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Observation of both longitudinal optical and transverse optical phonord && nm ultrathin silicon

dioxide (SiQ) layers formed by immersion in nitric acid shows that the Sil@nsity increases by

16% after postoxidation annealinPOA) at 900°C. For the Si© layers without POA,
postmetalization annealindPMA) greatly decreases the SiGhickness from 1.3 to 0.2 nm, the

effect of which is attributable to the reaction of aluminum with $t®@ form a metallic mixture of
aluminum oxide and Si. For SiQayers with POA, PMA decreases the Sifhickness to a lesser
extent(from 1.4 to 0.9 nny because of the suppression of aluminum diffusion into,@e to its

dense structure. PMA is found to decrease the interface state density but increase the leakage current
density. © 2002 American Institute of Physic§DOI: 10.1063/1.1482147

For fabrication of metal—oxide—semiconduct®OS) ments of x-ray photoelectron spectroscof¥PS) spectra
devices, low-temperature postmetallization annealfigA)  were performed using a VG Scientific ESCALAB 220i-XL
of gate oxide layers is a very important procedure in order tspectrometer with a monochromatic Kkr radiation source.
passivate interface stattAluminum (Al) is often used as an Photoelectrons were detected at the surface-normal direction.
electrode material for PMA-* According to the model pro- Capacitance—voltageC(-V) measurements were performed
posed by Deal, Mackenna, and Castmtomic hydrogen is with an HP 4192A LF impedance analyzer at 100 k and 1
formed by the reaction of water present in silicon dioxideMHz.

(SiO,) layers with active metals such as Al and magnesium,  Figure 1 shows the FTIR spectra in the Si-O asymmet-
followed by its diffusion to the interface, and then reactsfic ~ stretching vibrational region for the ultrathin
with interface states, resulting in their passivation. It is re-SiO,/Si(100) structure formed in HNO For the SiQ lay-
ported that for a decrease in the interface state density, PMArs without POA, absorption peaks due to longitudinal opti-
is more effective than postoxidation annealiigpA),>3and  cal (LO) and transverse optic&rO) phonons were observed

it has been concluded that there exist interface states that c&h 1219 and 1049 cnt, respectively. POA at 900 °C greatly
be eliminated by atomic hydrogen but not by molecularshifted the LO peak to 1247 cm while the TO peak was
hydroger? In the above studies, SiJayers thicker than 2 only slightly shifted to 1053 cm'.

nm were employed, without investigating ultrathin Si@y- Queeneyet al.” have shown, using the effective medium
ers, which would be important for future ultra-large-scale@PProximation, that inclusion of foreign specig®., pores,
integration. SiO, or S) in SiO, with 20% concentration nominally shifts

In the present work, we investigate the effects of pmAthe LO and TO peaks. In the presence of larger concentra-
on the chemical structure and electrical characteristics ofions of pores, the LO and TO peaks are shifted toward the
chemically grown SiQ layers with the 1.3-1.4 nm thick- 'ower and higher energies, respectively. These results of the
ness. calculations are in disagreement with the present experimen-

Phosphorus-doped-type S{100) wafers with a~10 tal results. Th(_erefore, although_ POA probaply eliminates a
Qcm resistivity were cleaned using the RCA method andOw concentration of pores, this is not the main reason for the
etched with a 5% hydrofluoric acid solution. Next, ultrathin
chemical SiQ layers were formed by immersion of the wa-
fers in a concentrated nitric acid (HNPsolution at 113 °C.
POA was performed at 900 °C in nitrogen for 15 min, and
then Al dots(~200 nm) with a 0.15 mm diam were formed
on the SiQ layers, resulting in an (Al/ultrathin
SiO,/Si(100)) MOS structure. Then, PMA was carried out
at 400°C in 5% H+95% N, for 10 min. This PMA tem-
perature has been reported to reduce the interface state den-
sity of thermally grown SiQ/Si to the lowest valué.

