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The role of the OH species in high-k /polycrystalline silicon gate electrode
interface reactions
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In this letter, reactions occurring at the interface between polycrystalline siljeoly-Si) and

LaSiQ, 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 oxidize25 A 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. 2@2 American
Institute of Physics.[DOI: 10.1063/1.1485122

Significant work is currently focused on high dielectric sure. Figure 1 shows the IR absorption spectra for two such
constant insulators as possible replacements tg Bithetal samples. The so-called “dry” sample was prepared by depo-
oxide semiconductor devicésSeveral high-k candidate ma- sition of 330 A of La and subsequent anneal at 900 °C for 10
terials have been proposed. However, there are still seriousin, and kept in the dry atmosphere of a desiccator to pre-
obstacles such as fixed charge, poor carrier mobility, anstent H,O absorption. Such films were fairly insensitive to
instability when in contact with silicofi® Several factors H,O uptake and had not absorbed IR detectable amounts of
influence the Si-dielectric interface reactivity, and significantH,O even after two weeks of atmospheric exposure. How-
effort has been devoted to understandin§~it.However, ever, identically prepared samples that were deposited on
there is very little documented work on the reactions occurinsufficiently cleaned substrates exhibited a more hydro-
ring in the upper interface, between the dielectric and theohilic nature. The so-called “wet” sample in Fig. 1 was de-
gate material. In this letter we offer some insight into the roleposited on a surface rinsed in poor quality DI water and
H,O plays on the poly-Si/LaSiQinterface reactivity. exposed to HO vapor at room temperature for about 40 h

We prepared LaSiQdielectrics by La metal sputtering after preparation. Its absorption IR spectrum exhibited a
on Si(100) substrates anex situhigh temperature furnace broad peak around 3500 crh associated with KD/OH
annealing in the presence of an oxidizing ageni@Nusing ~ presencein the bulk of the film.
the tools and procedures published previofishpproxi- Thin layers of amorphous silicon were deposited by
mately 330 A of La was deposited, resulting in thick plasma-enhanced chemical vapor depositior 460 °C us-
(>500 A) LaSiq films. Prior to deposition, the substrates ing silane/helium mixtures. These were 25 and 35 A thick for
were cleaned in J.T. Baker Clean 100, rinsed in de-ionizethe wet and dry samples, respectively. Depositioracbi
(DI) water, and dipped in buffered oxide etch. Films werelayers onc-Si and SiQ is known to progress through the
characterized using x-ray photoelectron spectrosd®S)  nucleation of Si islands, which, as growth proceeds, increase
and infrared absorption spectroscopy. The XP spectra wer@ size and number and eventually coalesce to form a uni-
obtained using a Riber LAS3000 equipped with a single pasfrm layer. Under the conditions used in this experiment,
cylindrical mirror (MAC2) analyzer and a MgKa (hv

=1253.6 eV) nonmonochromatic x-ray source at a 90° take- 0802 ' '
off angle with 0.1 eV step size. Charge compensation was
performed by setting the adventitious G fieak to a binding o 0.000} @ 55 .
energy of 285.0 eV. The Fourier transform infrardéR) e dry” sample
spectra were obtained in transmission mode using a % -0.002}
Magna-IR System 750 from ThermoNicolet. § e

XPS analysis indicated that under our process conditions L “wet” sample <
La mixed with Si very efficiently to produce material with -0.004F /‘
predominantly LaO-Si bonding (i.e., lanthanum “sili- OH trace
cate”). Additional experiments have shown that the hydroxyl -0.00 L .
content of the silicate films can be controlled by predeposi- 2200 2000 =e0h Sl
tion substrate cleaning or postdeposition atmospheric expo- energy (cm™)

FIG. 1. IR absorption spectra for the wet and dry samples. The OH peak is

¥Electronic mail: tgougou@unity.ncsu.edu clearly distinguishable in the so-called wet sample spectrum.
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) FIG. 3. La 3 XPS spectra for the dry and wet samples. Sam(aeare as
FIG. 2. Si 2 and La 4l XPS spectra for the dry and wet samples. Samplesgeposited(b) annealed at 650 °C for 30 s in Ar, afg annealed at 1050 °C
(a) are as depositedh) annealed at 650 °C for 30 s in Ar, ad) annealed  for 10 s in Ar after deposition of tha-Si. For the as-deposited wet sample,
at 1050 °C for 10 s in Ar after deposition of taeSi. For the wet sample the  {he |a bonding environment is different from the other samples. This is
Si layer is completely consumed after anneal at 1050 °C. attributed to the presence of OH. Upon anneal, the OH is desorbed/replaced
by Si and the XPS spectra become comparable to those for the dry sample.

