Enhanced growth rate in atomic layer epitaxy deposition of
magnesium oxide thin films
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Thin films of MgO were deposited by atomic layer epitaxy (ALE) from bis(cyclopentadienyl)magnesium and
water using soda lime glass and Si(100) as substrates. Deposition parameters were studied in the temperature
range of 100400 °C. A plateau of surface-controlled growth was observed at 200-300 °C with a growth rate of
1.16 A cycle ™! on both substrates which is almost a magnitude higher than the ALE growth rate obtained with
B-diketonate-type precursors and ozone or hydrogen peroxide. The growth was studied in more detail at 300 °C

to confirm the surface-controlled nature of the deposition process. The MgO films obtained were analysed by
time-of-flight elastic recoil detection analysis (TOF-ERDA), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and atomic force microscopy (AFM) to determine chemical composition, crystallinity and
crystallite orientation as well as surface morphology. Films deposited below 200 °C were amorphous but above
that polycrystalline with (111) dominant orientation on both substrates. According to XPS and TOF-ERDA
measurements the films were stoichiometric when deposited at 200400 °C. Impurity levels of 0.1 at% for
carbon and 0.5 at% for hydrogen were detected by TOF-ERDA when films were deposited at 300 °C. Film
roughness was dependent on the deposition temperature. Deposition carried out at 250-350 °C produced films
with rms values of 8-10 nm whereas the roughness of films deposited above or below this temperature range

was 2-4 nm.

Introduction

Atomic layer epitaxy (ALE), also referred to as atomic layer
deposition (ALD), has been successfully employed for the
deposition of magnesium oxide thin films from the
B-diketonate-type precursor (Mg(thd),) and ozone (thd =
2,2,6,6-tetramethylheptane-3,5-dione).! Hydrogen peroxide
has also been used as an oxidizer but this process suffers
from the low reactivity of Mg(thd), with H,O, leading to a
relatively high deposition temperature where the Mg-precursor
partially decomposes.> Furthermore, the use of this type of
bulky precursors, which in the case of Mg(thd), even has a
dimeric structure,? leads to a low growth rate due to steric
hindrance during the chemisorbed state on the substrate. At
temperatures in the region of 300-450 °C, both oxidizers yield a
similar growth rate of around 0.1-0.15 A cycle™! without a
self-limiting ALE mechanism but rather resembling a pulsed
CVD-type growth. Below 300 °C the growth rate of Mg(thd),/
H,0, was not reported and presumably no film was obtained.>
Due to the higher reactivity of ozone a self-limiting growth was
obtained at 225-250 °C with a growth rate of 0.27 A cycle ! on
a glass substrate.! An obvious problem in view of a possible
industrial application is the narrow ‘ALE window’ observed,
i.e. the temperature range where the reaction is surface
controlled is limited when ozone is used as an oxidizer.'
Furthermore, possible carbon impurities from incomplete
removal of the bulky ligands may impair the quality of the
film. Carbon content may rise to significant levels when the
deposition temperature is low or when a mild oxidizer such as
water or oxygen is used. By selecting a less bulky and more
reactive precursor it would be possible to enhance the growth
rate and reduce the carbon content of the films.

True metal-organic compounds possessing a metal-carbon
bond, such as bis(cyclopentadienyl)magnesium ((CsHs),Mg),
are volatile but at the same time sensitive to air and moisture.
However, (CsHs),Mg is commercially available and has been
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used in MOCVD as a precursor for p-type doping of
semiconductor materials (GaN,>™ AlGaN,°® InGaAlIP,” InP®%).
(CsHs),Mg has also been reported as a precursor for depositing
MgO thin films by an ALE-related process at 500-900 °C.%1°
However, it is obvious that at these high temperatures the
deposition takes place by partially decomposed species of
(CsHs),Mg or by a pyrolytic mode as seen by the higher growth
rates obtained.'