Fourier transformed infrare¢TIR) transmission spec- —=1300 1200 1100 1000 900
tra were recorded using a Nicolet Nexus 370S spectrometer Frequency (cm-1)
in a dry-nitrogen atmosphere with the energy resolution and

incident angle set at 4 cm and 65°, respectively. Measure-

FIG. 1. FTIR spectra in the asymmetric Si—O stretching vibrational region
for the ultrathin chemical Si€'Si structure:(a) without POA and(b) with
¥Electronic mail: h.kobayashi@sanken.osaka-u.ac.jp POA at 900 °C.
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large shift of the LO peak. Since shifts caused by foreign

species in SiQ are negligibly small, the SiQlayer can be Z | (@ w.ithout.POA '
regarded as a homogeneous medium. In this case, using the g
central and noncentral force approximation, the vibrational g
frequencies of TO and LO phonos;g and v o, are given <
by’ 2
(1]
c
1 2
io=5— V2[ @ sirf(6/2)+ B coS(6/2)]/m, (1) £
108 106 104 102 100 98
VLo Binding Energy (eV)

—1J2 in?(6/2) + B co(02) + Z%ple..(2m+M)]/ AR ' '
27 [arsint(6/2)+ B cos(6/2) ple<(2m+M)]/m, (b) with POA at 900 °C

2

wherea andB are the central and noncentral force constants,
respectivelyg is the Si—O-Sbridging bond anglem andM
are the atomic masses of oxygen and Si atoms, respectively,
£, IS the permittivity at the infinite frequency, is the elec-
trical charge related to the movement of oxygen atoms,gand
is the atomic density of SiQ Only the slight increase inrq 108 106 104 102 100 98
by POA shows that the bond anglg,is not largely altered. Binding Energy (eV)
.On the Other handyo is greatly.mcreased by POA' and .thIS FIG. 2. XPS spectra in the Sip2region for the ultrathin chemical Sg@Si
increase is most probably attributable to an increase in thgtructure:(a) without POA and(b) with POA at 900 °C. Solid and dashed
atomic density of SiQ, p, by ~16%. This increase ip may lines are for the Silayers without and with PMA at 400 °C, respectively.
result from a change in the SjOnetwork structure with
atomic order size pores to that without it.

From Egs.(1) and(2) we have

Intensity (Arb.Units)

sition and PMA were performed and the Al layer was etched
away using a HCI:HO=1:3 solution just before the XPS

,,Eo_ V%o: Cp, ©) measyremgnts. The Si@hickness was estimated from the

. . . ] area intensity ratio between the oxide and substratepSi 2
whereC is a constan}.lUsmg the valuesfczr thick gildyers,  peaks using 3.2 and 2.7 nm as the mean-free paths of pho-
i.e., vro Of 1890 cm*, v o of 1256 cm*, andp of 2.28  {pelectrons in the SiDlayer and the Si substrate, respec-
X 10?2 cm 3,8 p for the chemical Si@ layers without and tively.
i i i 2

with zpoés is estimated to be 22010 and 255 _ For the SiQ layers without POAspectraa)], the inten-
X 107 cm g resp_ectwely. Itis c_alculateq that _the geometri- sity of the oxide Si D peak was markedly decreased by
cal effect §l|ghtly increasesro with the oxide thicknesslo,  ppmA, and the Si@ thicknesses before and after PMA were
(ie, 2cm betweeréjox=2 nm andd,,=40 nm while ».o  estimated to be 1.3 and 0.2 nm, respectively. For the, SiO
is independent ofl . Ithe estlmat_lon op, the shift mvT? layers with POA[spectra(b)], PMA decreases the SjO
caused by the geometrical effect is assumed to be 5°cm thickness only slightly from 1.4 to 0.9 nm. The experimental

between the~1.4 nm SiQ layers employed in the present resyits show that Al reduces Si@ith the following reaction
study and bulk Si9, whosev o, v1o, andp values are ormyla:

used for the calculation of in Eq. (3).

