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

H. W. X. Tom, X. D, Zhu, Y. R. Shen. and G. A. Somorjal
Univeraity of California, Departments of Physics and Chemistry;
Lawrence Berkeley Laboratory, Materials and Molecular Research Dlvisfon
Berkeley, CA 94720

We have studied the initial stages of oxidation, the segregation
of phosphorus, and the effect of .phosphorus on oxidation of the
S1(111) 7 X 7 surface uaing optlcal second-harmonic generation. We
have also observed a (/3 X /3)R30° LEED pattern for P on S1(111),

The importance‘or controlling and characterizing the electronic properties of Si{-

‘8102 and Si-metal interfaces has prompted great interest in the atomic-scale chemistry and

phyaiés of those interfaces., Here, we report an {nvestigation of the clean S1(111) 7 X 7

surface under. low. pressure oxidation and thermal annealing. Recencly‘. we demonstrated
.chat optical second-harmonic generation (SHG) could be an effective in situ probe of atom-

1o and molegular adsorption on a metallic surface. Here, wa show that SHG is equally sen-

aitive to the electronic propertles of the Si surface and use SHG to study the growth

and thermal desorption of the first two layers of surface oxide, the segregation of less

than 2% of a monolayer of P, and the effect of surface P on the growth of the first layer

of oxide. While the {mportance of P segregation has been studied for highly-doped (1020/

cm3) samplesz, it has not been fully appreciated {n relatively pure (10'5/cm3) ;amples.

We also report the first observation of a (/? X /3)R30° LEED pattern for P on Si(111).

Studies were performed {n an ultrahigh vacuum chamber typically operated at 7 =x 10"0
torr and equipped with Low Energy Electron Diffraction (LEED) and a retarding grid analyz-
er for Auger Electron Spectroscopy (AES). The St(111) wafers (0.010" thick, 1015/¢m2 p-
doped) were supported by Ta clips which also served as electirodes for direct ohmic heat-
ing. For SHG measurements, frequency=-doubled Na3*.YAG laser pulses ai 532 nm with 7ns
width and ~ 10 mJ energy were incident at 45° with a 6.2 mm beam diameter. The SH slgnal
was detected with a photomultlpllér tube and processed with gated electronics. Si sur-
faces were cleaned of oxygen by thermal annealing at 1000°C {nto a 10'9 torr vacuum for -
2 minutes. This treatment left negligible oxygen and only a small amount of carbon (the
ratios of AES peéks were 0507/3192 <5 = 10’“ and C270/5192 - 1.51). The appearance ol
the sharp 7 X 7 LEED pattern upon cooling the sample was taken a3 a further 3ign of

nominal cleanliness.

In Fig. !, we show the SH intensity from the SL(111) surface held at room. Lempera-
ture and 800°C as we exposed it to 10 -6 torr of 02. Previous workers3. nhave establi{shed

thac at room temperature 02 chemisorbs to Si1(111) forming a satwration monolayer (n



Flg. 1. SHG during oxidation of

N\ soTNeomny e pecmees, S{(111) surface at room tempera-
** goo°c T - ture (RT,—) and at 800°C (=---).

SH intensitles have been norma-

lized to their clean Si levels.
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- 100L. As shown ln - Fig. 1, the SHG dropped to a saturation level 50% of {ta clean sur-
face level at ~ 70L indicating the chemisorbed layer was complete. The 0507/5192 Auger
peak ratio after 120L of 0, €xposure at room temperature was 1.0% and set the scale for a
monolayer of O-atom coverage. At {ncreased temperatures, oxygen {s known to penetrate the
surface to form intermediate Si-0 specles and stoichiometrlic szoz“. For oxidation at
800°C (~-=- curve), the SHG decreased to a slightly lower saturation level than for the
room temperature case, By 30L, the SH was reduced by - 50% and AES tndicated that there
was 1.3 of an O-atom monolayer equivalent on the surface. SHG was relatively insensitive
to further oxide growth between 30L and 120L of 02 exposure over which range AES (ndicatead
the surface oxygen i{ncreased ;o 2 monolayer equivalents, A longer O2 exposure equivalent
to - 4 monolayers left the SH Intensity unchanged. The sensitivity of SHG to only the
chemisorbed O-layer and - 1/2 layer of subsurface oxi{de 13 reasonable as the highly-
polar{zable metal-like electrons of the 7 X 7 surface contribute strongly to the SH re-
aponse) and are almost completely quenched by the chemisorption of Q. The residual SH
signal should not be affected by the growth of an optically thin layer of amorphous Slo2
as the SH from fused si{lica {s - 100 times smaller than the SH from a’'S! wafer with a

native oxide layer.