Here we report our studies on self-limiting ALE deposition
of MgO thin films by using (CsHs),Mg and H,O as reactants in
an attempt to enhance the growth rate.

Experimental

MgO thin films were deposited in a commercial MC-120 ALE
reactor manufactured by Microchemistry Ltd."! Sequential
pulsing of source materials was carried out by inert gas valving
and using pure nitrogen (99.9999%) as a carrier and purging
gas. Bis(cyclopentadienyl)magnesium (Morton International,
no. 19612) and distilled water were used as reactants. Based on
vapor pressure data,'? an external cylinder of (CsHs),Mg was
heated to 50 °C. The precursor vapor was transported through
heated lines into the reactor by 60 cm® min~! N, flow. Water
vapor was generated in a cylinder kept at 30 °C without the use
of an additional bubbling system. The films were deposited
onto 5 x 10 cm? soda lime glass and Si(100) substrates at 100—
400°C.

MgO thin film thicknesses were measured by profilometry
(Sloan Dektak 3030ST from Veeco Instruments) from steps
etched by dilute HCI. Thicknesses were also determined by
fitting the optical spectra'® which, in reflectance or transmit-
tance mode, were recorded by a Hitachi U-2000 spectro-
photometer in the region of 190-1100 nm for silicon substrates
and 370-1100 nm for soda lime glass substrates. The crystallite
orientation of thin films was determined by recording the XRD
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diagrams in a Philips MPD 1880 powder diffractometer using
Cu-Ko radiation. Surface morphologies of the films were
examined by a Nanoscope III atomic force microscope (Digital
Instruments) using a scanning area of 2 x 2 pm>. Samples were
measured in tapping mode and scanning frequency of 1-2 Hz
was used.

The depth profiling of MgO thin films was carried out using
time-of-flight elastic recoil detection analysis (TOF-ERDA).!*
In this ion beam analysis method usually heavy ions are used as
projectiles which hit the sample and generate forward recoiling
sample atoms. For each recoil the velocity and energy are
determined using timing gates and a charged particle detector,
respectively. By the use of these two signals different masses
can be separated. The heavy recoil energy spectra are obtained
from the TOF signals but for hydrogen the charged particle
detector signal is used. Using a known measurement geometry,
stopping powers and scattering cross sections depth profiles are
deduced for each element. In this study the sample surface was
tilted 20° and recoils were detected at 40° with respect to the
incoming beam. The 53 MeV '2’I'" beam used for the TOF-
ERDA was obtained from a 5 MV tandem accelerator EGP-
10-IT at the Accelerator Laboratory of the University of
Helsinki.

XPS measurements were carried out at the HUT Center for
Chemical Analysis. MgO thin films were analysed using AXIS
165 by Kratos Analytical with monochromated Al-Ko
irradiation at 100 W. Air-exposed samples were measured as
received without further cleaning. Samples were analysed at
three points with an analysis area of less than 1 mm?®. Wide
scans were acquired using 80 eV analyser pass energy and a
1 eV step and high resolution spectra of the C1s, Mg2p and
O 1s regions were recorded using a 20 eV analyser pass energy
and 0.1 eV steps. Binding energies in high resolution spectra,
shifted due to neutralization of the insulating specimen,'” were
corrected using the C 1s line as an internal standard.

Results and discussion

Reactions of gaseous (CsHs),Mg with a hydroxy terminated
surface have been previously investigated.'® It was observed
that the magnesium compound reacts quantitatively with the
OH groups of silica producing Si-O-Mg(CsHs) surface species.
This kind of mechanism may also be dominant in the case of
other oxide substrates (Scheme 1, reaction 1).

Oxidizers of the cyclopentadienyl precursors can be divided
into two different categories. Mild oxidizers (A-type) break
only the metal-carbon bond (Scheme 1, reaction 2) while with
strong oxidizers (B-type) the CsHs-ligand is completely
decomposed (Scheme 1, reaction 3) leading to carbon con-
tamination. Typically water has been used as oxidizer in the
organometallic case because of the relative weakness of the
metal—carbon bond as exemplified by Al(CHj)s."”

