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The objective of this work is to investigate interface chemistries which minimize the interfacial
silicon oxide transition region at Si/high-k dielectric interfaces. We report on the mechanism by
which a silicon native oxide layer is converted into magnesium silicate. The deposition of metal Mg
onto a SiO, native oxide surface resulted in the formation of a magnesium silicide in addition to
substochiometric silicon oxides and a significant decrease in the oxidised silicon signal. Annealing
to 300 °C resulted in the decomposition of the magnesium silicide, oxidation of the Mg, and the
desorption of excess metallic Mg. Subsequent annealing to 500 °C resulted in converting the SiO,
into magnesium silicate. The results suggest that the decomposition of the Mg silicide in the
presence of the residual native oxide facilitates silicate formation at 500 °C. Due to the reported
thermal stability of Mg silicate it is suggested that this process may be beneficial in modifying the
interface characteristics of the Si/high-k dielectric interface which has potentially significant
implications for future semiconductor device generations. © 2010 American Institute of Physics.

[doi:10.1063/1.3357392]

I. INTRODUCTION

Controlling the interfacial properties of silicon is one of
the biggest challenges facing the integration of high-k mate-
rials in future silicon based transistor technology. The ther-
mal stability of the interfacial region must be addressed in
order to prevent the growth of interfacial SiO,, which can
adversely affect the equivalent oxide thickness of the
device.! The formation of thermally and chemically stable
metal-silicates at the silicon surface may prevent the growth
of SiO,. Previous studies have shown that silicate layers can
be formed by deposition of various metals including
yttrium,2 1anthanum,3 and erbium,4 and have been shown to
produce promising electrical and physical characteristics. In
this study the formation of a magnesium silicate interfacial
layer is investigated as an alternative to SiO, due to its high
reported thermal stability.5 Previous studies have shown that
MgO deposition onto Si results in the growth of a thin (
<1 nm) interfacial Mg silicate region.6’7 Further studies also
indicate that these films lead to favorable interface character-
istics including low interface state densities.® However, it has
also been reported that the strong tendency for MgO to crys-
tallize results in the film displaying a high density of colum-
nar grains within the oxide films, independent of growth
method.”'" The grain boundaries associated with these co-
lumnar structures may result in the rapid formation of break-
down paths, dramatically reducing the lifetime of the
devices.!! Therefore the focus of this work is to investigate
the potential benefits of using magnesium silicate as a chemi-
cally stable interlayer between the silicon substrate and a
high-k material in order to control the interfacial properties.
The results suggest that it is possible to convert a SiO, native
oxide layer into Mg silicate, and the mechanism by which
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this occurs is discussed. Also, due to the thermal instability
of Mg silicide, the formation of Mg silicate can be achieved
in situ in ultrahigh vacuum (UHV) conditions. This allows
for greater understanding of the reaction mechanisms in-
volved in metal-silicate formation, specifically the role of
silicide formation.

Il. EXPERIMENTAL PROCEDURE

Si(111) native oxide surfaces were prepared using a stan-
dard degreasing procedure of successive dips in acetone,
methanol, and isopropyl alcohol before being loaded into a
UHYV deposition and analysis system. Pure magnesium metal
(99.9%) was deposited at room temperature at a pressure of
1X 107 mbar onto the native oxide surface using thermal
evaporation. The x-ray photoelectron spectroscopy (XPS)
analysis was carried using a Vacuum Generator (VG) micro-
tech electron spectrometer at a base pressure of 1
X 10~ mbar. The photoelectrons were excited with a con-
ventional Mg Ko (hv=1253.6 V) x-ray source and an elec-
tron energy analyzer operating at a 20 eV pass energy, yield-
ing an overall resolution of 1.2 eV. High temperature
annealing studies were carried out in vacuum at a pressure of
1 X107 mbar, with samples kept at the target temperature
for 20 min. Information on the species which desorbs from
the surface during thermal annealing was acquired with
Ametek process instruments—Dycor mass spectrometer, set
to monitor atomic masses of 24 (Mg) and 40 (MgO). XPS
core level spectra were curve fitted using Voigt profiles com-
posed of Gaussian and Lorentzian line shapes in a 3:1 ratio
and using a Shirley-type background. The full width at half
maximum (FWHM) of the Si 2p substrate peak was 0.80 eV
and the oxides, silicides, and silicate component peaks were
in the range 1.2 to 1.5 eV. The corresponding O 1s core
level spectra have FWHM values in the 1.75 to 1.9 eV range.
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FIG. 1. Curve fitted Si 2p spectra showing the growth of Mg silicide and
substochiometric silicon oxide species after Mg deposition (2 nm) onto Si
native oxide surfaces. The growth of Mg silicide on 700 nm SiO, surfaces
suggests disruption of the SiO, structure resulting in Mg atoms taking the
place of the O atoms.

