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We investigated a depth profile of the chemical states of a@AlSi interface using nondestructive
photon energy-dependent high-resolution x-ray photoelectron spectrofd&XPS. The Si%

binding energy, attributed to the oxide interfacial lag@tL), was found to shift from 102.1 eV to

102.9 eV as the OIL region closer to A); layer was sampled, while the A2binding energy
remains the same. This fact strongly suggests that the chemical state of the interfacial layer is not
Al silicate as previously believed. We instead propose from the HRXPS ofpAh8d Sid
depth-profile studies that the chemical states of th@®AISi interface mainly consist of SiCand

Si,O3. © 2004 American Institute of Physic§DOI: 10.1063/1.1734684

As the complementary metal—oxide—semiconductorThis situation obviously calls for a more sophisticated ex-
field effect transistor device is scaled down to @uh, cor-  perimental study on the chemical state of the@y/Si in-
responding scaling of the channel length to sub-70 nm muderface.
be accompanied by the decrease of Stickness to 10—15 In this letter, we prepared AD;/Si films by atomic-
A. However, this scaling results in unacceptable high leakag&ayer deposition(ALD) using TMA and HO or O; as the
current from direct tunneling through SjOThus, physically  precursor and oxidant, respectively. In®tbased AJO3/Si
thicker high dielectrichigh-x) oxide thin film, which has the film (HA), AIOH species are produced through the following
capacitance equivalent to the SiOxide of 10—15 A thick- chemical exchang¥.
ness, has been attracting great interest and extensively stud-
ied as a replacement for the nitrided Sigate oxide film'? H,0(g) + AICH;— AIOH + CHy(g).

Among many candidate materials,,8; has been recently

highlighted due to its relatively higher dielectric constantHowever, when Qis used as the oxidant to grows®ased
(k=9), thermodynamic compatibility of the interface with Si, A1,0,/Sj film (OA), AIOH species are not produced since
and similar band gap and band offset with siﬁé‘aSpecifi— the following reaction takes p|a&é;

cally, Al,O5 blocks oxygen or boron penetrations into the Si

well.” Thus, Abog has bgen often used. as a diffusion barrier 2Al(CHa) 3+ O5(g) — Al,05+ 3C,Hg().

between a highe dielectric layer and Si. So, a fundamental

understanding of the AD,/Si interface is important. More- The comparison of the chemical states of both interfacial

over, many other issues, such as thermal and chemical StPa'yers would reveal whether AIOH and OH species play an
bility, electrical performance, and interface charge density

- o ; iImportant role or not in the formation of oxide interfacial
are related to the Si/dielectrics interface chemical $t&tev-

. o layer (OIL): SiO, or Al-silicate layer. We investigated this
eral_ studies ];OI’ the AD,/Siinterface have b(.ee.n performed. issue by the nondestructive depth profile of Si and Al metal
While somé*® reported that as-grown AD;/Si film had an

. . , interface states using high-resolution synchrotron x-ray pho-
abrupt interface or Siplayer at the mterfacg othé‘r%spg- . toelectron spectroscopfHRXPS with various photon ener-
?rif;eghéhg 2’;" ;'n“gﬁlts ::Vr?esrg;cgrvTr?i?:haitstrI]oec;r':teedrfgfel (J);dg{?ggies, and propose an identification of the chemical states of

' the AlL,O;/Si (100 interface. The depth profile clearly shows
about~1 eV lower than that for SiQ°°In this regard, we 205/S1(100 Pth y

note Wagneret al® and Wannaparhuet al2° reported that that there is no Al-silicate formation in the interface, which
. R : ._naturally leads us to identify the /Si (100 interface as
the Si2p binding energy was located at 101.5-102.8 eV in y bt £05/Si (100

. . : . mainly consisting of SiO; and SiG.
various Al silicates. Misraet al® proposed that aluminum y g of SO 9

. . ) . ~4-nm-thick ALO; films were grown by an ALD pro-
hydroxides, produced on using trimethylaluminuffMA) cess using TMA and kD or O, as the precursor and oxidant

and HO as a precursor OT.OXIdant, reacted ,W'th S",andrespectively, at a wafer temperature of 300 °C on B-doped
formed aluminum hydroxy silicate by the following reaction: p-type 8-in.-diametef100) Si wafers(doping concentration
of 1xX10% cm™3). The native oxide on the Si wafer surface

