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We investigate possible influences of substrate constraints on the phase evolution of thin films synthesized from
liquid precursors. MgO films are formed on Si (111) substrates by spin casting an acetate-substituted magnesium
ethoxide liquid precursor. The phase evolution and crystallinity of the films are tracked as a function of temperature
by differential scanning calorimetric/thermogravimetric analyses (DSC/TGA) and X-ray diffraction. There are two
major differences between the phase evolution of thin films and that of bulk powders formed from the same
solution: (1) in the films, highly [010]-textured triclinic magnesium acetate forms at room temperature, while in the
powders an orthorhombic polymorph of magnesium acetate is selected that transforms to the triclinic structure at
150–250 °C. Both films and powders undergo complete pyrolysis by 360 °C to form magnesium oxide. However, (2)
although powders decompose to phase-pure periclase, thin films form both periclase and a rarely observed pseudo-
spinel polymorph, both with strong 001� preferred orientation. Both selection of the triclinic acetate polymorph in
films at room temperature and formation of the spinel-like MgO structure are consequences of interaction with the
underlying substrate.

Pyrolytic decomposition of liquid precursors is a common (Mg(OCH2CH3)2 , which will hereafter be denoted as
Mg(OEt)2) was dispersed in absolute ethanol and was refluxedmethod for synthesizing inorganic materials. Powder synthesis

by this method can sometimes cause unexpected, perhaps by adding acetic acid to bring the solution pH to 5.5 (molar
ratio 275351 of EtOH5AcOH5Mg(OEt)2). The addition ofundesirable, metastable phases to crystallize from the amorph-

ous precursor, preempting formation of the thermo- acetic acid causes substitution of ethoxy groups by acetate
groups,5–7 and stabilizes the precursor against formation ofdynamically stable structure.1,2 Metastable phases can appear

when a high free-energy phase (in this context, the precursor) Mg(OH)2 .5,7 In some experiments, deionized water was added
to the precursor solution in a molar ratio of 551 withis kinetically restricted from transforming to the state which

globally minimizes its free energy.2,3 In this respect, pyrolysis Mg(OEt)2 , as prescribed by previous investigators.5–7
Solutions both with and without water additions remainedof supported thin film precursors might yield different products

than that of bulk precursors because, for films, the approxi- stable for several weeks. We will call them simply precursor
solutions, and will distinguish the behavior of those with andmately two-dimensional geometry and the presence of an

underlying substrate may impose additional constraints on the without water when it is necessary to do so.
To form the films, boron-doped Si (111) wafers were washedevolution of phases.

In this paper, we investigate the possibility that precursor- in acetone and exposed to UV radiation to remove organic
residue and to introduce –OH functionality to the surface.derived thin films exhibit different phase evolution than the

same materials in powder form. As a target material, MgO Precursor solution was then spin-cast onto a prepared wafer
at 5000 rpm, during which time most of the ethanol evapor-was selected because (1) it has only one thermodynamically

stable solid phase (periclase), (2) that phase has a particularly ated. We will refer to these as-spun, evaporated films, as
precursor films (either with or without water addition). Tosimple rocksalt crystal structure, and (3) thin films of MgO

are technologically important as chemically stable buffer layers compare with the films, bulk powders were also formed by
evaporating the free ethanol from the modified solution atfor growth of textured superconducting or ferroelectric thin

films on silicon.4 Here we synthesize both bulk powders and 80 °C. The dried gel was in the form of a white powder, which
hereafter will be referred to as precursor powder.thin films of MgO by the same sol–gel method and compare

their phase development and crystallinity. An anomalous To estimate the temperatures at which pyrolysis and
crystallization occur, simultaneous differential scanningcrystalline modification of MgO is observed in the films, the

origins of which we trace to influences of the underlying calorimetric/thermogravimetric analyses‡ (DSC/TGA) were
performed on the precursor powder (i.e., the dried gel ) usingsubstrate.
a constant heating rate of 10 °C min−1. DSC/TGA could not
be performed directly on the thin films because the resultingExperimental
heat fluxes and mass changes were below the detection limit
of the instrument.MgO can be difficult to synthesize by hydrolysis and

condensation of aqueous solutions because of the spontaneous Both precursor films and precursor powders were heated in
ambient air atmospheres at 0.1 °C min−1 to 200, 360, 550, andprecipitation of brucite (Mg(OH)2) during hydrolysis.