All spectra were charge references to the Si 2p bulk signal
at 99.3 eV and there was no evidence of differential charging
effects for the native oxide covered surfaces.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

The curve fitted Si 2p spectra taken from a SiO, native
oxide covered silicon surface before and after ~2 nm Mg
deposition, shown in Fig. 1, illustrate that Mg deposition has
resulted in the growth of peaks on both the higher binding
energy (HBE) and lower binding energy (LBE) sides of the
Si bulk peak. The HBE peaks have been attributed to substo-
chiometric silicon oxide peaks which appear as the result of
Mg incorporation within the SiO, layer. The LBE peak, sepa-
rated from the Si substrate peak by 1.1 eV, has been attrib-
uted to the presence of magnesium silicide, which is consis-
tent with the results reported by Brause et al."* The
formation of a metal silicide resulting from the deposition of
a reactive metal onto a thin silicon surface oxide is usually
associated with a reaction between the metal and the silicon
substrate. This is because the normal thermodynamic trend
for metal oxides used as high-k dielectrics is that the metal
oxide is thermodynamically more stable than the silicide.
Therefore, depositing these metals on thin Si oxide layers
usually results in the formation of a metal oxide by the re-
duction in Si0213 releasing silicon which can subsequently
oxidize and contribute to the formation of an increased sili-
con oxide interlayer. In this case, the Mg preferentially reacts
with the silicon atoms within the native oxide layer. This has
been conclusively illustrated in a separate study where Mg
was deposited on a SiO, layer of effectively infinite thick-
ness (700 nm) and, as shown in Fig. 1, the metal silicide was
clearly observed. However, interface reactions are not neces-
sarily predictable from bulk thermodynamic data as the non-
equilibrium nature of the deposition process can have an
impact on interface compositionm’15

The growth of Mg silicide in the absence of bulk silicon
suggests that the Mg atoms have disrupted the SiO, structure
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FIG. 2. Curve fitted Si 2p spectra taken after UHV annealing to 300 °C
show the complete removal of Mg silicide and substochiometric Si oxide
species, along with a reduction in SiO, from 17% to 10% of the signal.
Further annealing to 500 °C results in a chemical shift in the Si oxide peak,
which is indicative of the transformation of SiO, to Mg silicate.

resulting in Mg atoms taking the place of the O atoms, cre-
ating Mg-Si bonds. Following the deposition of Mg on the
native oxide surface, the samples were annealed in UHV to
300 °C and the changes in the Si 2p spectrum shown in Fig.
2 suggest the complete removal of Mg silicide, along with
the removal of the Si suboxide groups. The thermal instabil-
ity of Mg silicide has previously been reported.lz’16 The re-
duction in the SiO, peak area from 17% to 10% of the total
signal is consistent with the loss of oxygen from the surface
during Mg silicide formation but there is no discernable shift
in the peak position of the silicon oxide indicating that after
this anneal, the silicon within the oxide is predominantly in
the Si** oxidation state.

