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Oxidation of hafnium on Si(001): Silicate formation by Si migration

Jung-Ho Leé&
Memory R&D Division, Hynix Semiconductor Inc., Ichon P. O. Box 1010, Ichon, Kyoungki 467-701, Korea
and Joint Research Center for Atom Technology (JRCAT), AIST Tsukuba Central 4,
1-1-1 Higashi, Tsukuba, Ibaraki 305-0046, Japan

Noriyuki Miyata and Manisha Kundu
Advanced Semiconductor Research Center, National Institute of Advanced Industrial Science (ASRC-AIST),
AIST Tsukuba Central 4, 1-1-1 Higashi, Tsukuba, Ibaraki 305-0046, Japan
and JRCAT, AIST Tsukuba Central 4, 1-1-1 Higashi, Tsukuba, Ibaraki 305-0046, Japan

Masakazu Ichikawa
JRCAT, AIST Tsukuba Central 4, 1-1-1 Higashi, Tsukuba, Ibaraki 305-0046, Japan
and Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
(Received 2 August 2002; published 17 December 2002

The oxidation behavior of 0.6 and 1.1 ML hafnium on(81) was studied by using scanning reflection
electron microscopy witin situ x-ray photoelectron spectroscopy. The submonolayer sample was designed to
purposely grow SiQon the partially exposed surfaces, and was compared with a 1.1 ML sample to discrimi-
nate the structural and chemical differences between the two samples. This approach revealed that oxygen ions
were likely to form Si-O and Hf-O bonding units separately at 400 °Cl® ® Torr oxygen, but at 700 °C
in 5X10°° Torr oxygen, the bonding priority of oxygen ions transforms into Hf-O-Si bonding units implying
silicate formation by Si migration. Despite silicate formatienQ.27-nm-thick SiG-like layer is believed to
have remained underneath silicate layers.
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[. INTRODUCTION tially exposed region in the submonolayer sample, evidenced
by the contrast reversion of the alternating<2) terraces.

In all highk gate dielectrics investigated so far, one of theComparing the two samples, we concentrated on the struc-
most serious concerns of ongoing discussion has been theral and compositional changes of Sighase based on both
interface between higk-dielectrics and St7® A thermally ~ SREM andin situ x-ray photoelectron spectroscog)P9).
stable abrupt interface with Si is a basic requirenfemnd  We demonstrate that the oxidation behavior that separately
moreover Si@-like transitiorf of the first Si layer might be  forms Si-O and Hf-O bonding units likely transforms to form
additionally required to preserve channel carrier mobility. Al- Hf-O-Si (silicate units based on the Si migration above
though this makes investigating the detailed structure anggp-°cC.
chemistry of the highk oxide/Si interfaces an urgent task, it
is critically difficult to clarify the interface featuree.g.,
phase and composition analyses within only a few monolay- Il. EXPERIMENT
ers by using the conventional measurement tools. In fact,
there are some ambiguitfe$ in identifying whether interfa- Ultrathin hafnium on S001) was oxidized in an UHV
cial layers are all based on SiJor silicate, even in the surface analysis system, arid situ analyzed by using
same material system. SREM, reflection high-energy electron diffractiGRHEED),

Hafnium oxides and silicates satisfy many of the require-and XPS. The sample substrates used in this work were cut
ments needed to replace Si@ the next generation silicon from Czochralski-growm-type (5-10Q cm) Si(001) wa-
devices since they have a high dielectric constaft-25, a  fers. Clean Si(001)-2 1 surfaces were prepared by flash
high dielectric breakdown field15-20 MV/cn), a large heating at 1200°C in a chamber. Electron-beam evaporated
band gap(5—-6 eV}, and are calculated to be thermodynami-0.6- and 1.1-ML-thick Hf (1 MLl=2.4 A) were deposited on
cally stable on silicort. Kinetically, however, interfacial re- the clean Si(001)-& 1 surface at RT and annealed at 400 °C
actions between hafnium oxide and silicon remain a criticafor 10 min under the low-pressure oxygéhPO) of 2
issue in determining its applicability in metal-oxide- x10 ® Torr. Then, the samples were annealed at 700°C for
semiconductor transistors and capacitors. 10 min under the high-pressure oxygé#PO) of 5x 10 °

