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The adsorptim of organt contaminarg on a hydrogen-terminatéSi(111) surfa@ was investigated

using attenuated total

reflection Fourier transform infrared spectroscopy. When the

hydrogen-terminatk Si(111) surfae was expose to dry air, the shap Si—H monohydricd peak
becane weake and a broad componeh becane visible in the lower wave-numbe region.
Furthermorea numbe of band within the C—H stretchirg region were observedThe intensity of
the shap Si—H bard was recovere to a certan extert ard thos of the broad componehand the
C—H band decrease after the sampé was rinsed in hexane Thes resuls sugges tha the
contaminatio by organt adsorbateis not accompanié by a chemicé bond formation © 1999
American Institute of Physics [S0003-695(99)01337-9

Contaminatio of Si surface by organt specie signifi-
cantly deteriorate the reliability of semiconducto device
performance in ultra-large-scale integrated circuits
(ULSIs).}? It has been reportal tha a trace amourt of or-
gant contaminarg still exiss on the Si surfacé > even after
Si wafers were cleane using the RCA cleanirg proceduré.
Attenuatel totd reflection Fourig transfom infrared (ATR-
FTIR) spectroscop has bee widely applied to investigate
the vibration stae of organt adsorbate on Si surfaceses-
pecially on the Si(100) surface’° Although the study of the
structue of adsorbate on Si(100) is importart in view of
practica application quantitatie investigation on this sur-
face is difficult sinae there is no establishd techniqe to
prepae an atomicaly flat Si(100 surface Recently the
preparatio of a well-defina Si(111)-(1X1) surfa@ termi-
nated by a monohydriet was realizal by etchirg in a con-
centratel NH,F solution?® This ided H-Si(111)-(1x1) sur-
face provides an excellenr modé to study the chemical
reaction proces on a well-definad Si surface Furthermore,
althoudh it is known that hydrogen terminatian (Si—H) pro-
tects the Si surfae from contaminatio and oxidation no
guantitative study has yet been carried out to clarify its role.

In the presen study; ATR-FTIR spectroscop was em-
ployed to monitar the surfa@ contaminatio proces by or-
gantc contaminarg on awell-definad H-Si(111) surfae dur-
ing exposue to a dry air environmen in red time. The
natue of the adsorptiom stae of the airborre organc con-
taminans was discussd basel on the intensiyy and band
shape of the band of the Si—H armd C—H stretchimg vibra-
tions.

Parallelogran ATR prisms (26X20X0.38 mm, 45°
bevd angle were preparé from floating-zone-grown
Si(111) wafers (Shin-Ets1 Semiconductarn-type, 50-500
) cm, both sides polished by polishing the side portiors of
the wafers with alumina powde (fina size 0.3 um). The
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internd reflection numbe within the Si prism was ~70.

A Si(111) ATR prism was cleand in a sonicatim bath
of acetor and then with Milli- Q wate (resistivity>18 M
Q cm), oxidized in a boiling solution of concentrated
HCI:H,0,:H,0 (1:1:4 for 20 min, etcha in 40% NH,F
solution (Morita Chemicéd Industries EL grade for 5 min,
sonicaté in Milli- Q wate for 5 s, ard finally, dried in flow-
ing purified nitrogen gas The sampé was mountal on an
ATR accessor (Pike Technology immediatey after the
preparatio process.

ATR-FTIR measuremestwere performel using a Bio-
RAD FTS-3 spectrometeequippel with a HgCdTe (MCT)
detecto cooled with liquid nitrogen The dry air was con-
tinuousy provided to the FTIR chambe by a BioRAD air
drye (type Il, dew-point-® °C) in which a heatles drier
(HD-0.5, CKD) containirg a molecula sieve 13X ard an
oil-free compresso(Hitach 0.4-OP-7$45 I/min) were used.
The ATR-FTIR specta were recorde in p-polarization with
respet to a spectrun of an oxidized Si(111) surfa@ as a
function of the time exposé in a dry air environment All
specta were obtainal by integratirg 128 interferograns with
a resolution of 0.5 cm 1. Deconvolutimm of the bard was
carried out using WIN-IR softwae (versian 4.14, Galacttc In-
dustries Corporation with a Lorentz function.

