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INVESTIGATION OF THE S1(111) SURFACE IN UHV:
CXIDATION AND THE EFFECT OF SURFACE PHOSPHORUS

H. W, X. Tom, X. D. Zhu, Y. R. Shen, and G. A. Somorjal
Unlversity of California, Departments of Physics and Chemistry:
Lawrence Berkeley Laboratory, Mater{als and Molecular Research Jlviaion
Berxeley, CA 34720

We have studled the Lnitlal stages cof oxication, the segregation
of phosphorus, and the effect of phosphorus on oxication of tne
S1(111) 7 X 7 surface using optlcal second-harmonlc generatlon. We
nave also obsarved a (Y3 X /3)R30° LEED pattern for ° on Si(111),

The lmportance of controlling and characterlzing the electronic properties of St-
5102 and Si-metal lnterfazes has promptad great interesat {n the atomic-scale cnemistry and
physica of thoae !nterfaces, Here, we report an !nvestigatlon of the clean SL(111}) 7 X 7T
surface under low pressure ox1datlon and thermal annealing. Recently', we demonstrated
that optical second-harmonic generation (SHG) could bde an effective 1n sizu probe of atom-
le and molsoular adsorption on a metalllc surface. Here, wa show that SHG L3 equally sen-
sitive to the electronic properties of the S1 surface and use SHG to stuay %the growth
and tnermal desorption of the first two layers of surface oxide, the segregation of leas
than 2% of a monolayer of P, and tne effect of surface P on the growth of the flrst layer
of oxidae, While the Ilmpurtance of P segregaticn has been stualed for nhignly-doped (1020/
cmz) aampleaz. {t nas not dYeen rully appreclatec in relativeiy pure (lalslcm3) samples,
We also 2rt the first cbservation of a (/? X /?)R}O“ LEED pattern for P on S1(11°),

Stud!+s were performed !n an ultrahigh vacuum chamber typically operated at 7 = IC"G
torr an. equlippea witr Low Energy Electron Diffraction {LEED) and a retarding grld analyz-
er for Auger Eiactron 3Spectroacopy (AES). The S1{1!1) wafers (0.010" thlck, 101%/6m2 p-
coped) were supported by Ta clips which alao serveo as elactircdes for direct onmic heat-
ing., For SHS measurezents, frequency-coublea wald*.yac laser pulses at 532 am with 7ns
wlath ang - 10 2J energy were licldent at 45° <lth a 6.2 mm beam Jiameter., The S stznal
was cetacted with a photomultlpller tube and sroceased with sated electronles. Sl sur-
faces wers cleaned of oxygen by tnermal anneallng at 1009°Z into a 10'9 torr vacuum for -
2 mirutes. This treatment left regllgidle oxysen and only a small amount af cardon (the
ratios of AES peaks were Uggp/Slgy € 5 = 107 ane Cpep/Stgs  1.5%). The appearance of
the sharp 7 X 7 LEED pattern upon cooling the s2ample was taken as a further 3lgn of

noainal cleanliness.

In F1g. 1, we shcw tre SH 1ntenslty from :ine S1(111) surface held at rcom tempera-
ture and 300°C as we exposed it o 10°° zere of 02. Previoua uorkeraE. have esatadlished

iRat st room tamperature 33 Snemlacras 1D Si(''7) fIraing a saturatlen mcnolayer (n
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F1g. '. SHG during oxldation of
S1{111) surface at room tempera-
ture (RT,~) and at 350°C (===},
SH {ntensitles have been norma-
llzed to thelr clean_Si levels,
1 Langmuir (L) = 1079 torr-sec.
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~ 100L. AS shown in Fig. 1, the SHG dropped to a saturation lavel 50% of {ts clean aur-
face level at - 70L lndicating the chemisorbed layer was complete. The 0507/5‘1'92 Auger
psak ratla after 120L of 02 exposure at room temperature was 1.0% and set the scale for a
monolayer of O-atom coverage. At lncreased temperaturea, OXygen 13 known to penetrate the
surface to form Intermediata S51-0 specles and atolchlometric 5102". For ox{dation at
800°C (==~ curve), the SHG decrsased to a slightly lower saturation level than for the
room temperature case. By 30L, the SH was reduced by - S0% and AES Lnaolcated that there
.as 1.3 of an O-atom monolayer equivalent on the surface. SHG was relatively {nsensitlve
to further oxlds greowth between 30L and 120L of 02 exposure over which range AES lndlcated
the surfaca oxygsn increased to 2 monolayar equivalents. A longer 02 exposure equivai- nt
to ~ 4 monolayera left the SH intensity unchanged. The sensitivity of SHG to only the
chemisorbed O-layer and ~ 1/2 layer of subsurface oxide {3 reasonable as the nighly=-
polarizable metal-like electrona of the 7 X 7 surface contridute strongly to the SH re-
sponse) and are almost completely Quenched by the chemisorption of 0. The restdual SH
s1gnal should nrot e affectec by the growth of an optically thin layer of amcrphous Slo2
as the SH from fused 3fllca is - 100 times 3maller than the SH from a Si wafer with a

nativa oxide layer.