Therefore we adopt a procedure, used by several investigators, 1200 °C. Scanning Auger electron spectroscopy revealed no
impurities in the films to within the detection limit of theof using an acetate-substituted alkoxide precursor to form

MgO at temperatures as low as 150 °C. instrument.§ Crystallinity and phase composition of films and
Precursor solutions were prepared by a procedure similar

to that described by Van de Leest.5 Magnesium ethoxide†
‡Netzsch STA 409, Germany.
§PHI 660, Scanning Auger Microprobe, Perkin Elmer, Norwalk,
CT, USA.†Alfa Æsar, Ward Hill, MA, USA.
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powders, before and after heat treatment, were compared by water addition also contain a very small amount of
Mg(OAc)2·4H2O, which is presumably due to incorporationX-ray h–2h diffraction.¶ X-Ray diffraction analysis of powders

is straightforward and will not be described here. However, of moisture from the atmosphere. In addition, powders pre-
pared from solutions with intentional water addition exhibit athin films present several complications that make diffraction

analysis less straightforward. Therefore, we now describe small X-ray signal that does not correspond to any of the
Mg(OAc)2 phases, but which matches the most intense peakseveral procedures that were used to ensure the accuracy of

our diffraction analysis of films. catalogued for crystalline Mg(OEt)2 . Therefore, a slight
amount of this phase may be present in the precursor powdersBecause of the small sampling volume, X-ray diffraction

patterns from thin films generally have low overall intensities prepared from solutions with added water, although one
cannot make a definite phase identification with only oneand low signal-to-noise ratios. Therefore, for all of the diffrac-

tion scans made on the films, at least eight h–2h scans were relatively weak X-ray signal.
These X-ray diffraction data show that acetate groups (fromperformed and the diffraction intensities summed to obtain a

pattern with acceptable intensity. However, although this acetic acid) completely convert solid Mg(OEt)2 to Mg(OAc)2
in solution. Furthermore, the only contribution of water is thesummation resulted in higher overall intensities, the improve-

ment in the signal-to-noise ratio was marginal. True peaks partial hydration of Mg(OAc)2 . No direct Mg–OH bond
formation occurs and, as we shall describe later, added waterwere tentatively identified as those with a higher intensity than

the surroundings and with a finite width at half maximum. has no measurable effect on the phase evolution at higher
temperatures. This conclusion contrasts with the speculationsThe validity of the peaks was further confirmed by repeating

the X-ray diffraction experiments and accepting only those made in previous investigations of this system,5–7 in which it
was assumed that acetic acid only partially reacts with thepeaks which appeared in both patterns.

Preliminary X-ray diffraction scans were obtained on the Si alkoxide, providing enough stability to prevent brucite forma-
tion. Therefore, in those earlier reports water was assumed(111) substrate to determine the miscut of the Si (111)

surface—that is, the difference between the observed h value necessary to initiate hydrolysis of the remaining alkoxy groups.
When precursor powders are heated from room temperaturefor Si (111) and its known value of 14.24°. Two types of

diffraction scan were then made on the films. The first type, at 0.1 °C min−1 to 200 °C, two primary events occur: (1)
complete structural transformation from a-Mg(OAc)2 to b-hereafter called an aligned scan, was made by keeping the

incident beam aligned with the Si [111] lattice direction. The Mg(OAc)2 as residual ethanol is volatilized, and (2) dehy-
dration, for those precursors prepared with added water. Thesecond type, hereafter called a surface scan, was made with

the incident beam fixed perpendicular to the substrate surface. lower X-ray scan of Fig. 2 confirms the conversion to b-
Mg(OAc)2 and the absence of any hydrated species. InFinally, rocking curve measurements were also made on the

films to determine their degree of texturing and orientation addition, the simultaneous DSC/TGA curves in Fig. 3 exhibit
an endothermic event accompanied by #70% mass loss in thisrelative to the Si substrate.
temperature range, reflecting dehydration and loss of residual
ethanol. The diffraction pattern in Fig. 2 also shows that someResults
decomposition of Mg(OAc)2 to MgO has begun by 200 °C.
And according both to the X-ray diffraction data in Fig. 2,Precursor powders
and to the DSC/TGA analyses (Fig. 3), most pyrolytic