The Mg 2p spectrum in Fig. 3 relating to the deposition
of Mg results in the appearance of an asymmetric peak in-
dicative of metallic Mg.17 Annealing to 300 °C results in a
1.8 eV shift in the Mg 2p peak toward HBE, which is in-
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FIG. 3. Mg 2p spectra of the core level following Mg deposition and the
subsequent 300 °C anneal which results in the oxidation of the Mg. A
reduction in the integrated area of the peak by a factor of 2.5, along with
mass spectrometry data (inset) suggest desorption of excess Mg from the
surface during annealing.
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FIG. 4. Normalized O 1s core level spectra show the presence of both SiO,
and partially oxidised Mg species after a 300 °C anneal. The reduction in
the SiO, peak after a 500 °C anneal provides further evidence for the trans-
formation of SiO, into Mg silicate.

dicative of the oxidation of the remaining Mg present on the
Si0O, surface. The integrated area under the Mg 2p peak was
also reduced by a factor of 2.5 as a result of the anneal
suggesting desorption of excess Mg from the surface. This is
substantiated by mass spectrometry data taken during anneal-
ing, shown in the inset of Fig. 3, where the predominant
species desorbing from the surface at 300 °C is Mg with a
smaller contribution from MgO. The desorption of metallic
Mg from the surface is in agreement with the work of Galkin
et al."® which suggest that room temperature deposition of
Mg onto Si initially results in the formation of silicide is-
lands while continued deposition results in the growth of
metallic Mg on top of these island structures. Other studies'®
have shown that metallic Mg will desorb from the Si surface
at temperatures above 200 °C.

The changes induced in the Si 2p peak profile in Fig. 2
after subsequent annealing of the sample to 500 °C results in
a significant shift in the Si oxide peak. The Si oxide peak
now shows a separation from the bulk peak equal to 3.25 eV,
which is indicative of Mg silicate and not SiO,. The peak
position of Mg silicate with respect to the silicon substrate
peak has previously been found during MgO deposition onto
the Si(111) surface,” and verified using Mg silicate reference
materials. Peak fitting of the Si 2p spectrum in Fig. 2 sug-
gests that the contribution of the Si** oxidation state has been
reduced below the level of detection for standard XPS,
which indicates a considerable reduction in the presence of
the SiO, native oxide. Mg 2p spectra (not shown) taken af-
ter the 500 °C anneal show a 0.2 eV shift to LBE, which is
consistent with Mg silicate formation. It should also be noted
that there is no discernable change in Mg 2p peak area, in-
dicating that the oxidised Mg formed after at 300 °C anneal-
ing does not desorb during the 500 °C anneal.

Further evidence that the SiO, native oxide has been
converted into Mg silicate comes from the evolution of the
O 1s spectrum illustrated in Fig. 4. The deposition of Mg on
the SiO, native oxide surface leaves the O 1s peak profile
unchanged which supports observations from the Si 2p core