For the (CsHs),Mg precursor the possible oxidizing reac-
tions can thus by written as follows (reactions 2 and 3).

Especially in the case of cyclopentadienyl derivatives
attention should be paid to select a relatively weak oxidizer
that only breaks the metal-carbon bond and leaves the
cyclopentadienyl ring intact, thus preventing carbon impurities
getting into the film. In our preliminary studies we searched for
a suitable oxidizer for (CsHs),Mg at 300 °C. When oxygen or
air was used as a B-type oxidizer, it was observed that the
deposited films were brownish black indicating the presence of
carbon impurities in the film. In contrast, when water was used
as oxidizer, the deposited films were clear and transparent. By
using water as oxidizer, the transmittance of 150 nm MgO film
at 555nm was 88-90% while the soda lime glass used as
substrate has a transmittance of 92%.

In order to determine the surface-controlled deposition
region for MgO thin films, the growth rate of MgO thin films
was studied as a function of deposition temperature. First, the
reactant pulse length was selected so that a complete surface
saturation was obtained. The effect of the deposition
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Fig. 1 Deposition rate of MgO thin films on soda lime and Si(100)
substrates as a function of temperature. Thicknesses were measured at
4 cm from the leading edge. Source temperature was 50 °C, (CsHs),Mg
and H,O pulse times were 1.0 s and 0.5 s, respectively.

temperature was then investigated while keeping the other
parameters constant. After the deposition the film thicknesses
were measured from four spots in the middle of the substrate
along the flow direction. Below 200 °C the deposition rate was
lower but even at 100 °C it was 0.76 A cycle '. A plateau in the
growth rate was observed at 200-300 °C where the deposition
rate of 1.16 A cycle™' was obtained with both substrates.
Depositions carried out at higher temperatures, viz. 350 and
400°C, resulted in growth rates of 1.0 and 0.7 A cycle™!,
respectively (Fig. 1). Adhesion of the films was tested by the
tape test.'® No peeling was observed regardless of the substrate
or the deposition temperature. The overall lowering of the
growth rate at temperatures over 300 °C is most likely due to
decomposition of the (CsHs),Mg together with a decrease in
the number of surface hydroxy groups acting as reactive sites.
Similar phenomena have been observed in the case of Al,O3
deposition from organometallic precursors. It is interesting to
note that, in contrast to our previous studies on ALE
deposition of MgO from B-diketonate-type precursors, the
substrate had no effect on the growth rate. In the case of
Mg(thd), the growth rate of MgO on a silicon substrate was
20% lower than that on a soda lime substrate.’

The magnesium to oxygen ratio as well as the possible
impurities were analyzed by TOF-ERDA. Depositions carried
out at 200400 °C resulted in stoichiometric MgO films (Fig. 2).
This temperature region is slightly wider than the actual ALE
window and a slight increase in carbon content was observed
when the deposition temperature was above 300°C. It is
noteworthy that the depositions below 200 °C resulted in an
increase in both carbon and hydrogen content. Low deposition
temperature together with water produced Mg(OH), resulting
in off-stoichiometry of the films with respect to the ideal 1:1

16

- 1.1

-o- carbon

14 | ——hydrogen
o\o | = Mg:O ratio
E121 -
[
£ 1.8
S 5
= R4
2, S

(=)l

[o]
3PS =
T 0.9
5 4
&}

2

- \\ﬂ\
0 T 0.8

50 100 150 200 250 300 350 460 450
Deposition temperature/°C

Fig. 2 Mg: O stoichiometry as well as carbon and hydrogen contents in
ALE-deposited MgO films as a function of deposition temperature as
determined by TOF-ERDA. Measurements were carried out for films
deposited onto Si(100) with a thickness of 100-170 nm.

ratio in MgO. During heavy ion irradiation in ERDA a loss of
hydrogen can be observed during measurement. To avoid
misinterpretations only those events are used for the analysis
where hydrogen stays fully in the sample. In the analysis
hydrogen and carbon surface contamination was neglected.
The surface roughness effects upon the ERDA results were
approximated to be minimal.