Al,Os+ Si+OH—Al,05:Si0,, AG<O. was removed by Radio Corporation of America cleaning im-
mediately prior to the AlO; film growth. The film thickness
was determined by ellipsometry. X-ray photoelectron spec-
%roscopy (XPS) measurements were performed on the soft
x-ray beamling8A1) connected to an undulat@d?) at the
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Si 21', ' ] previous proposal that the excess oxy¢aich as—OH spe-
Thv=560 eV ] cies reacts with Si to finally form a silicatéIn case of the
HA, considering that oxygen reacts with Si in the HA less
actively than OA in this study, the possibility of the forma-
tion of silicate in the OIL is weak, but it is not possible to
R distinguish unambiguously between these two possibilities
(hv=210 eV (b)] from this spectrum alone.

ﬁ% ] To clarify and identify the interfacial chemical state
more clearly, the Si@ core-level spectra were taken at
hy=210 eV and shown in Fig.(lb). Inelastic mean-free path
(IMFP) of photoelectrons from the Si2core level when the

el N ety incident photon energy is 210 and 560 eV is 8 and 16 A,
107 106 105 104 103 102101 100 99 98 97 respectively® As hv decreases, the probing depth becomes
Binding energy (eV) - :
shallow and the region closer to AJQayer is sampled. A
FIG. 1. Si2p core-level spectra taken @) h»=560 and(b) h»=210 ev  broad peak attributed to OIL of the OAis located at 103.2 eV
for HA and OA films, respectively. The open squares are experimental datin Fig. 1(b). This is consistent with the results in S Zore-
points, and the solid lines are the results of the curve fittings with the _
decompositions: $f, SP*, SP*, and St* shifted from the bulk Sip Ievgl spectra taken dtv 56(.) eV. However, a broad. pe:_;tk
binding energy of 9.3 eV by 1.0, 1.8, 2.62, and 3.7 eV, respectively.  attributed to OIL of the HA is located at 102.9 eV in Fig.
1(b). This binding energy is 0.8 eV higher than that in §i 2

was composed of a high performance electron analyze;fhore'le\g.al S%eCt:ﬁ Laken m:iGCI)I eV[Fi_g. KE)];t:h.gt its, dats
(SCIENTA-200 with an energy and angular resolution of 5 € probing depth becomes shallow, .3' Qea attriouted 1o
meV and 0.5°, respectively. OI_L in the HAis sh!fted to the high bmdmgltznergy 5|d_e. In
In order to investigate the interfacial chemical state, theth's {g}gard, we might remember Katt a_l' gnd Opila i
depth profiles of the interface Si, and Al metal states werét @~ reported that as Hf concentration increases in

performed nondestructively using HRXPS taken at varioud!xSi-xO2 compounds, the Sii2 core-level shifts to the
incident photon energiesy. The sputtering process com- lower binding energy side. This shift can be explained by the

monly used in a depth profile study of secondary ion mas&igher ionicity of H—O bonding compared to SiO bond-
spectroscopy or Auger electron spectroscopy usually changddd- In the present case, the-SO bond is about 50% ionic,
the chemical states at the interfacial region due to the sputvhereas the A-O bond is 60%-70% ionit’ Hence, we
tering damage. On the other hand, our method makes use BkPect that if the OIL in the HA s Al silicate, the Sp2peak

