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Magnesium oxide thin ®lms were deposited on soda lime and Si(100) substrates by atomic layer epitaxy from

Mg(thd)2 and ozone. The depositions were carried out at 180±450 ³C, where the growth parameters were

studied in detail. A narrow temperature range of 225±250 ³C was found where the growth was surface-

controlled with growth rates of 0.27 and 0.22 AÊ cycle21 on glass and silicon, respectively. MgO ®lms were

characterized by X-ray diffraction (XRD), Rutherford backscattering (RBS), X-ray photoelectron spectroscopy

(XPS) and atomic force microscopy (AFM).

Introduction

Due to their thermodynamic stability and wide-bandgap
insulator characteristics magnesium oxide thin ®lms have
been used as buffer layers for superconducting1,2 and ferro-
electric3,4 materials. Also, their use as secondary emission
materials for plasma display panels has recently attracted
interest.5,6

Magnesium oxide thin ®lms have been deposited by various
different techniques. Both chemical and physical gas phase
methods, as well as those employing the liquid phase (sol±gel),
have been reported. Chemical methods include spray
pyrolysis,7 chemical vapor deposition (CVD)8±12 and plasma-
enhanced CVD (PECVD)13±15 as well as liquid phase sol±gel
processes.16±18Additionally, physical methods such as sputter-
ing,5,19±21 electron beam evaporation,22±24 pulsed laser deposi-
tion (PLD),2,4,25 laser ablation26±28 and molecular beam
epitaxy (MBE)29 have been frequently employed.

Because no simple volatile compounds of alkaline earths
exist,30 the CVD processes have employed magnesium
b-diketonates as precursors. Typically, magnesium acetylace-
tonate [Mg(acac)2]9,11 and magnesium 2,2,6,6-tetramethyl-
3,5-heptadione [Mg(thd)2]12 have been used, but the use of
true metallo-organic compounds such as cyclopentadienyl
magnesium has also been reported.31 The volatile magnesium
2-ethylhexanoate complex has also been employed.10

Recently Atomic Layer Epitaxy (ALE) has been succesfully
applied to the growth of thin ®lms of a number of binary oxides
in a controlled manner.32,33 Through its inherent surface
control, the ALE process has some advantageous features over
CVD such as conformal coating, demonstrated recently in
extreme cases.34,35 Here we report for the ®rst time the
deposition of MgO thin ®lms by ALE using a magnesium
b-diketonate and ozone as reactants.

Experimental

Thin ®lm depositions were carried out in a ¯ow-type hot-wall
Atomic Layer Epitaxy (ALE) reactor, described in detail
elsewhere.36,37 Source materials were pulsed alternately into the
reactor chamber and nitrogen (99.999%) was used as a carrier
and purging gas. 565 cm2 samples of soda lime and Si(100)
were used as substrates. The nitrogen ¯ow rate was
470 cm3 min21. The source material for magnesium was

Mg(thd)2 (thd~2,2,6,6-tetramethyl-3,5-heptadione), synthe-
sised from >99% Mg(NO3)2 (Merck). Mg(thd)2 was evaporated
from an open aluminium crucible at 170 ³C. Ozone generated
from O2 (99.999%) in an ozone generator (Fischer model 502)
was used as the oxidizing reactant. The concentration of ozone
was about 3.5% and no additional carrier gas was used for the
O3/O2 mixture, which had a ¯ow rate of 75 cm3 min21. The
total reactor pressure was 1 mbar during the deposition.
The effect of the deposition temperature on the growth rate was
studied over the temperature range 180±450 ³C. Also, the effect
of the precursor pulsing times of Mg(thd)2 and O3 (0.5±3.0 and
3.0±20.0 s, respectively) as well as that of the purging time
between the reactant pulses (0.5±4.0 s) were investigated.

