or the Bruggmann
equation,”® which is an effective medium approximation
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FIG. 3. Refractive index for MgO films from Mg(DMADB), and H,O
grown at 275 and 600 °C, as derived from the Cauchy model. For compari-
son, the bulk response (see Ref. 33) is also shown.
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(EMA). In both cases, we assume that the voids are vacuum
(ny=1). For the films deposited at 275 and 600 °C, the pack-
ing densities are 98.5 = 0.3 and 97.2 0.5 vol. %, respec-
tively, as deduced from the Bragg and Pippard equation, and
97.7%x0.5 and 95.7*0.8 vol. % from the Bruggmann
equation.

These packing densities are somewhat larger than those
determined by RBS (see above). The optically determined
densities could be affected because we are comparing amor-
phous CVD films with a single crystal reference.’’ Somewhat
surprisingly, films deposited at 275 °C have refractive indices
and packing densities closer to those of the bulk than do films
grown at 600 °C. This feature may be attributed to the lower
sticking coefficient for precursor at 275°C than at 600 °C,
which will afford a denser film. This phenomenon is also
related to the conformality of the MgO thin films to be dis-
cussed next.

As we have discussed elsewhere,25 we find that confor-
mal films can be grown in deep features if the temperatures
are kept low and the precursor pressure is above a certain
threshold, so as to insure that gas phase transport of the pre-
cursor down the feature is kinetically rapid relative to the
film growth rate. At 225 °C with precursor and water partial
pressures of 6 and 15 mTorr, respectively, the growth rate is
2nm/min and the step coverage is ~50% inside a trench
with a depth: width ratio of 35:1 (Fig. 4(a)). The growth rate
is estimated through dividing the thickness of the MgO coat-
ing by the total film growth time.

These step coverages correspond to an effective reaction
probability for the precursor of 1 x 107> or less per collision
with the film surface.”> We attribute the small value for this
reaction probability to site-blocking effects by adsorbed
reactants and/or reaction products that keep the system in the
reaction-rate limited growth regime. We previously derived
an explicit analytical relationship between growth rate,
aspect ratio, step coverage, and precursor pressure.26 That

FIG. 4. (a) Conformal MgO film grown with 6 mTorr Mg(DMADB), and
15 mTorr H,O at 225°C on a trench with depth: width ratio of 35:1. The
growth rate is 2nm/min; ((b) and (c)) Conformal MgO film deposited on
trenches with lower aspect ratios [(b) 1:1 and (c) 3:1] at the same partial
pressures but a temperature of 285 °C. The growth rate is 20 nm/min.
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relationship allows us to predict that, under the same growth
conditions, deposition of MgO would afford a step coverage
of ~90% in trench with a 15:1 aspect ratio, which is more
typical for current-generation microelectronic devices. At
higher temperatures, 285°C, the growth rate increases to
20nm/min and the conformality is sufficient to completely
fill a shallow trench (Figs. 4(b) and 4(c)). In planar situations
where conformal growth is not a concern, the growth rate
can be increased using a higher substrate temperature.

To conclude, we have demonstrated that MgO thin film
can be grown from a recently devised CVD precursor,
Mg(DMADB),, and H,O as a co-reactant, at temperatures
between 225 and 800 °C. The resultant films are stoichiomet-
ric, close to bulk density, high purity, and amorphous when
deposited below 500°C. The optical properties of the films
are very close to those of bulk MgO. At low growth tempera-
ture (225 °C) and high precursor pressures, it is possible to
obtain highly conformal films with a step coverage around
90% on trenches with 15:1 depth: width aspect ratio. These
results suggest that Mg(DMADB), is a useful precursor for
the growth of MgO films for technological applications.
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