To clarify the structure and chemistry of the interfacial Torr. A 30 keV electron beam with a 3 nm beam diameter
layer, we devised an experimental scheme to compare thgas used to observe the RHEED patterns on a fluorescent
oxidation behavior of a submonolay@.6 ML) Hf deposited  screen using a charge coupled device camera. The SREM
sample with that of a supermonolayétr.1 ML) deposited images were obtained from th@0) specular spot with a
one. Scanning reflection electron microscd®REM) con-  glancing angle of-2°. In XPS measurements, M{a was
firmed the presence of SiOwhich was grown on the par- adopted for the x-ray radiation source and the photoelectrons
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FIG. 1. SREM images and corresponding RHEED patterns for ’
1.1-ML sample{(a) clean Si(001)-X 1 surface(b) Hf/Si interface, ALk 14 15 15 17 18 19 20 190
and (c) amorphous HfQ/Si interface after LPO. After HPO, fea- LA
tureless image shown ifl) implies possibility of silicate formation 1 - / p(?
due to Si ions migrating from substrate. "Hf Lot Lﬁt Lp2 I/C B

S 7D

were detected at a takeoff angle of 60° with respect to the 5 10 15 20
surface normal. Energy (keV)

FIG. 2. High resolution transmission electron micrograph with
ll. RESULTS AND DISCUSSION an energy-dispersive x-ray analysiEDXA) for the annealed

. . . HfO, /Si tem:(top) The locati f f intg“A’—“D” ) f
Figure 1 shows the SREM images along with the corre+ | system:(top) The location of four points ) for

. . . EDXA is denoted in the micrograpkbottom The Si Ka intensities
sponding .RHEED patterns, which were obtained from thqor each points are compared?aﬂ.p75 keV position. Electron beam
Same region on the sample §urface. Figu@ ,35h0W5 the diameter is~1 nm and acceleration voltage is 300 kV.
clean Si(001)-X 1 surface with dark and bright contrast
corresponding to 1 and 1X2 terrace regions, respec-
tively. A 2x1 RHEED pattern was observed for the darkthe ALO;/Si(001) system that shows a reversion of terrace
region. Figure (b) reveals that the terrace contrast wascontrast in that same condition. The contrast reversion ob-
maintained after 1.1-ML Hf deposition under UHV. Since theserved in A}O;/Si means that oxygen ions diffuse through
monolayer thick hafnium is amorphous in nattfehis layer Al,O; and form ~1-ML-thick SiO, at the interface in a
did not contribute to the specular spot intensity. The SREMayer-by-layer fashion, and is caused by the change in the
images were obtained by recording the intensity change iSi-bond direction at the SiJSi interface. In our case, how-
reflection spots from the crystalline Si surface covered withever, a featureless image€ig. 1(d)] was observed along with
an amorphous overlayer, and therefore the interfacial strucspotlike RHEED patterns, which reflect the atomic-scale in-
ture could be observed without removing this layéihe terfacial roughness along the lateral and vertical directions.
preservation of the structure in the SREM image reflects th&his implies a possibility of Si migration from the substrate,
formation of an atomically flat interface between theand silicon ions diffused into hafnium oxide are believed to
hafnium and S001). Also noteworthy is that the weak 2 form Hf-O-Si (silicate) bonding units.