The volatility of the Mg(thd)2 precursor and its thermal
stability were checked by simultaneous TG/DTA measure-
ments (Seiko SSC 5200) in the temperature range 20 to
400 ³C. 1 mbar pressure and a small nitrogen (99.999%) ¯ow
were used to simulate the ALE deposition conditions.38 The
thicknesses of the deposited MgO thin ®lms were measured by
pro®lometry (Sloan Dektak 3030ST from Veeco Instruments).
The steps were etched by dilute hydrochloric acid. The
crystallite orientations of the MgO thin ®lms were determined
by X-ray diffraction using Cu-Ka radiation (Philips MPD
1880). Surface morphology and typical grain sizes were studied
with a Nanoscope III atomic force microscope using a scanning
area of 3006300 nm.

The Rutherford backscattering (RBS) experiments were
performed at the University of Helsinki. The 2.0 MeV 4He+ ion
beam was generated by the 2.5 MV Van de Graaff accelerator
of the Accelerator Laboratory. The energy calibration of the
beam-analyzing magnet was based on the resonance at
1799.8 keV of the reaction 27Al(p,c)28Si. The scattering
chamber was 0.7 m in diameter and was equipped with a Si
surface barrier detector (50 mm2, 100 mm), positioned at a
scattering angle of 170³. The detector solid acceptance angle
was 7.85 msr and the detector to target distance 70 mm.
Standard electronics were used with the energy resolution of
the detection system being 15 keV. The aperture of beam
incidence, the target and the center of the detector were all
placed in a horizontal plane in the chamber. During
measurement, the samples were tilted with respect to a vertical
axis until the beam was aligned along the (100) crystal plane of
the silicon substrate. By using this arrangement the yield from
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Si was signi®cantly suppressed and the O and Mg peaks became
more visible.

One sample, deposited at 250 ³C over 5000 cycles, was also
analysed with an XPS electron spectrometer (AXIS 165 by
Kratos Analytical), using monochromated Al-Ka irradiation
at 100 W. The sample was fresh but air-exposed and was
measured without a further cleaning procedure or sputtering.
The area of analysis was less than 1 mm2 and the sample was
analysed at three different points. The sample surface was
neutralized during the data acquisition with slow thermal
electrons.39 The binding energy scale was calibrated for each
measurement using the C 1s signal from C±C bonds at
285.0 eV.

Results and discussion

TG/DTA studies indicated the almost complete volatility of the
Mg(thd)2 precursor. The TG curve onset was at 170 ³C. An
endothermic DTA peak shows that Mg(thd)2 melts at 128 ³C,
which is slightly lower than the melting point temperature
obtained under atmospheric pressure.40 Melting before vola-
tilization ensures a more stable volatilization rate during
deposition compared to solid, sublimating precursors although
for ALE the precursor dose is not critical as long as there is
surface saturation at the substrate. The TG data were used to
select the source temperature for the precursor in the
subsequent ALE depositions. The dependence of growth rate
on temperature is presented in Fig. 1. The highest growth rate
(0.27 AÊ cycle21) on soda lime glass was observed over the
narrow plateau in the temperature range from 225 to
250 ³C. Even there the growth rate is much less than one
monolayer per cycle [0.13 monolayers cycle21 in the (100)
orientation], which is due to the steric hindrance of the bulky
Mg(thd)2 molecule, leading to a partial surface coverage.
Another growth mechanism with a lower growth rate is
dominant in the temperature range 300±350 ³C. This is
probably due to decomposition of the Mg(thd)2 species in
the gas phase. Finally, a slight increase in growth rate was
observed at the temperature range 350 to 450 ³C, which was
probably due to gas phase reactions near the surface leading to
uncontrolled growth at an enhanced rate.

Typical ALE-type growth below 250 ³C was veri®ed by
studying reactant pulse and purge times at 250 ³C. The growth
rate of MgO thin ®lms was dependent on both reactants at
shorter pulsing times. Surface saturation during the Mg(thd)2

pulse was obtained with pulse times over 1.0 s after which the
growth rate remained constant (Fig. 2). A slightly lower growth
rate (0.22 AÊ cycle21) was observed on (100) silicon, although
the orientation remained the same.

