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Spectroscopic characterization of naturally and chemically oxidized
silicon surfaces
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We have determined the thicknesses of naturally and chemically grown oxides on HF-cleaned
silicon surfaces in ambient air and in W&H/H,O, /H,O solution, respectively, using spectroscopic
ellipsometry. The naturally grown oxide thickness versus air-exposure time plots yield a rate
constant of 3.50.5A/decade in ambient air. Chemical oxidation occurs immediately upon
immersing the sample in the chemical solution and leaves the sample surface terminate® Vith

of a chemical oxide. Photoreflectance intensity is found to be strongly dependent on such surface
processing, and results are explained by the different degree of surftaréace states. ©2003
American Institute of Physics[DOI: 10.1063/1.1613792

I. INTRODUCTION critical-point structures and also be very sensitive to surface
or interface® However, no detailed study has been performed
Wet chemical processing of semiconductors plays an essn surface properties of silicon by using SE and PR tech-
sential role in the manufacture of many semiconductor denjques. We determine rate constants of the natural and
vices. Prior to device processing, the single-crystalline silichemical oxide growths on HF-cleaned silicon surfaces ex-
con wafers must be cleaned and then passivated to protegbsed to air and immersed in the SC1 solution, respectively,
against further contamination before the normal device proysing SE. We also investigate the passivation effects of these
cessing starts. A wide variety of chemicals have been useflatural and chemical oxides by measuring PR spectra. It is
for those purposes, but most processes share the commgRown that the PR intensity is strongly dependent on surface
step of hydrofluoric acidHF) etching to remove natural ox- processing conditions. The fact can be explained by the dif-

ide from the silicon surface. The cleaning procedure that ierent degree of surface or interface states on such processed
also popularly used for silicon wafers is the so-called Radigsample surfaces.

Corporation of America(RCA) cleaning>? This cleaning
consists of two steps, commonly called SC1 and SC2. The
SC1 step involves cleaning in 1NBH/1H,0,/5H,0 at
temperatures between 75 and 90°C. The SC2 step considls

of cleaning in a 1HCI/1KO,/6H,0 solution at 70—90°C. We usedn-type S{110) wafers with a resistivity of
The physical and chemical properties of HF-cleaned silig 010_0.0180 cm (Np~3X 1018 cm™3). They were de-
con surfaces have been extensively studied by various ayieased with organic solutions in an ultrasonic bath. The
thors using Fourier-transform infrared spectroscOpyIR), samples were then etched in a 1.5% HF solution at room
x-ray photoelectron spectroscop¥PS), scanning tunneling temperature and rinsed in a de-ioniZ&i) water. The com-
microscopy (STM), etc® The uniformity of an oxide film position of the SC1 solution is N}OH:H,0,:H,O in a vol-
formed on silicon surface by RCA processing has been inyme ratio of 1:1:5. The samples were put in a bath of SC1

. . 4
vestigated using STM by Aoyamet al.” The structure of o) tion at 80 °C, followed by rinsing with DI water. As we

surface oxides formed in various chemical solutions, includyi see ater, the SC1 treatment causes in chemical oxidation

ing RCA, has also been studied using glancing incidencey siiicon surfaces
. 5 . -
x-ray reflectometry and FTIR by Sugitt al” and using The automatic ellipsometer used was of the polarizer—

XPS, transmission electron microscopy, and FTIR bysample—rotating-analyzer type. SE measurements were car-
Ohwakiet al. ried out in the 1.2—5.2 eV photon-energy range at room tem-

The purpose of this article is to study the effects of HF ye 4tyre. The angle of incidence and the polarizer azimuth
and SC1 treatments on the surface properties of silicon Waiere set at 70° and 45° respectively. The experimental

fers using spectroscopic ellipsomet$E) and photoreflec-  goq5 for PR measurement was essentially the same as that
tance(PR) spectroscopy. SE is a very surface-sensitive techgegcrined in the literatufeThe 488 nm line of an At laser
nique, which enables detection of ;ubmonolayer coverage cghopped at 325 Hz was used as the pumping light. The probe
the surface by adsorbed specié2R is a contactless form of  jignt from a 150 W xenon lamp was irradiated near to normal

electroreflectance, in which reflectance modulation is proy the sample surface. The PR spectra were measured in the

duced by a chopped exciting light beam. It can yield sharg, 9_4 o eV photon-energy range at room temperature using a
grating spectrometgldASCO CT-25¢ and a thermoelectri-
dElectronic mail: adachi@el.gunma-u.ac.jp cally cooled photomultiplier tubéHamamatsu R37%5
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FIG. 2. Native oxide thicknesd,, on HF-cleaned $110 surface vs air-