the variation of the probing depth depending on the kinetidhust shift to the lower binding energy side las decreases
energy, and keeps intact the interfacial region to be investiPecause we are probing closer to Al@ayer and Al concen-
gated. First, the Sig core-level spectra were taken at tration in the silicate should increase. However, the [5i2
hy=560 for both the @based AJO;/Si film (OA) and the peak in the HA was found to shift to the higher-energy side
H,O-based AJO,/Si film (HA), and shown in Fig. (). The close to that in Si© as the probing depth became shallow.
binding energy was calibrated using the Fermi edge spectruFﬁhiS result proves that the OIL in the HA is not Al silicate.
of thein situ evaporated Ru—metal film. Sp2spectra taken Instead, this Sip peak shifts toward the higher binding en-
athr=>560 consist of two peaks: A sharp and strong peak a€fgy side can be explained by the formation of Siéhd
99.3 eV for both the HA and the OA, and a broad peak at a5iO suboxide layer in the AD;/Si (100 interface. In fact,
higher binding energy of 102.1 eV and 103.2 eV for the HAthe existence of Si suboxides at the $ISi interface has
and the OA, respectively. The area of this peak of the OA idong been established by the $i Zore-level XPS study/
larger than that of the HA. This means that oxygen reacts For quantitative analyses of the oxidation chemical
with Si in the OA more actively than HA. The former peak in states of the HA interfac@ve focused on the analysis of HA,
the lower binding energy is obviously from the pure Si in thebecause it is clear that the OIL of OA consists of mainly
substrate. Although it is clear that the high binding energySiO, as mentioned aboyeSi2p spectra were fitted with
component is related to the OIL, it is not obvious what theyfour higher binding energy components in addition to the
are. They can be explained by two possibilities. One possibleulk Si contribution, that is, the i component for Si@
interpretation is that this component is due to the-8i—Al and three intermediate components for the suboxide species
bonds formed by Si diffusion into the 4D, layer under of Sit*—SP*. These oxidation states were found to show
excess oxygefii.e., hydroxide.® On the other hand, it can chemical shifts of 1.0, 1.8, 2.62, and 3.7 eV fot'Si SP*

also be explained as the contribution of 4*Stomponent and Sf*, respectively, from the bulk Si binding energy

for SiO, along with three intermediate components for theof 99.3 eV. These values are in agreement with those re-
suboxide species of S5i—SP* at the interface without in- ported for a thermally grown SigdSi interface'”*®From the
voking the possibility of the silicate formation. Considering relative intensity of each Sii2 oxidation state, we can also
that Si2 binding energy for Si@ is usually located be- conclude that the oxidation chemical state consists mainly of
tween 103 eV and 103.9 eV, it is clear that the OIL of the OASI,O; and SiQ. In addition, by comparing Figs.(8 and
consists of mainly SiQinstead of the Al silicate. The for- 1(b), we can see that the ‘Si component is enhanced at a
mation of SiQ at the interface is due to the sufficient supply more surface-sensitive measurement condition of the photon
of oxygen from dissociation of 9 Excess oxygen reacts energy hr=210 eV). This means that the SiCyer is on

with Si and forms the Si© layer. This is contrary to the top of SL,O; suboxide layers. Closer to #D; layer, more
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N ' both the HA and OAnot shown herg we confirmed that the
@) HA surely includes much—OH species in it as reported by
many group$:52°However, from Sid x-ray photoelectron
spectra, these OH species rarely contribute to a formation of
the OIL relative to Q. More Si oxidation in OA is attributed

to the higher oxidizing power of 9Pcompared to that of the
H,O; AH$(25°C) of H,0O(g) and G(g) is —241.82 and

142.7 kJ/mol, respectively.
In summary, we investigated the depth profile of chemi-
cal states of an AD;/Si interface using nondestructive pho-

Al2p

HO

hv=560 eV

[hv=420 eV

hv=300 eV

Intensity (arb.units)

lhv=210 eV
A ton energy-dependent HRXPS. We found that no Al silicate

_hv=‘150‘eV‘ ~—— was formed at the interface contrary to the model proposed
80 79 78 77 76 75 74 73 72 previously where the excess oxygeruch as—OH species
Binding energy (V) was presumed to react with Si to finally form a silicate. We
N instead propose from the HRXPS of Ab20 1s, and SiJ
| Al2p (b) core levels and their depth-profile studies that the chemical
_O3 states of the HfQ/Si interface mainly consist of SiOand
] Si,O3, and these oxidation chemical states are rather depen-
7? hv=560 eV k dent on the oxidant; the greater the oxidizing power of an
2 oxidant, the greater the oxidation number of Si. These results
j:it B will contribute to fully identifying the chemical states with
g [hv=420¢Y | the thermal evolution of the AD5/Si interface.
g
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FIG. 2. Al 2p core-level spectra taken hv=560, 420, 300, 210, and 150
eV for the (@) HA and (b) OA samples.
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