Ozone pulses signi®cantly longer than 1 s were needed to
obtain MgO thin ®lms. A complete reaction was obtained only
after a 5.0 s O3 pulse and increasing the pulse times to 20 s
brought about no increase in the growth rate, indicating that

only a surface-controlled reaction was occurring. Such a long
O3 pulse time indicates low reactivity between Mg(thd)2 and
ozone at 250 ³C. When the reactant pulses were separated by a
1.5 s nitrogen purge, a constant growth rate was obtained.

The dependence of the MgO thin ®lm thickness on the
number of reaction cycles at 250 ³C is presented in Fig. 3.
Depositions carried out in the ALE window resulted in a linear
dependency of the ®lm thickness on the number of cycles
carried out.

Throughout the temperature range studied, from 200 to
450 ³C, only the (200) peak of periclase MgO was detected
when deposition was carried out over 3000 cycles or less,
resulting in a MgO thin ®lm thickness below 80 nm on soda
lime glass or below 66 nm on (100) silicon. When 5000 cycles
were used at 250 ³C [®lm thickness 135 nm on soda lime glass
and 110 nm on (100) silicon], the (220) peak was also observed
regardless of the substrate (Fig. 4). When deposition was
carried out under optimised conditions at 250 ³C, thickness

Fig. 1 Deposition rate of magnesium oxide thin ®lm as a function of
reactor temperature.

Fig. 2 Deposition rate as a function of Mg(thd)2 pulse time. Source
and reactor temperatures are 170 and 250 ³C, respectively. O3 pulse
time 5.0 s.

Fig. 3 Thickness dependence of magnesium oxide thin ®lms as a
function of number of deposition cycles. Source and reactor
temperatures are 170 and 250 ³C, respectively. Mg(thd)2 and O3

pulse times are 1.5 and 5.0 s, respectively.

Fig. 4 XRD patterns of MgO ®lms deposited at 250 ³C on (100) silicon
after different numbers of cycles. From top to bottom; 500, 1700, 2000
and 5000 cycles. Unidenti®ed peaks are from the silicon substrate.
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variations were very small (¡1%) within the substrate length of
5 cm. No signs of spinel-like MgO were seen in the XRD
patterns of ®lms deposited onto silicon, but here the substrate
had a different orientation (100) than that (111) used by Menon
and Bullard.18

AFM images were taken from MgO thin ®lms deposited at
250 ³C onto soda lime glass. Images were collected from MgO
thin ®lm samples whose thicknesses varied from 15 to 135 nm,
predetermined by the number of ALE reaction cycles. No
major differences in the grain size were observed when the
number of reaction cycles was varied from 500 to 5000
[Fig. 5(a±c)]. This is probably an indication that columnar
growth dominates after the grain size has reached ca. 30 nm.
The roughness (rms) of the deposited MgO thin ®lms increased
as a function of thickness from 0.51 to 1.33 nm (Table 1).

During the second stage of AFM analysis, a comparison was
made between MgO thin ®lms deposited onto soda lime glass
and (100) silicon. The grain sizes were ca. 30 nm on both
substrates indicating similar growth mechanism [Fig. 5(c,d)].
Slightly larger grains and a smoother surface were observed on
a MgO thin ®lm deposited on (100) silicon. Roughness values
(rms) were of the same order of magnitude, viz. 1.33 nm on
soda lime glass and 1.02 nm on (100) silicon for MgO ®lms
deposited over 5000 cycles.

MgO stoichiometry was measured from a sample deposited at
250 ³C using optimized parameters. The RBS spectra were taken
with a beam of 2.0 MeV 4He+ ions. By way of an example, a
representative spectrum is depicted in Fig. 6, together with the
calculated oxygen and magnesium peaks shown onthe yield from
the silicon substrate. The silicon yield was reduced due to
channeling along the (100) crystal plane. The solid curve
connecting the experimental data points and the elemental O
and Mg signals is a result of a computer ®t,41 which was obtained
by successively calculating theoretical computer simulated
spectra, varying the composition and areal density of the MgO

®lm until a good match between the experimental and theoretical
spectra was obtained. An atomic ratio of 1.05¡0.10 for Mg and
O and an areal density of 890¡2061015 atoms cm22 resulted for
the ®lm depicted in Fig. 6.