FIG. 1. Plots of the chemical oxide thicknedg, on Si100 surface vs exposure timé.

immersion timet in the SC1 solution at 80 °C. The thicknedg, is esti-
mated from a simple three-layer (ambient/Si€ilicon) model. The inset
shows the fitted result of this model for sample etched in 1.5% HF solution,

followed by SC1 treatment for=120s. For comparison, the HF-cleaned agreement with that on @00 surface 4 A/decade) re-

#(E) spectrum is shown by the heavy solid line. ported by Hiroseet al* We also found that the rate valdg
is nearly the same among the HF-cleaned &), (110), and
(112) surfaces (3.5 0.5 A/decade).

Ill. RESULTS AND DISCUSSION Figure 3 shows the PR spectra forSi(110) samples

The SE measurement can be used to yield direct inforEaken after four different surface processifa):degreased in

mation about the relative quality of surface regions preparegrgamc solventsib) degreased in organic solvents and then

) . .~ etched in a 1.5% HF solution at 20°C for 120(s) de-
by different method$.Figure 1 shows the plots of the chemi- 0 ) o
cal oxide thicknessl,, on S(100 surface versus immersion greased, 1.5% HF etched, and finally SC1 treated at 80°C

0 - ir-
timet in the SC1 solution at 80 °C. The oxide thicknekg for 120 s, andd) degreased, 1.5% HF-etched, and then air
. ; ) exposed about 12 h. Note that samplasand (d) have the
was determined from Fresnel’'s formula using a three-layer . :
X . , " natural oxide overlayers of about 13ca6 A thicknesses,
(ambient/chemical oxide layer/bulk silicomodel. An ex-
ample of this analysis is shown in the inset of Fig. 1. There
have been no experimental data on the optical constants of : : : : :
the chemical oxide. We, therefore, used here those of silicon - (a) As-degreased N
dioxide (SiQ). Thus, thed,, values plotted here are the B (doxg~13 K)
effective oxide thicknesses, not the real ones. Thes8E)
data of the HF-cleaned surface are also uses as those for the
bulk silicon. The fit shown in the inset of Fig. 1 gives the
effective oxide thickness of about 6 A.

The dyy vst plots in Fig. 1 suggest that the chemical ’;
oxidation occurs immediately upon immersing the sample in <
the SC1 solution. It is also understood that the effective ox- E:’ L 4
ide thicknessl,, shows a saturated value of about 6 A. This 5 - © }]F(;sN%lA) i

value is in good agreement with those reported in the litera-

ture (6—10 A).2°"12We also found no clear difference in the i W ]

chemical oxidation properties among th€1%i0), (110, and :(d) HF— Air

(111) surfaces. (d6 &)
The SE technique is also used to study the activity of -

freshly HF-etched $110) surfaces in ambient air. The time -

dependence of the natural oxide thickndgsusually shows - T=300 K -

a logarithmic behavior given by 1 1 1 1 L

27 3.0 33 36 39

. (1) E (eV)

a4

t
dox=dg Iog(a

The solid line in Fig. 2 represents the calculated result of thig!G. 3. PR spectra fon-Si(110) samples taken after four different surface
. e . . processing{a) degreased in organic solventb) degreased in organic sol-

expression. The slopd?&/ls 3.5 A/decade. This Viléue 1S vents and then etched in a 1.5% HF solution at 20 °C for 12@)sgle-

much smaller than 6.8 A/decade as measured by ArcCber greased, 1.5% HF-etched, and finally SC1-treated at 80 °C for 120 $dand

polished surface of unknown orientation, but is in gooddegreased, 1.5% HF-etched, and then air-exposed about 12 h.
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FIG. 4. Schematic energy-band configuration in the vicinity of the surfaceFIG' 5. E;-edge strength paramet@rplotted as a function of natural oxide

of an n-type silicon with and without pumping light (Arlase) illumina- thicknessd, on HF-cleaned $110) surface. The thicknesd,, is deter-

tion. The cases for the smaller and larger surface recombination velocitieg')'(g?;j ?é’SSOE't;iZeﬁ?ngleﬁmi c,jr?rtlr\]/gd,,:;%rtn the standard critical-point fit.
(S's) are shown by the heavy solid and dashed lines, respectively. P ’

mined by the steady-state condition of the photogenerated
carriers at the surface space-charge region. The thickness of
the surface space-charge reghhcan be given by
28 085V3> 12

eNp '

respectively, and sample) has the chemical oxide overlayer
of abou 6 A thickness. Sampléb) has no or a very thin
natural oxide overlayer.

