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The role of the OH species in high-k Õpolycrystalline silicon gate electrode
interface reactions

Theodosia Gougousi,a) M. Jason Kelly, and Gregory N. Parsons
Department of Chemical Engineering, North Carolina State University, Campus Box 7905, Raleigh,
North Carolina 27695

~Received 20 February 2002; accepted for publication 17 April 2002!

In this letter, reactions occurring at the interface between polycrystalline silicon~poly-Si! and
LaSiOx high-dielectric-constant ~high-k! insulating layers are characterized using x-ray
photoelectron spectroscopy. Dielectrics were formed by sputter deposition of metal on silicon,
followed by oxidation at 900 °C. Amorphous silicon was deposited on top by plasma-enhanced
chemical vapor deposition from silane, followed by anneal at 650– 1050 °C. We show that if the
dielectric layer is exposed to sufficient water vapor before polysilicon deposition, annealing at
1050 °C for 10 s is sufficient to completely oxidize;25 Å of deposited silicon. Minimal reaction
is observed without deliberate water exposure. This demonstrates the importance of the dielectric
surface condition in determining reactivity of high-k/polysilicon interfaces. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1485122#
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Significant work is currently focused on high dielectr
constant insulators as possible replacements to SiO2 in metal
oxide semiconductor devices.1 Several high-k candidate ma
terials have been proposed. However, there are still ser
obstacles such as fixed charge, poor carrier mobility,
instability when in contact with silicon.2,3 Several factors
influence the Si-dielectric interface reactivity, and significa
effort has been devoted to understanding it.4–7 However,
there is very little documented work on the reactions occ
ring in the upper interface, between the dielectric and
gate material. In this letter we offer some insight into the r
H2O plays on the poly-Si/LaSiOx interface reactivity.

We prepared LaSiOx dielectrics by La metal sputterin
on Si ^100& substrates andex situhigh temperature furnac
annealing in the presence of an oxidizing agent (N2O) using
the tools and procedures published previously.8 Approxi-
mately 330 Å of La was deposited, resulting in thic
(.500 Å) LaSiOx films. Prior to deposition, the substrate
were cleaned in J.T. Baker Clean 100, rinsed in de-ioni
~DI! water, and dipped in buffered oxide etch. Films we
characterized using x-ray photoelectron spectroscopy~XPS!
and infrared absorption spectroscopy. The XP spectra w
obtained using a Riber LAS3000 equipped with a single p
cylindrical mirror ~MAC2! analyzer and a MgKa (hv
51253.6 eV) nonmonochromatic x-ray source at a 90° ta
off angle with 0.1 eV step size. Charge compensation w
performed by setting the adventitious C 1s peak to a binding
energy of 285.0 eV. The Fourier transform infrared~IR!
spectra were obtained in transmission mode using
Magna-IR System 750 from ThermoNicolet.

XPS analysis indicated that under our process conditi
La mixed with Si very efficiently to produce material wit
predominantly La–O–Si bonding ~i.e., lanthanum ‘‘sili-
cate’’!. Additional experiments have shown that the hydrox
content of the silicate films can be controlled by predepo
tion substrate cleaning or postdeposition atmospheric ex

a!Electronic mail: tgougou@unity.ncsu.edu
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sure. Figure 1 shows the IR absorption spectra for two s
samples. The so-called ‘‘dry’’ sample was prepared by de
sition of 330 Å of La and subsequent anneal at 900 °C for
min, and kept in the dry atmosphere of a desiccator to p
vent H2O absorption. Such films were fairly insensitive
H2O uptake and had not absorbed IR detectable amoun
H2O even after two weeks of atmospheric exposure. Ho
ever, identically prepared samples that were deposited
insufficiently cleaned substrates exhibited a more hyd
philic nature. The so-called ‘‘wet’’ sample in Fig. 1 was d
posited on a surface rinsed in poor quality DI water a
exposed to H2O vapor at room temperature for about 40
after preparation. Its absorption IR spectrum exhibited
broad peak around 3500 cm21 associated with H2O/OH
presence9 in the bulk of the film.

Thin layers of amorphous silicon were deposited
plasma-enhanced chemical vapor deposition at;150 °C us-
ing silane/helium mixtures. These were 25 and 35 Å thick
the wet and dry samples, respectively. Deposition ofa-Si
layers onc-Si and SiO2 is known to progress through th
nucleation of Si islands, which, as growth proceeds, incre
in size and number and eventually coalesce to form a u
form layer. Under the conditions used in this experime

FIG. 1. IR absorption spectra for the wet and dry samples. The OH pea
clearly distinguishable in the so-called wet sample spectrum.
9 © 2002 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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atomic force microscopy analysis indicated that 25 Å ofa-Si
deposition is sufficient to achieve fully coalesced films
c-Si and SiO2 .10 Slightly larger root mean square roughne
was observed for Si deposited on the high k than for Si
c-Si and SiO2 , especially for the wet sample, which cou
be related to the underlying dielectric roughness or to inco
plete coalescence of the silicon layer.