Olsen and ShimuPaand Boyd and Wilsol? have ob- 3Si0,+4Al—2Al,05+ 3Si. (4
served that the vibrational frequency of TO phonons for ther-
mal SiO, layers decreases as the Sifickness becomes This reaction has a negative Gibbs free-energy change (
thinner, and attributed the shift to the strain near the inter=—581.9 kJmol'), and thus it proceeds spontaneously. In
face. In other studies, it is observed that both the vibrationathe previous study, in fact, the formation of &l; and Si
frequencies of LO and TO phonons increase with the,SiOwas observed after PMA by means of XPSit was also
thickness or the oxidation temperature, the result of whictobserved that at high temperaturgsg., 510 °G Al reacts
requires complicated analysis, resulting in the various attriwith thick SiO,, resulting in the formation of thicKe.g.,
butions of the shifts, i.e., stoichiometry chandks, ~200 nm Al,O; and Si** XPS measurements in the present
inhomogeneity, and roughness near the interfdéét should  study, however, show that 405 is not present on Si after
be noted that in the present study increases after POA the etch off of the Al layer because it is soluble in HCI.
while v1g is almost unchanged, leading to the clearer con-  The different magnitudes of the decrease in the thickness
clusion of the densification of the Sjdayer by POA. of the SiGQ layers without and with POA are attributable to

Figure 2 shows the XPS spectra in the $i &gion for  the variation in the Si@density. FTIR measurements show
the ultrathin chemical Si©'Si(100) structure. For spectra that the atomic density increases byl6% after POA at
(@), POA was not performed before the Al deposition, while 900 °C, as described above. It is likely that Al readily dif-
for spectrab), it was carried out at 900 °C in nitrogen for 15 fuses into the Si@layers when the layers are less dense and
min. The upper spectra were observed before the Al deposthen reacts with Si@ On the other hand, the SjQayers
tion. For the lower spectra, on the other hand, the Ai depowith POA have a dense structure, resulting in the suppression
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~ 25 T function of the Al layer by oxygen adsorption and/or oxide
e 20l jj,"—"—'—_ fixed negative charges in the order oftiem2.

E’ ) .- 1.4 nm The density of the leakage current was markedly in-
215} g creased by PMA for the MOS diodes even with PQie.,

8 from 0.4 to 6 Acm? at the gate biasyg, of 1.5 V). This

¢ 107 increase is attributable to the decrease in the, $iizkness,

’é 0.5 , and indicates that the layer formed by PMA consists of a
2 ./ PMA mixture of Al,O; and Si and that the mixture has a metallic
© o - . character.

v
-t

-0.5 0 0.5 1 1.5

Voltage (V) It is well known that Si penetrates into Al layers through

the weak points of Si@layers, leading to an increase in the

FIG. 3. C—V curves for(Aliultrathin chemical SiQ/Si(100) MOS diodes  leakage current”*®In the case of such a spiking effect, deep

in Wh_ich POA_ was peﬁormed at 900 °C. Solid and tr_]e dashed lines are fobits were observed in the scanning electron microscopy mi-

the diodes without and with PMA at 400 °C, respectively. crographs after the removal of the Al Iayé?Qn the present
experiments, no pits were observed in the secondary electron

of the Al diffusion. Consequently, only the surface region of micrographs, indicating that the increase in the leakage cur-

the SiG layers is transformed to AD; and Si by PMA. rent density was not due to the spiking effect but the reaction
Figure 3 shows theC—V curves for the(Al/ultrathin  petween Al and SiQ.
Si0,/n-Si(100) MOS structure. In order to eliminate the In conclusion, although PMA passivates interface states,

effect of a leakage current on the capacitance measurementfe density of the leakage current for the ultrathin Sigy-

we have adopted the two-frequency metfidBMA causes a  ers increases. This increase results from a decrease in the
shrinkage of the bias region in which the capacitancesjo, thickness caused by the reaction of Al with $iCrhe
changes greatly. This shrinkage is attributable to a decreasfiagnitude of the decrease in thickness strongly depends on
in the interface state density, the result of which is consistenjyhether POA is performed or not. This dependence is attrib-
with those obtained for thermal SjQayers:~ It is highly  ytable to the variation in the SjOdensity, which in turn
probable that a trace amount of water is present i, ®¥&n  affects the magnitude of the Al diffusion into SiO

after POA! Water reacts with Al to form atomic hydrogen

(H):
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