ALE type growth was verified by changing the reactant pulse
times. It was observed that for (CsHs),Mg pulsing times under
1.5 s were too short to obtain surface saturation over the whole
substrate area when a 60 cm® min~! flow of N carrier gas was
used (Fig. 3). In this case uniform films were obtained by longer
precursor pulse times. A similar result could also be obtained
by increasing the N, carrier gas flow rate through the Mg-
precursor container. Pulsing times from 1.5 to 3.0 s resulted in
the same growth rate indicating surface saturation and the
absence of uncontrolled decomposition of (CsHs),Mg. Pulsing
times of H,O were similarly studied from 0-2.5 s. As expected,
no film was obtained by pulsing (CsHs),Mg alone indicating
that the precursor was stable without any gas phase decom-
position. When using water pulses longer than 0.5 s, the growth
rate remained constant leading to uniform films over the whole
substrate area. Furthermore, the thickness of the MgO film as a
function of the number of deposition cycles was investigated at
300°C. A typical feature in an ALE process is that the film
thickness is controlled by the number of deposition cycles. Also
in this case, the MgO growth rate vs. the number of cycles was
perfectly linear on both substrates indicating a surface
controlled process.

XRD measurements showed that the films deposited above
200°C were polycrystalline cubic MgO. Only the (111)
reflection of MgO was observed regardless of the substrate
(Fig. 4). Intensities of the reflections were weak and FWHM
values were relatively high (0.33°) indicating partially amor-
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Fig. 3 Thickness profiles of MgO films as a function of (CsHs),Mg
pulse time. Precursor temperature was 50 °C, pulse length of H,O was
0.5 s and purging times 0.8 s. Deposition temperature was 300 °C.
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Fig. 4 X-Ray diffraction diagrams of 170 nm MgO films deposited at
300 °C onto Si(100) (top) and soda lime (bottom) substrates.
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phous films. H,O pulse times had no effect on the crystalline
orientations or the intensities of the reflections. The texture is
clearly different from films deposited from Mg(thd),, which
resulted in predominantly (100) oriented films on similar
substrates.! At much higher temperatures of 600-700 °C the
MgO films deposited from (CsHs),Mg also have the (111)
orientation on Si(111) substrates.’ Recently it has been
observed in PE-CVD that a change in the orientation of
MgO from (110) to (100) can be controlled by changing the O,
flow rate, carrier gas flow rate and total pressure.'’

Surface morphology of the deposited films was analyzed by
AFM. At the first stage, the MgO films were deposited onto the
Si(100) substrate at various temperatures with the thicknesses
of 120-190 nm. Roughness of the MgO films showed an
unusual behavior (Fig. 5a-d). Depositions carried at 200 °C or
below resulted in smooth films with a roughness of ~2nm
expressed as root mean square (rms). In this temperature range,
the roughness of the films remained almost constant although
the growth rate increased from 0.80 to 1.16 A cycle !. After
that, the rms values showed a clear increase in films deposited
at 200-300 °C with a maximum value of ~ 11 nm (Fig. 6), while
the growth rate remained constant. As expected, depositions
carried out below 200 °C produced amorphous MgO films. The
sudden increase in roughness at 200 °C is probably caused by
crystallization of the MgO film when the deposition tempera-
ture is increased. However, the drastic decrease in roughness
when the growth temperature is raised above 300 °C may be
due to increasing surface mobility or a change in the growth
mechanism. When roughness values are compared to those of
MgO films deposited by ALE from Mg(thd), with equal
thickness, it can be seen that rms values are 4-5 times higher.