Figure 1(a) shows the ATR-FTIR specta of a Si(111)
surfa@ in the regiors of 2300-2000 ard 3000-2800 cm ™!
after etchirg in 40% NH,4F solution A very shap pe& was
observe a 2084 cm ! [full width at haf maximum
(FWHM) ~1 cm™1]. This pe& is attributed to the stretching
vibration of the monohydriet on the Si(111)-(1X 1) surface,
wherea no band relatel to the dihydride or trihydride were
observedThisresut isin good agreemenwith tha reported
by Higash et al.!® demonstratig tha an atomicaly flat
Si(111) surfa@ terminatel by an extremey homogeneous
monolaye of hydrogen was obtained No bard was found in
the region of 30002800 cm™ 2.

Figures 1(b)—1(e) shav the ATR-FTIR specta obtained
after various exposue times As the exposue timeincreased,
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FIG. 1. ATR-FTIR specta of a hydrogen-terminateSi(111) surfa in the
regiors of 2300—2000 cm™! ard 3000-2800 cm ! after the sampe was
expose to dry air for (a) 0, (b) 8, (c) 24, (d) 48, ard (e) 120 h ard (f) was
sonicate in hexare after (e).

the pe& heiglt of the shap Si—H bard becane smalle and
abroad componehbecane visible at the bottam of the Si—H
peak At the sane time, anumbe of band grew in the C—H
stretchilg region of 3000—2800 cm™*. Three pronounced
peals at 2852 2923 ard 2960 cm ! ard a smal shoulde at
2931 cm™ ! were observe in this region Thes peals can be
assignd to the symmetrc (2852 cm ') and asymmetric
(2923 cm™ 1) stretchimy of methylere group and asymmetric
stretchirg (2960 cm™ 1) and Fermi resonane (2931 cm™ 1)
of the methyl group of hydrocarba species adsorbd on the
Si surface'! The appearane of thes band shows the ad-
sorptian of organc contaminantsSimilar band were previ-
ousl reported=® ard were attributed to organt contami-
nans introducel during the wafer cleanirg process.® In the
presemh case however since no band were observe in the
C—H region immediatey after etchirg [Fig. 1(a)], contami-
nation during the etchirg proces can be excludel and these
C—H-related bands shoutl arise from adsorbd hydrocarbon
impurities which were containe in the dry air.

When the Si(111) sampé was sonicaté in hexare after
a 120 h exposue to dry air, the intensities of the C—H bands
ard the shap Si—H pe& decrease and increasedrespec-
tively, as shown in Fig. 1(f). The recovey of the shap Si—-H
pe&k after the sonicatian shows that the Si—H bard was not
irreversibly decomposed.

To analyz the resuls more quantitatively the intensities
of the various band were plotted as afunction of time in
Fig. 2. The Si—H bard was deconvolutd into two compo-
nents i.e., ashap componehat 2084 cm™* with a FWHM
of ~1 cm~! ard abroad componentha peakel at a slightly
lower wave numbe (2071 cm™ 1) with a FWHM of ~20
cm 1. Thes two componerg were separatgl plotted While
the former pe& decrease with time, the latter increased.
The totd intensily of thee two band also decrease with
time but less significanty than the shap pe& shown in Fig.
2. The exposue time dependeneof the intensiy of the band
due to the C—H asymmetit stretd of the methylere group at
2923 cm ! isalso shown in Fig. 2 tha represergthe amount
of adsorbd organc contaminantswhich clearly increased
with time. It is clea tha the increag in the C—H bard is
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FIG. 2. Intensities of Si—H and C—H band as afunction of time and after
the sonicatim in hexane White, dotted and blad circles correspod to
intensities of deconvolutd sharp broad ard totd Si—H bands respectively.
The bladk squae shows the intensiy of the C—H bands representé by the

intensiy of the bard due to the C—H asymmetit stretd of the methylene

growp at 2923 cm™ L.

strongly correlatel with the decreas and increag in the
shap and broad Si—H bands respectively.

The intensities of these bands after the sonicatian in hex-
are are also presentd in Fig. 2. The recovey of the sharp
Si—H bard after the sonicatio seens to be correlatel with
the decreas in the C—H and broal Si—H bands.