According to the survey spectra (0±1100 eV) of the XPS
analysis, the MgO ®lm surface consisted of oxygen, magne-
sium, carbon and small amounts of sodium (1.1±1.5 at.%)
[Fig. 7(a)]. The carbon C 1s signal consisted mainly of C±C
bonds, typical of surface contamination; small amounts of C±O
and O±CLO bonds were also detected.42 For the chemical
identi®cation of surface species, high resolution spectra of the
O 1s and Mg 2p regions were recorded using a 20 eV analyser
pass energy and 0.1 eV steps [Fig. 7(b) and (c)]. The binding
energy of the Mg 2p signal at 50.1 eV was in good agreement
with the tabulated values for MgO.42,43 The oxygen O 1s signal
could be resolved into two roughly equal components. The

Fig. 5 MgO thin ®lm surface morphology as a function of thickness
measured by AFM from a 3006300 nm area, height axis 5 nm; (a) 15,
(b) 45, (c) 135, (d) 110 nm. Soda lime (a±c) and Si(100) substrates (d)
were employed.

Table 1 Roughness as a function of MgO thin ®lm thickness on soda
lime glass

Thickness/nm Number of cycles Roughness (rms)/nm

14 500 0.51
45 1700 0.65

135 5000 1.33

Fig. 6 A Rutherford backscattering spectrum for 2.0 MeV 4He+ ions
incident on a magnesium oxide ®lm on a silicon substrate. The points
denote the experimental spectrum, the solid line connecting the points is
a computer simulation. The computer calculated elemental signals of O
and Mg are also shown. The scattering angle is 170³ and channel width
3 keV.

Fig. 7 XPS wide binding energy spectrum of MgO deposited at 250 ³C
(a) and XPS high resolution spectra of O 1s (b) and Mg 2p (c) regions.
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binding energy of the low energy component at 530.4 eV was in
accordance with the tabulated values for MgO.42,43 The other
component at 532.2 eV was identi®ed as due to a hydroxide
species, which are expected to cover the hygroscopic MgO
surface, even after brief exposures to the atmosphere. The
atomic ratio of Mg : OMgO species was stoichiometric, i.e. 1 : 1.
The binding energies of the MgO species were in good
agreement with the measurements performed by us for other
MgO materials.44

Conclusions

MgO thin ®lms can be deposited by atomic layer epitaxy using
a volatile b-diketonate complex of magnesium [Mg(thd)2] and
ozone as precursors. A narrow temperature range of 225±
250 ³C was found where the growth was surface-controlled.
After optimisation of Mg precursor and purge gas times,
homogenous depositions over the 565 cm2 substrate area were
observed with thickness variations of only ¡1%. Due to the
bulky Mg precursor and its limited reactivity, the growth rate
at 250 ³C remained low, being 0.27 and 0.22 AÊ cycle21 on soda
lime and Si(100), respectively. The relationship between the
number of cycles and the thickness of the deposited ®lm was
perfectly linear throughout the range studied.

The MgO ®lms were polycrystalline (periclase-type) exhibit-
ing only the (200) peak for thinner ®lms. An additional peak
(220) appeared for samples deposited over 500 cycles or more,
corresponding to 135 and 110 nm thicknesses for soda lime
glass and silicon substrates, respectively. The correct MgO
stoichiometry was also con®rmed by both XPS and RBS
measurements. According to AFM measurements, the ®lms
had a similar type of morphology regardless of the substrate
and a low roughness as indicated by the rms values of around
1 nm.

The present study demonstrates for the ®rst time that ALE
can also be used to deposit MgO. The resulting ®lms on soda
lime and silicon substrates are polycrystalline and homogenous
showing a preferred (200) orientation as thin layers and a very
small thickness variation. Because the growth rate is rather low,
the ALE process cannot compete with the sol±gel method,
for instance. However, the ®lm quality, together with the
possibility of having a perfect conformal coating, makes ALE
an attractive alternative for special applications.
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