Furthermore, to get some insight into thinner films of MgO,

a) 100 °C
rms = 1.8 nm

c) 300 °C
rms = 8.2 nm

e) 300 °C
rms =0.19 nm
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Fig. 6 Roughness (rms) of MgO films deposited onto Si(100) substrate
as a function of deposition temperature.

samples with a thicknesses of 3 and 10 nm were deposited at
300 °C onto Si(100) substrate. Roughness (rms) of these films
were 0.19 and 0.20 nm, respectively. Films were uniform
indicating controlled growth without an island-type mechan-
ism (Fig. 5e and f).

The surface composition of MgO film deposited at 300 °C
using optimised deposition parameters was also studied with
XPS. In wide scan measurements, only magnesium, oxygen and
carbon were detectable at the surface (Fig. 7). The carbon was
mainly due to surface contamination caused by a short
exposure to ambient air prior to the measurements. The
carbon content of the surface (11-13 at%) agrees well with the
typical surface contamination levels detected for oxides.

The chemical state of the elements detected was further
examined using high resolution regional scans of C1s, Mg 1p

b) 200 °C
rms = 2.4 nm

d) 400 °C
rms = 3.5 nm

f) 300 °C
rms = 0.20 nm

um

Fig. 5 AFM images taken from MgO films deposited at various temperatures onto Si(100) substrates. Thicknesses of measured samples were: (a)
190, (b) and (c) 170, (d) 120, (¢) 3 and (f) 10 nm. The z-axis was 50 nm and 5 nm in images (a)—(d) and (e)—(f), respectively.
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Fig. 7 XPS wide spectra of 170 nm MgO film deposited at 300 °C. The
C Is peak arises from surface contamination (air exposed samples).

and O 1s. The binding energies were calibrated using the C-C
component of the Cls spectra at 285e¢V, although the
calibration process was somewhat hindered by the strong,
complex Mg KLL signal in the vicinity. Mg 2p yielded a sharp
line at 49.5 eV, which is in good accordance with the tabulated
binding energy for Mg in Mg0.>*?! In the O1s signal two
components were present. The major component at 529.9 eV
fits well with tabulated values of Opgo. Furthermore, the
Mg: Opgo atomic ratio was stoichiometric (1:1). The minor
component of the Ols signal at 532eV was assigned to
adsorbed OH groups. In some recent studies at HUT we have
found that the intensity of this component increases with
ageing of the highly hygroscopic magnesium oxide surface.'

Conclusions

The use of a cyclopentadienyl-type precursor for magnesium
enables the growth of MgO thin films by ALE in a controlled
manner at a relatively high rate. A surface-controlled growth
was obtained in the temperature range of 200-300 °C with a
deposition rate of 1.16 A cycle”! on soda lime and Si(100)
substrates. The growth rate is approximately four to five times
higher than that obtained under similar conditions from
Mg(thd), and ozone and ten times higher than with Mg(thd),
and hydrogen peroxide.'? As expected, a linear dependence of
the film thickness on the number of deposition cycles was
observed indicating a typical ALE process.

Deposited films were polycrystalline with the (111) reflection
dominating. The reflection was weak with a relatively high
FWHM value indicating that the degree of crystallinity was
low which is not unexpected due to the low deposition
temperature. Impurity levels, especially those of carbon, were
insignificant in the bulk of the film when MgO films were
deposited in the ALE temperature window. 0.1 at% of carbon
and 0.5at% hydrogen were detected by ERDA in films
deposited at 300 °C. However, hydrogen and also to some
extent carbon content increased when the deposition tempera-
ture was lowered to below 200°C. Deposited films were

stoichiometric when deposition was carried out at 200—
400 °C. According to AFM measurements the film roughness
was greatly dependent on the deposition temperature. Deposi-
tion temperatures up to 200 °C resulted in quite smooth films
with an rms roughness of 2 nm. Films deposited at 250-300 °C
exhibited greater rms values of 8-12 nm although the thickness
and growth rate remained the same. Above 300 °C the film
roughness was again around 3 nm.