J. Appl. Phys. 107, 074107 (2010)

level that the room temperature interaction of Mg with the
Si0, occurs preferentially with the silicon atoms in the SiO,.
Curve fitting of the broadened O Is peak observed after
300 °C annealing reveals the presence of an oxidised Mg
component shifted by 1.0 eV to LBE in addition to the SiO,
peak, which is consistent with the oxidation shown in the
Mg 2p profile. This energy separation between the two ox-
ide components of the O s spectrum is less than that seen
between SiO, and fully stochiometric MgO, which has been
measured in separate experiments to be 1.54 eV. Therefore,
although the Mg is in an oxidized state, it is not in the fully
oxidized species MgO. It can also be said that the Mg atoms
are not in a silicate bonding environment as the silicon oxide
state shown in the Si 2p spectra (Fig. 2) is still indicative of
the SiO, native oxide. After annealing to 500 °C there is a
significant decrease in the presence of the SiO, related com-
ponent within the O 1s core level profile. Given that there is
no change in the total integrated area of the peak, this again
indicates that the SiO, has been converted into Mg silicate
consistent with the observations on the Si 2p core level.
While the Mg 2p core level spectrum shifts by 0.2 eV be-
tween the suboxidized Mg and the Mg silicate, no corre-
sponding binding energy shift is observed between the Mg
suboxide and Mg silicate components of the O s spectra.
This would indicate that the binding energy position of the
O 1s spectrum is insensitive to chemical changes between
oxidized magnesium and magnesium silicate. The chemical
shifts shown by the Si 2p, Mg 2p, and O ls spectra after
Mg silicate formation are in accordance with the electrone-
gativities of magnesium, silicon, and oxygen (1.31, 1.90, and
3.44 on the Pauling scale). These values would also suggest
that the O 1s binding energy position of both suboxidized
magnesium and magnesium silicate would exist between the
Si0, (BE=533.3 eV) and MgO (BE=531.8 eV) which
agrees with the above observations. Subsequent studies have
shown that the determining factor in silicate growth is the
amount of Mg silicide initially formed on the SiO, surface.
The importance of silicide formation as an intermediate step
to silicate formation has previously been suggested by
Chambers and Parsons” and can be conclusively shown here.
The spectra in Fig. 1 showed the effect of ~2 nm Mg depo-
sition on to SiO,, which caused the growth of Mg-silicide
and eventually led to the growth of Mg silicate. However, if
only 1 nm of Mg is deposited, an insufficient amount of Mg
silicide is formed, and annealing to 500 °C results in only
partial transformation of the SiO, into Mg silicate as can be
seen in the Si 2p spectra in Fig. 5.

Further evidence for the importance of silicide formation
comes from analyzing the chemical species present on the
surface after annealing to 300 °C. The Si 2p spectrum in
Fig. 2 taken after the 300 °C anneal shows no evidence of
Mg-silicide, while the silicon oxide present on the surface
remains in the form of SiO,. Also, Fig. 3 shows that the Mg
present on the surface after the 300 °C anneal is in the form
of oxidised Mg, but not fully oxidised MgO. Therefore,
while the only chemical species present are oxidized Mg and
SiO,, annealing the sample to 500 °C still results in silicate
formation. This is in direct contrast to the result seen after
the deposition of stochiometric MgO onto the SiO, native
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FIG. 5. Si 2p spectra taken after 1 nm Mg deposition onto Si native oxide
surface show the growth of less Mg silicide than that seen in Fig. 1. Subse-
quent UHV annealing to 500 °C resulted in only partial transformation of
SiO, into Mg silicate, indicating the importance of silicide formation as an
intermediate step in Mg silicate growth.

oxide surface (not shown) where the spectra taken after an-
nealing to 500 °C show no evidence for the transformation
of SiO, into Mg silicate. This would indicate that the pres-
ence of Si0, and stoichiometric MgO will not lead to silicate
formation at 500 °C without the effect of the intermediate
silicide formation at room temperature and subsequent de-
composition at 300 °C prior to the 500 °C anneal.

Given the importance of silicide in silicate formation, it
is suggested that the thermal instability of Mg-silicide offers
an advantage over other metal-silicides. The thermal removal
of Mg silicide prior to Mg silicate formation is in contrast to
the silicide oxidation process developed for the formation
other metal silicates such as Y silicate®'® and Hf silicate.”
Previous studies have shown that the oxidation of Y silicide
can only be achieved at high temperature (600°-900 °C)
and high pressures of N,O (1 atm), while high pressure
ozone oxidation has been used to form hafnium silicate from
deposited hafnium silicide. The presence of excess oxygen in
the high temperature annealing of rare earth silicates has
been shown to result in the growth of interfacial Si—O-Si
bonds.*! However, it should also be noted from our studies
that the desorption of excess metallic Mg from the silicon
surface at 300 °C means that it is difficult to promote addi-
tional silicide formation above that which forms initially at
room temperature. The thermal instability of Mg silicide
therefore means that only those Si atoms which are involved
in silicide formation after Mg deposition can be incorporated
into Mg silicate, placing a limit on the achievable thickness
of the silicate film. This contrasts with the experimental ob-
servations reported by Baglin et al.** for the promotion of
yttrium silicide growth at elevated temperature.