In all cases, the phase composition of as-evaporated decomposition of b-Mg(OAc)2 occurs at #300 °C, where both
precursor—whether in film or powder form—is dominated by a fairly sharp endotherm and simultaneous mass loss are
one or more crystalline magnesium acetate (Mg(OAc)2) com- indicated.
pounds. Fig. 1 shows diffraction patterns obtained from pre- As expected, the powder decomposes to the thermo-
cursor powders formed from solutions with and without added dynamically stable periclase MgO structure (see Fig. 2), and
water. Both powders contain a considerable amount of a- the conversion to periclase continues at higher temperatures
Mg(OAc)2 ; the primary difference between them is the until, by 360 °C, decomposition is essentially complete. The
additional presence of Mg(OAc)2·4H2O in powders prepared final mean particle diameter is #80 nm, and the specific
from solutions with water addition. Solutions prepared without surface area measured by nitrogen adsorption/desorption is

¶D-Max, Rigaku, Japan.

Fig. 2 X-Ray powder diffraction patterns obtained from precursorFig. 1 X-Ray powder diffraction patterns obtained from as-evaporated
precursor powders with and without water addition to the liquid powders heated in air at a rate of 0.1 °C min−1 to 200 °C (lower

pattern) or 360 °C.precursor solution.
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Fig. 3 Differential scanning calorimetric (DSC) and thermogravi-
metric (TG) measurements on the MgO precursor with water added Fig. 5 X-Ray powder diffraction patterns obtained from as-spun
to the liquid precursor solution before evaporation. precursor films with and without water addition to the liquid

precursor solution.

consistent with fully dense periclase crystals of this average
with the Si [111] lattice direction, as described in thesize.8
Experimental section.Calorimetric measurements from 150 to 360 °C provide

Fig. 5 shows low-angle X-ray diffraction patterns, collectedinformation about the relative stability of a-Mg(OAc)2 and
in the aligned mode, for as-spun precursor films formed fromb-Mg(OAc)2 . Any reversible polymorphic transformation
solutions with or without water addition. Both patterns againbetween two thermodynamically stable structures due to an
indicate predominance of a crystalline Mg(OAc)2 compound.increase in temperature must be endothermic.9 But Fig. 2
However, in contrast to bulk powders, the triclinic b phase isindicates a rather broad, shallow exothermic signal from 150
exclusively selected in the films. Moreover, its (100) diffractionto 250 °C. Based on comparison with the diffraction data—
peak, which normally appears at #8° (see Fig. 2) and whichand on the fact that no mass loss is observed in this temperature
is the most intense peak catalogued for b-Mg(OAc)2 pow-range—we associate this exotherm with the a�b transform-
ders,10 is absent in these scans. Instead, the (010) and (020)ation of Mg(OAc)2 , which implies that bulk a-Mg(OAc)2 is
are the strongest b-Mg(OAc)2 reflections observed. Absencemetastable relative to b-Mg(OAc)2 at lower temperatures. The
of a (100) peak, in addition to the exaggerated intensities ofwidth and shallowness of the exotherm indicate that the
the (010) and (020) peaks, implies that the (010) lattice planesdriving force for the transformation is rather small, which is
of b-Mg(OAc)2 lie nearly parallel to the (111) planes of theconsistent with the fact that both variants of Mg(OAc)2 are
underlying Si substrate.dcommonly observed at room temperature.

In concurrence with bulk powders, decomposition of
b-Mg(OAc)2 in the films is complete by 360 °C, as indicatedPrecursor films
by the absence of its peaks in the diffraction patterns. Also in

For precursor thin films, both the phase evolution and texture agreement with the powders, pyrolysis of b-Mg(OAc)2 is
of the films were investigated. To determine texture relative to accompanied by crystallization of MgO, as shown by the
the underlying substrate, a rocking curve was obtained for emergence of several new peaks in aligned X-ray diffraction
each Si substrate, one example of which is shown in Fig. 4. patterns (see Fig. 7). The resulting oxide films are #100 nm
For all the Si (111) substrates used, misalignment of the thick.
surface with the (111) lattice planes is indicated by a displace- At temperatures between 200 and 1200 °C, considerable
ment of the (111) peak by #4.35° from its expected position differences emerge between the phase evolution of precursor-
of 14.24°. We use this 4.35° miscut to align the X-ray beam derived thin films and that of their powder counterparts. At

360 °C, only one of the four new peaks in the thin film can be
attributed to periclase (see Fig. 7(B)). The other three peaks
index to an uncommon variant of MgO having a pseudo-
spinel cubic crystal structure ( lattice parameter a=8.12 Å,10
roughly double the value of 4.23 Å for periclase10). We will
refer to this phase as b-MgO. In Fig. 7 we label the periclase
peaks with a ‘P’, and the peaks of b-MgO with a ‘b’. The
most intense peaks at 360 °C are (002) of periclase and (004)
of b-MgO, both of which occur at 40–45°. In the Discussion,
we consider reasons why b-MgO might be stabilized in
gel-derived thin films but not in bulk powders.