X1 RHEED spots remained despite Hf deposition. This im- In fact, we could confirm a direct evidence for Si migra-
plies that Hf atoms likely dimerize on the Si(001)<2 sur-  tion into HfO, under a slightly higher thermal budget by
face in a similar manner to Si atom dimerization, as alreadysing high-resolution transmission electron microscopy with
reported in the Al/Si system. an energy-dispersive x-ray analysiEDXA). Figure 2 shows
The interface structure remained atomically flat even at @ ~3-nm-thick HfQ, atop Si(001)-X1 after being an-
LPO condition of 400 °(see Fig. 1c)], as evidenced by the nealed at 800°C for 10 min in>210 ° Torr O,. In this
structure preservation as well as the uniform terrace contrastample, ~1-ML-thick hafnium was initially deposited at
The preservation of the atomically flat interface indicatesroom temperature on the clean Si(001%-2 in an UHV so
that the Hf-covered region likely transformed into HfGn  as to avoid the silicon oxidation, and then hafnium was de-
Si, just as in an AlO;/Si systent. This is also evidenced by posited in an oxygen ambient. The interesting feature we
the Si 2o core-level spectra showing an absence of Si-Ofound is noticeable Si migrations into H{Q(point “D”
bondings(not shown. Therefore, the X1 RHEED spots showing a moderate ${« intensity implying a strong pro-
disappeared but the X1 ones remained. Under HPO at pensity for silicate transformation. The dark fringes under-
700 °C, however, it is notable that the terrace structure andeath the HfQ/Si(001) interface reflect the lattice distortion
contrast drastically disappearffig. 1(d)], inconsistent with  due to Si loss, which is evidenced from the EDXA showing
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FIG. 3. SREM images and corresponding RHEED patterns for o ._' "-_
0.6-ML sample.(a) Clean Si(001)-X1 surface.(b) Brighter 2 2{Hf 1.1 ML/ ‘_,.-'.'g‘:'f..L il "“H
X1 RHEED spots are shown because $i-2 surface is partially 2 N ‘18 35 ;\;' B, T
exposed even after depositiqn) After LPO, the contrast reversion FC-’ "'l"_'|‘f'o 6 ML __-" 19.9 eV-,__
reflects 1-ML-thick SiQ grown on the exposed regiofd) After - . __,..z" : gt
poteanenp ] ] i

HPO, propensity for contrast reversion unambiguously weakens.

16 0 22

18 2
S . : . Binding Energy (eV
a stronger Si K intensity of point “B” compared with 9 gy (eV)
point *A.” _ FIG. 4. Si 20 and Hf 4f photoelectron spectra obtained after
~ Figure 3 shows the SREM images of the 0.6-ML depos+po for 0.6-ML and 1.1-ML samples. The bonding structure of Hf
ited surfaces. Compared with the 1.1 ML, a much brighteflions corresponds to silicate {4,=~20 eV), not metal oxide

2x1 RHEED pattern in Fig. ®) appears to reveal a pres- (4fy,=~19 eV).
ence of partially exposed Si(001)x2L surface after deposi-
tion, and in the LPO condition shown in Fig(c}, the terrace  a corresponding increase in covalence. In other words, this
contrast is reversed by progress in the oxidation of the firsineans that the charge on Si ions should be smdilee,,
silicon layer at the exposed region. The propensity for consi** =S+ in zircon (including silicatey than in SiQ
trast revers_ion unambiguously weakened because_ the cofrhile the charge on Zr ions is expected to be larger. The
trast reversion, due to a layer-by-layer growth of 5i@p-  same feature should be observed in the H® system
pearing in the uncovered region was suppressed by apased upon the chemical similarities between Hf and Zr.
interfacial roughness of the Hf-covered area. The featurelesphe interesting thing we note is that the SiQortion
image was also observed after HPO, just as in the 1.1-Mlgecreased but still remained above 55% among the interfa-
case. ) o cial phases in spite of the significant increase of" Sisee
Understanding the bonding sequence and priority of oxyTaple .
gen ions based upon competition between Hf and Si ions is A plausible explanation of this behavior is the possibility
ultimately required in order to elucidate the detailed featuresf jnitial SiO, growth prior to silicate formation at the
of oxygen bonding at the HfJSI interface after a HPO nHfQ,/Sj interface. Recent wofkbased on electron-energy-
condition. Under the reasonable assumption that sudden efyss spectroscopy in a scanning transmission electron micro-
hancement of the interfacial roughneSS stemmed from S|||Scope Supports our appraisa' by probing a presence of
cate bonding units, the 1.1-ML sample should reveal a clear. g 3-nm-thick SiQ-like layer underneath Zr silicate. De-
signature of silicate bonding compared with the submonospite a different approach to sample preparation, the thick-
layer sample including a large amount of purposely growmess of Sig-like layer was estimated to be0.27 nm in our
SiO,. As a result of the Si g core-level study of the subox-
ide Componenti, Fig.(d) and Table | show that a significant 1AL E |. xPS intensities of Si p components normalized by
increase of Si* (implying dommanc_e of 5'“‘_3399 was  si® intensity, SiQ portion (S) among interfacial phases, and esti-
observed in the 1.1-ML sample while the Si@ortion  mated composition of each sample.
decreased.
This result can be understood by a phenomenologicaample silt st spt st SA%) Composition
view'% of bonding in mixed oxides. Considering the mix- - — — —
ing of two oxides(e.g., SiQ and ZrQ) to form a complex st st st Si