The results of this study may have relevance for the low
temperature modification of silicon interlayers on III-V ma-
terials which have been deposited prior to high-k dielectric
deposition, in an attempt to improve the interfacial electrical
characteristics.”> While Jiang et al.** have shown that thin
amorphous silicon interlayers can be successfully converted

J. Appl. Phys. 107, 074107 (2010)

into ytterbium silicide, high temperature annealing could det-
rimentally impact on the interface quality as III-V materials
are unstable at high temperature.25 The Mg silicate formation
procedure at 500 °C outlined in this work may make it more
suitable for silicon interlayer modification on III-V semicon-
ductor substrates than other metal silicates.

IV. CONCLUSIONS

The results presented here suggest that a SiO, native
oxide layer can be converted into Mg silicate. Initial deposi-
tion of Mg onto the SiO, surface resulted in the growth of
Mg silicide due to disruption of the SiO, and loss of oxygen
from the surface. Annealing the sample to 300 °C resulted in
removing the thermally unstable Mg silicide and desorption
of excess Mg from the surface. It is believed that the decom-
position of Mg silicide creates under coordinated silicon at-
oms which react with the oxidised Mg resulting in the for-
mation of Mg silicate upon annealing to 500 °C. The study
has also shown that the initial formation of Mg silicide is a
necessary intermediate step in Mg silicate growth and can
only be achieved by deposition of metallic Mg.

ACKNOWLEDGMENTS

The authors wish to acknowledge financial support for
this work from the Science Foundation Ireland Research
Frontiers Program (Project Code 06/RFP/PHY035) and
Patrick Casey acknowledges studentship funding from IRC-
SET and Intel Ireland.

'J. Robertson, Rep. Prog. Phys. 69, 327 (2006).

%J. J. Chambers and G. N. Parsons, J. Appl. Phys. 90, 918 (2001).

T, Gougousi, M. J. Kelly, D. B. Terry, and G. N. Parsons J. Appl. Phys. 93,
1691 (2003).

4S.-Y. Chang, M.-I. Jeong, S. V. J. Chandra, Y.-B. Lee, H.-B. Hong, V. R.
Reddy, and C.-J. Choi, Mater. Sci. Semicond. Process. 11, 122 (2008).
ST, Komabayashi, K. Hirose, E. Sugimura, N. Sata, Y. Ohishi, and L. S.
Dubrovinsky, Earth Planet. Sci. Lett. 265, 515 (2008).

OA. Posadas, F. J. Walker, C. H. Ahn, T. L. Goodrich, Z. Cai, and K. S.
Ziemer, Appl. Phys. Lett. 92, 233511 (2008).

P. Casey, E. O’Connor, R. Long, B. Brennan, S. A. Krasnikov, D.
O’Connell, P. K. Hurley, and G. Hughes, Microelectron. Eng. 86, 1711
(2009).

8. Yan, C. M. Lopez, R. P. Shrestha, E. A. Irene, A. A. Suvorova, and M.
Saunders, Appl. Phys. Lett. 88, 142901 (2006).

°J-H. Boo, S.-B. Lee, K.-S. Yu, W. Koh, and Y. Kim, Thin Solid Films
341, 63 (1999).

197-M. Cho, K.-H. Lee, C. Il Cheon, N. 1. Choc, J. S. Kim, J. Eur. Ceram.
Soc. 30, 481 (2010).

'"'R. O’Connor, G. Hughes, and P. Casey, J. Appl. Phys. 107, 024501
(2010).

M. Brause, B. Braun, D. Ochs, W. Maw-Friedrichs, and V. Kempter, Surf.
Sci. 398, 184 (1998).

BM. C. Zeman, C. C. Fulton, G. Lucovsky, R. J. Nemanich, and W.-C.
Yang, J. Appl. Phys. 99, 023519 (2006).