The dominant peak seen in the 3—4 eV region of PR
spectrum is due to thE, transitions. TheE; transitions oc-
cur along thg111) direction or at the_ point in the Brillouin ) , ) ) , )
zone. It is evident that the PR intensity is strongly dependen\fv_heregs_'s_ the relative d|ele_ctr|c constant, is the dlele_c-
on the surface chemical treatment used. The strongest ¢ perrr_1|tt|V|ty of vacuumeg is the elementary chargvs 'S
intensity is observed from the as-degreased sarh(ald, the barrier helght_ at the_ surfagsee Fig. 4 aanND Is the
while the weakest signal is from the sample just after beindsongr conpentratlon. Itis not easy to determine the .surface
etched in the 1.5% HF solutidifb)]. It is also noteworthy to arrier he'g.htVS from _the PR _spectra me.asured in the
point out that sample&) and(d) have nearly the same oxide °P3due reg'on'gAssﬂT‘,'nyS: 0.5V and puttinges=11.6
thicknesses<{ 6 A); however, their PR intensities differ sig- andNp~3x10% cm™* into Eq. (2)',We obtainW~15 nm.
nificantly. The surface space-charge widit is, thus, much smaller

The schematic energy-band configuration in the vicinitythadn tlhe mmc:lrlty-f;]ole c::ffusmn Iength c;n-type S|I|corJrf
of the surface of am-type silicon with and without light and also smaller than the penetration deptb00 nm) o

illumination is shown in Fig. 4. The photoexcited carriers aref[he pumping I|_ghfl. Differences in the PR intensity observed
Fig. 3 are, indeed, due to surface effect.

separated by the electric field in the surface space-chardl;,I . . .
We can expect from Fig. 3 that the PR intensity of the

layer, with electrons and holes drifting into opposite direc—HF hed le will i ith | . .
tions. Excess minority holes, that move toward the surface, -etched sample will increase with increasing air-exposure

lead to a redistribution of the equilibrium space charge an Ime. Th|s is because the HF-etched surfage wil .be passi-
consequently to a change in band bending. The resultinéated with a gradual growth of the natural oxide on it. Figure
change in surface potenti#d,, affects the PR intensity. Note pLots the PR strength parame@vs doy mea;ure'd on the
that| AR/R| is proportional to the square of the surface elec-1-5% HF-cleaned §110) surface after exposing in air for
tric fieldX® The square of the electric field is also propor- YA7OUS times. The PR strength parameleis determined

tional to surface potential. ConsequentR/R| is propor- from the fit using the standard critical-point line sh&pe
tional to ¥,,.*° AR P .
The surface recombination veloci§y may be the only ?=Re{2 Cie'"(E~Eg+il}) "], 3
parameter required to characterize the surfdcklinority =1
carriers are annihilated there by recombination via surfacavherep is the number of the spectral functions to be fitted
states. The larger the surface recombination velo8jtyhe  andé@is the phase angle. The power temmefers to the type
smaller the minority carrier accumulation. Thus, we can ex-of optical transitions in questiom=2, 2.5, and 3 for an
pect that the smaller the surface recombination velocity, thexciton, a three-dimensional one-electron transition, and a
larger the surface potential chand%, (see Fig. 4. There- two-dimensional one-electron transition, respectively. Be-
fore, the PR intensity is largely dependent on the surfaceause|AR/R| is proportional to¥,,, C is also proportional
processing conditions, as clearly observed in Fig. 3. to ¥,,. We considered here not only the domin&nt tran-
The photomodulated surface potent#), can be deter- sitions at 3.41 eV, but also those Bf=3.27 eV, E,(X)

@
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=4.31eV, andE,(3)=4.55eV (i.e., p=4).2° The param- structure of the naturalchemical oxide/silicon interfaces
eterC is fit determined by keeping=3 and using constant and its correlation with PR intensity.
values off andl. Examples of this fit are shown in the inset 'W, Kern and D. Puotinen, RCA Reg1, 187 (1970.

of Fig. 5. 2W, Kern, RCA Rev.31, 207 (1970.
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