We also used SHG to ctaerve the tter=al cesorption or diffusign of O from the Si
surface. The cleaned sa=ple was annealed at tecperatures between BCQ°C and 1000°C tnto
192 rarpe vacuun driefly and shen exposed to 12CL of 03- Cne or two miputes after closing
e Oy leak valve, the SH {ncreased o 503 of the clean S! leve. ana then slowly lncreased
=3 the clean S¢ level. AES anhcwed there waad ~ 1 -onolayer equivalent af Q an the surface
wnen tn® SCE level was cdlalnec., While it 1s Izpoastdle with AES to aistinzulsh what per-

centage of Ihe J-atoms remalnec bslow the surface, 1t 13 li<ely that the acds :rface oxice
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leaves the surfacs before the chemisorbed specles. Using that assumptlion, SH tndicatec
that tha chemlsorbed species left the i{nterface - S times alower than d!d the subsurface
oxida. This result Ls reasonable consaidering the larger blnding energy of the chemisorded
species. In addition the desorption rate was - 10 times slower at 300°C than at 1000°C.
The rate of desorption slowed down by an.adaxclcnal factor of - 10 startlng when tne SH
reached - 85% of that for the clean 5! surface. This strongly-adsorbed species accounted
for ~ 20% of an O-atom oonolayar equivalent. It may be the specles dlacussed In ref. 3;
alternatively, it may be an oxlde 3species atabllized by surface phosphorus {see below).
The SHG for a nominally clean Sl sample decreased as the temperature was ralsed, AES
indlcated that thia change was correlated to the segregation of P to th2 surface at room
temperature and lts diffuslon back {nto the bulk at elevateaq temperatures. Recause the
sample contalned 10'5/cm3 P lmpurities, tha changes in SH could be due to no more than 2%
of a P monolayer un the surface, A3 shown {n Fig. 2, the SHG behavlor durlng short tner-
mal anneallng cycles of heating at 300°C and 800°C and then cooling to rocm temperature
was reversibles for the clean surface but lrreversidle for the surface predosed with a
manolayer of chemlsorded O, even .hough AES showed that the surface O and P composition
was the same before and after the cycle, The latter indlcates that the change !n SH can
not de e;plalned merely by chanpes In the temperature-dependent lndex of refractlon., The

reaults show that while the diffusion and segregation of P on the clean S1 surface ls
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Flg. 2. SHG during thermal annea.ing syecle: {(——) of S1(*11) 7 X 7
and {===) of S1{111) wizn a saturazlcn layer of cheslaorbed O pre-
pared by #xpoalng raon Terperature S1{111) T X 7 ta 12CL of 32.



reveratble, the anneallng cycle induces the formation of new SIP or SlPxoy complexes on
the oxidized sur "ace. Wnen the sample was predosed with a saturation layer of chemisorbed
oxygen at roocm temperature and then immedlately heated to 1000°C, the SH increased (con-
alstent with the desorption of oxygen) and then fell (due to the diffusion of P) to the SH
lavel obtalned for a clean S1 sample heated to 1000°C. This suggests that the surface
oxygen stabtlized the segregated P on the surface and that O had to be removed from the
surface before P could diffuse back Into the bulk. Similarly, the low-coverage strongly-
adsorbed surface oxlde specles could have been stabllized by the presence of P. Previous
work using Auger Sputter Prorlllngz on heav ly (102°/cm3) P-doped 51-5102 interfacea foung
evidence for a strong attractive surface potential for P invalving O. The !mportance

of P segregatlion for Si with low levels of P-doping 1s noteworthy since much of the work
on oxidation of the "clean® 7 X T surface of Si(!11) has been performed on such samples.

Further oxidation and thermal annealing cycles caused the accumulation of P at tne
surface and in the near surface bulk. As the surface P concent~ation lncreasad (P120/Si92
AES pemak ratio = 1.5 » 10'3). the 7 X 7 LEED pattern becams more dIfflcult to see and
gradually a anarp (/3 X /3)R3I0° pattern appearsd after annealing and then caciing the
sampls to rcom temperature. This 1s the flrst observation of such a LEED pattern.

Becauae there couid be no more than 2% of a P monolayer on the surface, the sharp (73 x
/3)R30°* pattern 1s probably not due to a P overlayer {stnce that would require 1/3 layer
of P), dbul ~athar due t8 2 P-incuced reconstructlion of the S! surface atoms. Similar

tmpurity=-induced surface reconstructions have been observed on Mo and '/ (001) surracea.5

In closing, we have studied the growth kinetlics of the first twa layers of surfice
oxide ang the affaect of minte amounta of surface phosphor on the oxigdation of S1(111)
using a purely optical technigue, SHG. While some of theaa results may not be tco
surprising dbecause of previous studies using other surface probes, it !5 surprising that
the sensitivity of SHG w0 ths atomic=scale chemistry of tne S! aurface “tvals that of
photoemlasion and 18 amore senaitive than AES in the case of P. The results clear the
way for further SHG studles of semlconductor interfaces and suggeat that SHGC dlagnostica
altght be usaful tn the fabrication of well-characterized sediconuuctor devices,
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