143, J. Chambers and G. N. Parsons, Appl. Phys. Lett. 77, 2385 (2000).

13J.-H. Lee and M. Ichikawa, J. Appl. Phys. 92, 1929 (2002).

oK N. Galkin, M. Kumar, Govind, S. M. Shivaprasad, V. V.Korobtsov, and
N. G. Galkin, Thin Solid Films 515, 8192 (2007).

M. R. J. van Buuren, F. Voermans, and H. van Kempen, J. Phys. Chem. 99,
9519 (1995).

8A. Vantomme, G. Langouche, J. E. Mahan, and J. P. Becker, Microelec-
tron. Eng. 50, 237 (2000).

1%S. Y. Chiam, W. K. Chim, A. C. H. Huan, J. Zhang, and J. S. Pan, J. Vac.
Sci. Technol. A 25, 500 (2007).

2%, p Punchaipetch, G. Pant, M. Quevedo-Lopez, H. Zhang, M. EI-
Bouanani, M. J. Kim, R. M. Wallace, and B. E. Gnade, Thin Solid Films

Downloaded 28 Jul 2010 to 136.206.1.17. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1088/0034-4885/69/2/R02
http://dx.doi.org/10.1063/1.1375018
http://dx.doi.org/10.1063/1.1531818
http://dx.doi.org/10.1016/j.mssp.2009.06.001
http://dx.doi.org/10.1016/j.epsl.2007.10.036
http://dx.doi.org/10.1063/1.2944865
http://dx.doi.org/10.1016/j.mee.2009.03.046
http://dx.doi.org/10.1063/1.2191419
http://dx.doi.org/10.1016/S0040-6090(98)01524-7
http://dx.doi.org/10.1016/j.jeurceramsoc.2009.06.015
http://dx.doi.org/10.1016/j.jeurceramsoc.2009.06.015
http://dx.doi.org/10.1063/1.3265434
http://dx.doi.org/10.1016/S0039-6028(98)80022-8
http://dx.doi.org/10.1016/S0039-6028(98)80022-8
http://dx.doi.org/10.1063/1.2163984
http://dx.doi.org/10.1063/1.1316073
http://dx.doi.org/10.1063/1.1494846
http://dx.doi.org/10.1016/j.tsf.2007.02.041
http://dx.doi.org/10.1021/j100023a033
http://dx.doi.org/10.1016/S0167-9317(99)00287-7
http://dx.doi.org/10.1016/S0167-9317(99)00287-7
http://dx.doi.org/10.1116/1.2720849
http://dx.doi.org/10.1116/1.2720849
http://dx.doi.org/10.1016/S0040-6090(02)01306-8

074107-5 P. Casey and G. Hughes J. Appl. Phys. 107, 074107 (2010)

425, 68 (2003). R. M. Wallace, and E. M. Vogel, Appl. Phys. Lett. 93, 122109 (2008).
2'H. Ono and T. Katsumata, Appl. Phys. Lett. 78, 1832 (2001). Xy L. Jiang, Q. Xie, C. Detavernier, R. L. V. Meirhaeghe, G.-P. Ru, X.-P.
2] E. E. Baglin, F. M. d’Heurle, and C. S. Petersson, J. Appl. Phys. 52, Qu, B.-Z. Li, and P. K. Chu, J. Appl. Phys. 102, 033508 (2007).

2841 (1981). M. Ghaffour, M. Bouslama, Z. Lounis, A. Nouri, C. Jardin, Y. Monteil,
BA. M. Sonnet, C. L. Hinkle, M. N. Jivani, R. A. Chapman, G. P. Pollack, and H. Dumont, J. Electron Spectrosc. Relat. Phenom. 134, 81 (2004).

Downloaded 28 Jul 2010 to 136.206.1.17. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1357445
http://dx.doi.org/10.1063/1.329015
http://dx.doi.org/10.1063/1.2991340
http://dx.doi.org/10.1063/1.2767375
http://dx.doi.org/10.1016/j.elspec.2003.10.001