We also used SHG to observe the thérmal desorption or diffusi{on of O from the Si
surface. The cleaned sample was annealed at temperatures betueed 800°C and 1000°C into
10'9 torr vacuum bdriefly and then exposed to 120L of 02. One or two minutes after closing
the O2 leak valve, the SH increased to 50% of the clean S! level and then slowly increased
to the clean S{ level. AES showed there was - 1 monolayer equivalent of O on the surface
when the 50% level was obtalined. Whlle It 13 {mpossible with AES to distingulsh what per-
centage of the O-atoms rematined below the surface, {t s likely that the subsurface oxide
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leaves the surface before the chemisorbed specles. -Using that assumption, SH {ndlcated
that the chemisorbed species left the interface -_5 times slower than dld the subsurface
oxide. This result {s reasonable considering the larger binding energy of the chemisorbed
species, In additi{on the desorption rate was - 10 times slower at 800°C than at 1000°C.
The rate of desorption slowed down by an-addxtional factor of - 10 starting when the SH
reached ~ 85% of that for the cléan Si surface. This strongly-adsorbed species accounted
for -~ 20% of an O-atom monolayer equivalent. It may be the 3pecles discussed in ref. 3;

alternatively, it may be an oxide specles stabilized by surface phosphorus (see below).

The SHG for a nominally clean Si{ sample decreased as the temperature was raised, AES

"indicated that this change was correlated to the 3segregation of P to the surface at room

temperature and Lts diffusion back {nto the bulk at elevated temperatures. Because the
sample contained lO‘s/cm3 P impurities, the changes in SH could be due to no more than 2%
of a P monolayer on the surface. - As shown {n Flg, 2, the SHG behavior during short ther-
mal annealing cycles of heating at 300°C and 800°C and then cooling to room temperature
was reversible for the clean surface but lrreversible for the surface predosed with a
monolayer of chemisorbed 0, even though AES showed that the surface O and P composition -
was the same before and after the cycle. The latter indicates that the change in SH can
not be gxplained merely by changes in the temperature-dependent index of refraction. The

results show that while the diffusion and segregatlon of P on the clean S! surface ls
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Fig., 2. SHG during thermal annealing cycle: (-—) of Si(111) 7 X 7
and (==-=) of S1(111) with a saturation layer of chemisorbed O pre-
pared by exposing room temperature Si(111) 7 X 7 to 120L of 05.



reversible, the anneailng cycle indqces ;ne‘rormation of new SiP or SiPxoy complexes on
the oxid{zed surface. When the sample was predosed with a saturation layer of chemisorbed
oxygen at room temperature and then immediately heated to 1000°C, the SH increased (con-
sistent with the desorption of oxygen) and then fell (due to the diffusion of P) to the SH
level obtained for a clean Si sample heated to 1000°C. This suggests that the surface
oxygen stabilized the segregated P on the surface and that O had to be removed from the
surface before P could.diffuse back into the bulk. Sim{larly, the low-coverage strongly-
adsorbed surface oxide species could have been stabllized by the presence of P. Previous
WwOrk using Auger Sputter Prorillngz on heavily (162°/cm3) P~doped S1-510, interfaces found
evidence for a strong attractive surface potential for P involving O. The !mportance

" of P sedregation for 'Si with low levels of-P-doping-is noteworthy since.much .of -the work._ —_—
on oxldation of the "clean" 7 X 7 surface of Si(111) has been performed on such samples.

Further oxidation and thermal annealing cycles caused the accumulation of P at the
surface and {n the near surface bulk. As the surface P concentration increased (P120/3192
AES peak ratio ~ 1,5 = 10 3). the 7 X T LEED pattern became more difficult to see and
gradually a sharp (/- X /—)R30° pattern appeared after annealing and then cooling the
dample to room temperature. This 13 the first observation of such a LEED pattern,

Be¢ause there could be no more than 2% of a P monolayer on the surface, the sharp (/3 X
/3)R30° pattern is probébly not due to a P overlayer (since that would require 1/3 layer
of P), but rather due to a P-induced reconstruction of the Si surface atoms. Similar

impurity-induced surface reconatructions have been observed on Mo and W (001) surraces.s

In cloaing, we have studi{ed the growth kinetics of the first two layers of surface
oxide and the effect of minute amounts of surface phosphor on the oxidation of S1(111)
using a purely optical technique, SHG. While some of these results may not be too
surprising because of previous studies using other surface probes, it s surprising that
the senaitivity of SHG to the atomic-scale chemistry of the S{ surface rivals that of
photoemi{ssion and 13 more sensitlve than AES in the case of P, The results clear the
way for further SHG studties of semiconductor {nterfaces and suggest that SHG diagnostlics
might be useful in the fabricatlon of well-character{zed semiconductor devices.

The authors acknowledge the technical assistance of F. Ogletree and C. M, Mate, The
laser was provided by the S, F, Laser Center. HWKT acknowledges a Hughes Doctoral
Feilowshlp. This work was supported by DOE under Grant Number DE-ACO3-76SF00098.
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