atomic force microscopy analysis indicated that 25 Ae®i

deposition is sufficient to achieve fully coalesced films onintegrated intensity is consistent with an increase in the La

c-Si and SiQ.° Slightly larger root mean square roughnessconcentration near the surface due to silicon or La diffusion.

was observed for Si deposited on the high k than for Si orFor the wet sampléFig. 3, bottom the La 3 spectrum

c-Si and SiQ, especially for the wet sample, which could shows a markedly different bonding environment for the as-

be related to the underlying dielectric roughness or to incomdeposited and annealed states. For the as-deposited film, the

plete coalescence of the silicon layer. peaks were shifted by almost 2.5 eV to higher binding energy
After deposition of thea-Si film, each wet and dry as compared to the dry sample, which was attributed to the

sample was divided into three parts, and each part was epresence _Of _I_a(OI-J_<). _Upon anneal, the spectra have fea-
tures qualitatively similar to the annealed dry sample.

posed to different thermal treatment. One was left as depos- In the O 1s XP spectranot shown, annealing of the dry

ited, while the others were annealed at 650 °C for 30 s in Alsample resulted in no significant shifts in the peak position.

in a rapid thermal annedlRTA) instrum:ent. One of the 5 ever, annealing the wet sample at 1050 °C resulted in
samples was further annealed at 1050°C for 10 s. Subsgjgpificant shift(~ 1.5 eV to lower binding energylt is im-

quently, XPS was used to probe the polySi/lLaSiQerface  portant to note that for both samples the XPS data in Fig. 3

for each sample. _ indicate that the dielectric did not phase separate int®ka
Figure 2 (top) shows typical XP spectra for the three and SiGQ even when heated at 1050 °C for 10 s.
samples originating from the dry sample while Fig(t®t- The IR and XPS data are consistent with the following

tom) shows the corresponding spectra for the wet samplepossible explanation. Exposing LaSi@ims to significant
This energy range includes contributions from the Bighd  water vapor results in OH absorption into the film bulk.
La 4d electrons making peak deconvolution difficult. How- When silicon is deposited on the dielectric, the incorporated
ever, the Si peak at 99.3 eV, originating from the amorphous OH enables reactions to proceed at the interface. Annealing
Si layer is readily distinguishable. Upon annealing the drythe wet sample at 650 °C resullts in significant loss of H and
sample, the position of the Speak did not shift substan- OH species, producing a large number of unsatisfied bonds.
tially, although its magnitude decreased somewhat consis3!icon atoms diffusing from the deposited silicon layer can
tently with a small amount of silicon oxidation. For the wet then sa_t_|sfy the_se bonds and_ be oxidized to form a mixed
sample, anneal at 1050°C resulted in the disappearance g}etallsnmon oxide. The reaction proceeds further upon an-

: . . eal at 1050 °C, consistent with the distinct increase in La-
the SP peak, consistent with nearly complete consumption o . - .
. related peak intensities. If the concentration of hydroxyl
the polysilicon layer.

. . groups is sufficiently large and the thickness of the silicon is
_ Aclose look at the XPS data for the Lai@Ims gives g ficiantly thin, the oxidation reaction may completely oxi-
insight into possible mechanisms for the observed S'I'CorHize the silicon layefconsistent with the Si g data shown
oxidation. For the spectra in the top part of Fig. 3, corre-for the wet sample in Fig.)2In contrast, XPS data for the
sponding to the dry sampléa) as depositedib) annealed at  gry sample show no substantial change in the bonding struc-
650°C; and(c) annealed at 1050°C, the Lad3peaks ture at the interface. The small decrease in silicon thickness
shifted by about 0.5 eV to higher binding energy upon an-could be due to a reaction proceeding at a much-reduced
neal, and are consistent with a mixed metal/silicon oxiderate. We must conclude that the presence of the OH groups

(silicate with fairly stable composition. The increase in the substantially enhances reactivity at the interface between
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