Two possibilities can be considerd for the intensity
chang of the Si—-H bands Onre is the oxidation of the
Si(111) surfa@ during the exposue to air. Niwano et al.
actuall reporteal the observatio of a new bard arourd 2250
cm 1, which was attributed to the formation of SiH(Oj)
after a hydrogen-terminatkSi(111) surfa@ was exposé to
air with 10% humidity for longe than ~50 hl? In the
presen study, however no pe&k was observe arourd 2250
cm ! even after a5 day exposue [Fig. 1(e)], showirg that
SiH(O3) was nat formed on the surface An x-ray photoelec-
tron spectroscop measuremednalso confirmel the absence
of silicon oxide after the sane exposue time. Thus the de-
crea® in the shap Si—H pe& shout not be due to the oxide
formation Oxide did nat grow in the preset study possibly
becaus the Si(111) surfa@ was exposeé to only dry air. The
hydrogen-terminatkSi(111) seemd to effectively passivate
the surfa@ from oxidation in dry air.

The more likely reasm is the adsorptim of organt con-
taminans becaue there is a goad correlation betwea the
changs in the intensities of the Si—H and C—H bands The
effects of organc species on the Si—H bard hawe bea in-
vestigatél by various groups Linford et al. reporteal tha the
Si—-H band disappear@ irreversiby after a chemically
bondal organc monolaye was formed on the Si(111)
surface’ Since a significart portion of the shap Si—H band,
which was lost during air exposurewas recovere by soni-
cation in hexanethe loss of the Si—H bard was nat irrevers-
ible in the preseh case Dumgs et al. observe tha when Cg,
was depositel on a Si(111) surface the Si—H bard was
shifted to a lower wave numbe (2062 cm™1) and became
broade (FWHM: ~10 cm™ 1) while the totd intensil of the
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Si—H bard did nat change They propose tha the van der
Waak interaction betwea Cgq and Si—H causé the peak
shift and broadenind® Bard broadenig phenomea of
Si—-H were also observel when the hydrogen-terminated
Si(111) surfa@ was in contad with aqueou¥° ard non-
aqueos solutions!’ The fact, observe in the presen study,
tha the pe& position of the broad componenh of the Si—H
bard shifted only slightly, the broad componengrew as the
shap componeh decrease during the exposue to air, and
the broad and shap componerg decreaseg and increased,
respectively by the sonicatio in hexaneall suggestha the
broad componenhis due to Si—H interactirg with sonme spe-
cies and thes two componert are reversiby convertel into
ead other C-H band were also observe in the higher
wave-numbe region than those of the chemicaly bonded
monolayer® indicating alower orde of the organt adsorbate
layer than that of the chemicaly bonde&l monolayer Further-
more the broad componenincreasd in paralld to the in-
creag in the C—H bands Thus one can concluck tha the
broad componenhis due to the stretchirg vibration of Si—H
tha has a strorg interaction with physisorbd organtc con-
taminants.

Baseal on the abow results one can explain the present
resuls as follows. When ahydrogen-terminateSi(111) sur-
face is exposd to air, organt contaminarg are adsorbd on
the surfa@ becaus of the strorg hydrophobt natue of the
hydrogen-terminate Si(111) surface As aresulf the inten-
sities of the C—H bands increase The organt contaminants
seemd to form islands leaving othe portiors of the
hydrogen-terminatk surfa@ clean becaus the position and
the width of the shap Si—H bard were not affectal by the
adsorptim of the organt contaminantsSonicatia in hexane
removel mog of the contaminantsleadirg to the increag in
the free Si—H area As a result the intensities of the broad
ard shap componerg of the Si—H bard decreas and in-
creaserespectively ard tha of the C—H related band de-
creased.

One shoul note tha the intensiyy of the shap Si—H
band did not recoverd its origind value and C—H bands
were still observe after the sonicatia in hexane One of the
reasos for this observatio may be tha the adsorbé organic
contaminarg are poorly solubk in hexane The formation of
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asmal amourn of chemicaly bondel organt species and/or
polymerizeal specis may also contribuk to the irreversible
behavig of Si—H on the Si(111) surface Detailed investiga-
tions are now in progress.

The ATR-FTIR measuremestclearly showal tha the
hydrogen-terminatk Si(111) surfa@ was nat oxidized even
after 5 days as long as the surfa@ was exposé to only dry
air. However the surfae was contaminatd with the hydro-
carba impurities containel in dry air. Most of the contami-
nans can be removel by sonicatio in hexane.

This work was partially supporté by a Grant-in-Aid for
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Orderal Interfaces’ (No. 09237101 from the Ministry of
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