mixed oxide(zircon, ZrSiQ), the cation(Zr) of the more g ML 0.008 0.075 0013 0.149 61.1 HBIOs o (SI0y) 15

ionic metal oxide (ZrQ) is expected to become even more | 1 mL 0.016 0.066 0.041 0.155 55.7 HBI0, »- (SI0,); 5
ionic after formation of the complex oxide, whereas the cat- : : :

ion (Si) of the more covalent oxide (SipPshould experience 2portion of St* with respect to total amount of Si - Si**.
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work,*? consistent with their observation. The presence of a IV. SUMMARY
SiOz-Iike layer implies acompositional grgdie_ntor silicate . The oxidation behavior of ultrathin hafnium on(®01)
forma_uo_n, and is adyantageous for _appllcatlon as a gate OI{/'vas studied by using scanning reflection electron microscopy
electric in scaled device te‘?hrlglogy n the event (.)f aCh'eV'nQNith in situ x-ray photoelectron spectroscopy. The bonding
the _expected.channel r_noblll?cy. Previously, .chem|cally se- sequence and priority of oxygen ions were found to depend
lective scanning tunneling microscopy confirmed that a Comhpon the oxidation temperature and pressure. Under the low-
positional gradient could occur in 1-2 nm thickness range b)f)ressure oxygen (21076 Torr) at 400°C 6xygen ions
thermal annealing of 1-ML-thick Hf deposited on 1-nm-thick were likely to form Si-O and Hf-O bonding ’units separately,
Si0,.2 Compositionally graded features were varied frombut at 700°C in the high-pressure oxygenx(50-5 Torr) '
tOpgﬁs:eEL(ﬁéllzﬁ;\?v ?r:gi-gl;eh?l;;&err:ri\;ecrrf:;:evswtg flli. ht Shift[he bonding feature of oxygen ions transformed into Hf-O-Si

' 9N bonding units(implying silicate formation by Si migration
Of.Hf Af d_oublets (472 and 45p)) to the low-energy S'de. The presence of-0.27-nm-thick SiG-like layer under-
[F'.g' ZKb)]. 1S observed to reveal an increase of Hf-O bond.mgneath silicate layers revealed a possibility of compositional
units in silicate network, as shown in Table I, while a portion radient
of SiO, decreases. Although silicate formation was previ—g '
ously reportetf to depend upon the oxygen pressure, anneal-
ing above a certain temperature must be critically necessary
to transform the bonding feature of oxygen ions into the
silicate type since we have not observed a silicate tendency This work was supported by the New Energy and Indus-
at HPO condition below 500 °C. trial Technology Development OrganizatioNEDO).
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