Acknowledgements

The authors wish to thank Dr Leena-Sisko Johansson and Dr
Joseph Campbell for the XPS analysis at HUT Center for
Chemical Analysis. The authors also thank Mr Jaakko Niinisto
for the AFM measurements. The authors are grateful to
Professor P. Hautojirvi, Laboratory of Physics, for providing
facilities for AFM measurements. This work has been partly
supported by the Academy of Finland (Project No. 44215).

References

1 M. Putkonen, L.-S Johansson, E. Rauhala and L. Niinisto,
J. Mater. Chem., 1999, 9, 2449.

2 T.Hatanpaa, J. Ihanus, J. Kansikas, I. Mutikainen, M. Ritala and
M. Leskeld, Chem. Mater., 1999, 11, 1846.

3 J.-Y. Leem, C.-R. Lee, J.-I. Lee, S. K. Noh, Y.-S. Kwon,
Y.-H. Ryu and S.-1. Son, J. Cryst. Growth, 1998, 193, 491.

4 C.-R.Lee, J.-Y. Leem, S.-K. Noh, S.-E. Park, J.-I. Lee, C.-S. Kim,
S.-J. Son and K.-Y. Leem, J. Cryst. Growth, 1998, 193, 300.

5 C. Yuan, T. Salagaj, A. Gurary, A. G. Thompson, W. Kroll,
R. A. Stall, C.-Y. Hwang, M. Schurman and Y. Li, J. Vac. Sci.
Technol. B, 1995, 133, 2075.

6 M. Suzuki, J. Nishio, M. Onomura and C. Hongo, J. Cryst.
Growth, 1998, 189/190, 511.

7 C.-C. Wu, C.-Y. Chang, P.-A. Chen, H.-D. Chen, K.-C. Lin and
S.-H. Chan L, Appl. Phys. Lett., 1994, 65, 1269.

8 C. R. Abernathy, P. W. Wisk, S. J. Pearton and F. Ren, Appl.
Phys. Lett., 1993, 62, 258.

9 R. Huang and A. H. Kitai, Appl. Phys. Lett., 1992, 61, 1450.

10 R. Huang and A. H. Kitai, J. Mater. Sci. Lett., 1993, 12, 1444.
11 T. Suntola, Thin Solid Films, 1992, 216, 84.

12 G. B. Stringfellow Organometallic Vapor-Phase Epitaxy: Theory
and Practice, Academic Press, New York, 1989, p. 49.

13 M. Ylilammi and T. Ranta-aho, Thin Solid Films, 1993, 232, 56.

14 J. Jokinen, J. Keinonen, P. Tikkanen, A. Kuronen, T. Ahlgren and
K. Nordlund, Nucl. Instrum. Methods Phys. Res., Sect. B, 1996,
119, 533.

15 Axis 165, Operating Manual and User’s Guide, Kratos Analytical
Ltd, Manchester, 1995.

16 G. Spoto, A. Zeccina, S. Brodiga and R. Dante, Mater. Chem.
Phys., 1991, 29, 261.

17 A. W. Ott, J. W. Klaus, J. M. Johnson and S. M. George, Thin
Solid Films, 1997, 292, 135.

18 B. N. Chapman, J. Vac. Sci. Technol., 1974, 11, 106.

19 E. Fujii, A. Tomozawa, H. Torii, R. Takayama, M. Nagaki and
T. Narusawa, Thin Solid Films, 1999, 352, 85.

20 Handbook of X-Ray Photoelectron Spectroscopy, eds. J. Chastain
and R.C. King Jr., Physical Electronics, Eden Prairie, 1995, p. 41.

21 S. Ardizzone, C. L. Bianchi, M. Fadoni and B. Vercelli, Appl. Surf.
Seci., 1997, 119, 253.

J. Mater. Chem., 2000, 10, 1857-1861 1861