After deposition of thea-Si film, each wet and dry
sample was divided into three parts, and each part was
posed to different thermal treatment. One was left as dep
ited, while the others were annealed at 650 °C for 30 s in
in a rapid thermal anneal~RTA! instrument. One of the
samples was further annealed at 1050 °C for 10 s. Su
quently, XPS was used to probe the polySi/LaSiOx interface
for each sample.

Figure 2 ~top! shows typical XP spectra for the thre
samples originating from the dry sample while Fig. 2~bot-
tom! shows the corresponding spectra for the wet sam
This energy range includes contributions from the Si 2p and
La 4d electrons making peak deconvolution difficult. How
ever, the Si0 peak at 99.3 eV, originating from the amorpho
Si layer,11 is readily distinguishable. Upon annealing the d
sample, the position of the Si0 peak did not shift substan
tially, although its magnitude decreased somewhat con
tently with a small amount of silicon oxidation. For the w
sample, anneal at 1050 °C resulted in the disappearanc
the Si0 peak, consistent with nearly complete consumption
the polysilicon layer.

A close look at the XPS data for the LaSiOx films gives
insight into possible mechanisms for the observed silic
oxidation. For the spectra in the top part of Fig. 3, cor
sponding to the dry sample:~a! as deposited;~b! annealed at
650 °C; and ~c! annealed at 1050 °C, the La 3d peaks
shifted by about 0.5 eV to higher binding energy upon a
neal, and are consistent with a mixed metal/silicon ox
~silicate! with fairly stable composition. The increase in th

FIG. 2. Si 2p and La 4d XPS spectra for the dry and wet samples. Samp
~a! are as deposited,~b! annealed at 650 °C for 30 s in Ar, and~c! annealed
at 1050 °C for 10 s in Ar after deposition of thea-Si. For the wet sample the
Si layer is completely consumed after anneal at 1050 °C.
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integrated intensity is consistent with an increase in the
concentration near the surface due to silicon or La diffusi
For the wet sample~Fig. 3, bottom! the La 3d spectrum
shows a markedly different bonding environment for the
deposited and annealed states. For the as-deposited film
peaks were shifted by almost 2.5 eV to higher binding ene
as compared to the dry sample, which was attributed to
presence of La(OH)x . Upon anneal, the spectra have fe
tures qualitatively similar to the annealed dry sample.

In the O 1s XP spectra~not shown!, annealing of the dry
sample resulted in no significant shifts in the peak positi
However, annealing the wet sample at 1050 °C resulted
significant shift~;1.5 eV to lower binding energy!. It is im-
portant to note that for both samples the XPS data in Fig
indicate that the dielectric did not phase separate into La2O3

and SiO2 even when heated at 1050 °C for 10 s.
The IR and XPS data are consistent with the followi

possible explanation. Exposing LaSiOx films to significant
water vapor results in OH absorption into the film bul
When silicon is deposited on the dielectric, the incorpora
OH enables reactions to proceed at the interface. Annea
the wet sample at 650 °C results in significant loss of H a
OH species, producing a large number of unsatisfied bo
Silicon atoms diffusing from the deposited silicon layer c
then satisfy these bonds and be oxidized to form a mi
metal/silicon oxide. The reaction proceeds further upon
neal at 1050 °C, consistent with the distinct increase in
related peak intensities. If the concentration of hydrox
groups is sufficiently large and the thickness of the silicon
sufficiently thin, the oxidation reaction may completely ox
dize the silicon layer~consistent with the Si 2p data shown
for the wet sample in Fig. 2!. In contrast, XPS data for the
dry sample show no substantial change in the bonding st
ture at the interface. The small decrease in silicon thickn
could be due to a reaction proceeding at a much-redu
rate. We must conclude that the presence of the OH gro
substantially enhances reactivity at the interface betw

s
FIG. 3. La 3d XPS spectra for the dry and wet samples. Samples~a! are as
deposited,~b! annealed at 650 °C for 30 s in Ar, and~c! annealed at 1050 °C
for 10 s in Ar after deposition of thea-Si. For the as-deposited wet sampl
the La bonding environment is different from the other samples. This
attributed to the presence of OH. Upon anneal, the OH is desorbed/rep
by Si and the XPS spectra become comparable to those for the dry sa
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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polysilicon and La silicates. We are currently investigati
similar effects in other high-k materials.
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