In Fig. 6, the rocking curves obtained for periclase (002)
and b-MgO (004) peaks at 1200 °C are overlayed on the
rocking curve for Si (111). Both of these peaks are shifted
from their expected position by #4.35°, which is identical to
the peak shift observed for Si (111) due to miscut of the
substrate. In addition, the full width at half-maximum

dWe will refer to this preferred orientation of b-Mg(OAc)2 as [010]
texture, indicating that its (010) planes preferentially align with Si

Fig. 4 Rocking curve obtained for the Si (111) lattice planes. The plot (111), even though for a triclinic unit cell the [010] lattice direction is
not orthogonal to these (010) lattice planes.indicates a surface miscut of #4.35°.
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Fig. 6 Rocking curves for b-MgO (004) and periclase (002) of a thin
film deposited on Si (111) and annealed by heating at 0.1 °C min−1
to 1200 °C. The rocking curve for Si (111) from Fig. 4 is shown
for reference.

(FWHM) for both peaks is #1°, which indicates an exception-
ally sharp alignment of the cubic {100} planes of both MgO
phases with Si (111). Further evidence of texturing is given
by the fact that the (111) peak for b-MgO (at 2h=82.01°) is
absent in the aligned scans on films (see Fig. 7), even though
it is the strongest peak reported in the accepted powder
diffraction pattern.10 Finally, surface scans, collected with the
beam oriented perpendicular to the surface rather than to Si
(111), fail to resolve any MgO signals whatsoever. Therefore,
both the periclase and b forms of MgO are strongly textured
up to 1200 °C, with their {001} lattice planes parallel to
Si (111).

Discussion
The X-ray diffraction data in Fig. 7 clearly demonstrate the
presence of a low-temperature spinel-like phase in the thin
films. Because no impurities were found in the film that could
react with MgO to form a common spinel compound (see
Experimental section), the evidence is compelling that the new
phase is a spinel-like variant of pure MgO. MgO powders
derived from the same precursor, however, contain none of
this phase (see Fig. 2), nor do those MgO powders synthesized
by other researchers using similar techniques.6,7 To our knowl-

Fig. 7 h–2h X-Ray diffraction patterns of an MgO film annealed inedge, this is the first reported instance in which influences of air at 0.1 °C min−1 to a maximum temperature of (A) 200 °C, (B)
a film geometry and/or substrate constraint cause formation 360 °C, and (C) 550 °C. Scans were obtained by orienting the incident
of a MgO phase that is unstable in bulk form. beam perpendicular to the (111) lattice planes of Si. Phases are labeled

as b-Mg(OAc)2 (b-magnesium acetate), b (spinel-like, b-MgO) and PFreund11 first observed a b-MgO structure as an inter-
(periclase).mediate phase occurring during slow, in vacuo thermal

decomposition of Mg(OH)2 to periclase at 400 °C. He pro-
posed that the structure was composed of Mg2+ ions in a low clinic b-Mg(OAc)2 unit cell has lattice parameters a=10.34 Å,

b=12.95 Å and c=7.726 Å. The lattice parameter for b-MgOoxygen-coordinated state. Bokhimi et al.7 have used Rietveld
refinement to conclude that MgO powders, formed from a (8.12 Å) corresponds more closely with these values than does

the lattice parameter of periclase (4.23 Å). If sufficient kineticliquid precursor similar to that used here, can form periclase
with a Mg cation deficiency as high as 11%. And recently, constraints are imposed to inhibit structural rearrangement

during pyrolysis of b-Mg(OAc)2 , the product which requiresBokhimi et al.12 reported formation of a highly Mg-deficient
periclase structure during synthesis of Pt/MgO catalysts by a the lesser amount of rearrangement—b-MgO in this case—

could be stabilized even though periclase is thermodynamicallyco-gelation method. Therefore, it is evident that synthesized
MgO can be substantially non-stoichiometric, and that under favored in bulk form. The necessary constraints to block the

formation of periclase must arise from bonding of b-Mg(OAc)2certain conditions it may even adopt a structure other than
periclase. to the underlying substrate, because precursor powders form

phase-pure periclase directly from b-Mg(OAc)2 within anThe simultaneous formation of both periclase and b-MgO
in the thin film configuration, as well as the strong alignment identical temperature range (see Fig. 2).

Strong texturing occurs within the films, both forof their {001} planes with Si (111), is dictated by the structure
and orientation of their b-Mg(OAc)2 parent phase. The tri- b-Mg(OAc)2 , which has its (010) planes aligned with Si (111),
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and for the two MgO phases which both have their {001} highly oriented b-Mg(OAc)2 at room temperature, with the
triclinic (010) lattice planes lying essentially parallel to the Siplanes aligned with Si (111). That texturing occurs at all seems

remarkable, since no effort was made in these experiments to (111) plane.
Increasing temperature causes bulk a-Mg(OAc)2 powdersremove the native SiO

x
layer from the substrate surface. The

001� texture of MgO, at least in its spinel-like form, is to transform to b-Mg(OAc)2 at 150–250 °C. Both in thin films
and powders, with or without water additions, b-Mg(OAc)2facilitated by the parent b-Mg(OAc)2 . Because b-MgO forms

due to constraints provided by the underlying Si substrate decomposes to crystalline MgO during heating at a constant
rate to 360 °C. In powders, the decomposition product isduring the decomposition, and because its lattice parameter

closely matches the c-spacing of b-Mg(OAc)2 , which lies phase-pure periclase MgO. In thin films, however, decompo-
sition results in two coexisting structural variants of MgO:parallel to Si (111), we may also expect any one of the

equivalent {100} b-MgO planes to lie approximately parallel periclase and a rarely observed spinel-like structure with nearly
double the lattice constant of periclase. Both MgO structuresto Si (111) after pyrolysis. Furthermore, the spinel-like unit

cell can be viewed as a ‘supercell’ having nearly twice the edge exhibit a strong 001� preferred orientation with Si [111],
which arises from the [010] texture of their parent b-Mg(OAc)2length of periclase and its oxygen anions arranged in a cubic

close packing. Subsequent periclase formation thus involves phase. Constraints imparted by the substrate are responsible
both for the formation of oriented b-Mg(OAc)2 beforedegeneration of this supercell into eight periclase subcells. The

periclase subcells, each formed from one octant of the supercell, pyrolysis, and for the stabilization of the b-MgO phase.
The b-MgO structure is remarkably robust in films, and itnecessarily have their cube faces parallel to those of the b-

MgO phase. Therefore, the b-MgO�periclase transformation only partially transforms to periclase at temperatures as high
as 1200 °C. This structural transformation preserves the 001�preserves the 001� film texture.

We are still left with the questions of (1) why b-Mg(OAc)2 orientation by a simple degeneration of the spinel-like unit
cell into eight periclase unit cells.forms at room temperature on the substrate while in bulk

powders the a polymorph is favored, and (2) why b-Mg(OAc)2 The results for MgO raise the possibility of using substrate
constraints to tailor unusual oxide phases in thin film form.in films grows with its (010) plane parallel to Si (111). As for

the first question, the native Si-oxide layer, upon which the b- Potential applications of this approach include novel ionic
conductors, gas sensors, buffer layers, and dielectric compo-Mg(OAc)2 structure initially forms, may have a degree of

atomic order with its terminating oxygens spaced to closely nents in integrated circuits. The crucial step in any such
application will be the selection of a suitable substrate. As anmatch the a or c lattice parameters of b-Mg(OAc)2 ; the

oxidized substrate may therefore provide local templates upon example, we have obtained preliminary results indicating that,
in comparison with the results found in this study using Siwhich that phase can grow heteroepitaxially. It is well docu-

mented that ultrathin (<10 Å) oxides form on Si (001) as (111) substrates, the use of MgAl2O4 (001) substrates allows
selection of b-MgO in phase-pure, single crystal form (100 nmheteroepitaxially oriented trydimite,13 a stable hexagonal bulk

form of crystalline SiO2 having lattice parameters a=5.067 Å thick) by the same processing method.15
and c=8.23 Å. We do not know what, if any, crystalline form
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