Ordered monolayer structures of boron in Si(111) and Si(100)
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We have prepared metastable, ordered monolayer structures of boron on Si(100) and Si(111) by
silicon deposition atop unique surface reconstructions. These superlattice structures suggest
possibilities for monolayer doping and ordered alloy structures with new electronic properties. In
this paper we summarize our recent results in forming ordered structures and the electrical

properties of the preserved layers.

I. INTRODUCTION

Ordered surface reconstructions are not only stable at the
solid—vacuum interface, but can be preserved as metastable
structures at solid-solid interfaces. In the a-Si/Si(111) sys-
tem, the complex 7 X 7 structure can be preserved at the in-
terface formed by the clean Si(111)-7 X 7 surface and subse-
quent deposition of amorphous silicon (a-Si).! More
recently, it was shown that the v3 X V3 boron structure can
be partly preserved under epitaxial silicon.>* In this paper
we review our recent observations of buried structures in
systems consisting of ordered boron adsorbates on (111)
and (100) oriented Si surfaces.>® These atomic configura-
tions behave electrically as a dopant sheet of atoms with high
electrical activity.>” In the (100} case, a highly ordered p-
type monolayer with 100% electrical activity is prepared
within defect-free crystalline silicon.” As part of these stud-
ies, the minimum epitaxial growth temperature for 100-350-
A films of silicon on (100) and (111) surfaces was deter-
mined, and it was found that {(100) growth occurs 300 K
lower than (100) growth.®

il. EXPERIMENTAL

Samples were prepared in a molecular-beam epitaxy
chamber equipped with an electron gun evaporator to depo-
sit silicon, a quartz-crystal thickness monitor, and a Knud-
sen cell to deposit boron from HBO, . Oriented (111) and
{100) Si substrates were prepared by chemical growth of a
thin protective oxide layer, and then transferred into the
vacuum chamber. Once in the vacuum chamber, the oxide
was desorbed from the sample and boron was deposited onto
the surface up to a coverage of between zero and one mono-
layer. After cooling to room temperature, low-energy elec-
tron diffraction (LEED) and Auger electron spectroscopy
(AES) measurements were performed. Finally, the surface
was capped with silicon at various temperatures. All other
measurements, including grazing incidence x-ray diffraction
(XRD), ion scattering/channeling, transmission electron
microscopy, and low-temperature (T = 4.2 K) Hall effect
measurements were done after removing the capped samples
from the vacuum system. In a separate set of experiments,
silicon layers of 100~300-A thickness were grown on {100)
and (111) oriented silicon at various temperatures. An ion
channeling analysis using 1.8-MeV “He * was used to deter-
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mine the epitaxial quality as a function of growth tempera-
ture.

lil. Si(111)~-B SURFACE RECONSTRUCTION

Glancing angle x-ray diffraction and first-principles theo-
retical calculations have established the structure of the
Si(111)~Bv3xXv3 reconstruction as subsurface substitu-
tional boron arranged in a v3 X v3 configuration.*® Figure 1
shows this site and compares it to the more common v3 X V3
configuration (7, site) for Ga and other adsorbates. The
nominal B(Ga) coverage is 1/3 monolayer; one of every
three sites in a single atomic layer is occupied by B(Ga). The
stability of boron in the subsurface site relative to the T,
adatom site is related to relief of subsurface strain by the
mechanism of substituting a smaller boron atom for silicon.*

The fact that this ordered structure is maintained upon
room-temperature deposition of a-Si is shown in Fig. 2,
which compares the glancing angle x-ray diffraction of both
the Ga and B structures. Both samples were capped with 50
A of a-Si and rocking scans through the (2/3 2/3) superlat-
tice reflection were performed at ¢, = 0.2(27/d,,, ), where

Si (111) V3 - Go

Si(i1m) 8 /3

FI1G. 1. Model of the Si(111)-v3Ga structure and proposed structure for
Si(111):Bv3 (right). Arrows indicate the direction of displacements from
the ideal tetrahedrally bonded configuration.
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FI1G. 2. Rocking scan through the (2/3, 2/3) surface x-ray diffraction rod
for buried boron and gallium surface structures on Si(111). The intensity
units refer to reflectivity in counts per constant integrated incident beam
flux.

d,, =3.135 A. Retention of the strong one-third order dif-
fraction intensity in the boron case clearly indicates that the
boron retains its v3 X v3 structure while Ga becomes disor-
dered. Detailed Auger measurements show that the Ga sur-
face segregates during Si deposition at room temperature,
while boron remains in a buried, ordered configuration. Sur-
face segregation of dopant or impurity atoms during epitax-
ial growth is commonly observed although it may be kineti-
cally limited at low growth temperatures. The difference in
surface segregation between B and Ga suggests that the sur-
face site influences the segregation behavior. Such segrega-
tion behavior is consistent with the buried site for boron and
an atop site for Ga.

[141]|
[132]

FI1G. 3. Ball and stick models for the film orientation and interface structure
for 0- (left) and 0.33-ML (right) boron coverages. The v3 X v3 reconstruc-
tion of the interface is introduced because boron occupies substitutional
sites, occupying every third site in a single monolayer at the interface.
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IV. GROWTH ON Si(111)-B

The adatom structure of the boron v3Xv3 surface is a
“chemically passivated” surface in that it contains no dan-
gling bonds.® Therefore, it is somewhat surprising that epi-
taxial silicon can grow on this surface. We have recently
shown that the silicon adatoms terminating the surface are
efficiently displaced from ordered sites by deposited silicon,
thus allowing epitaxial silicon to grow in a continuation of
the bulk crystal structure.* However, an interesting phe-
nomenon is observed for Si epitaxial growth on this surface:
Evidently the initial layers of silicon are strongly influenced
by the interaction with the boron monolayer, giving rise to a
180° rotated configuration of the grown layer of Si (Fig. 3).
The existence of this layer is most strikingly demonstrated in
Fig. 4, which shows a comparison of (1,0,/) crystal trunca-
tion rod data to structure factors calculated in the kinematic
approximation for a 350-A silicon film grown at 400 °C and
annealed at 1000 °C for 2 h (Fig. 4). The dashed line is the
square of the structure factor Fy, (/) for the semi-infinite
silicon substrate with double-layer termination. There are
three prominent peaks that do not correspond to the sub-
strate that can be accounted for by adding the 350-A-thick
rotated film into the calculated structure factor. The solid
line shows the results of calculations with a 233 monolayer,
rotated layer, with an optimum interface separation of
d =235+ 0.09 A, i.e., the same as the bulk layer spacing.
Transmission electron microscopy confirms this assignment
showing that the layer is at least 90% crystallographically
pure.'©

Recent experiments have shown that high-temperature
( ~ 550 °C) deposition of Si results in boron disordering and
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FIG. 4. (1,0) rodscan for a 350-A rotated Si film on Si(111). A four-circle
diffractometer and Cu Ka radiation was used for the measurement. The
diffraction profiles are indexed relative to a hexagonal unit cell appropriate
for the Si(111) surface with in-plane lattice parametersa = b = 3.84 A and
out-of-plane lattice parameter ¢ = 9.41 A. The hexagonal indices are de-
rived from cubic indices by [10/ ],.., =1/3[422]_,, + //3[111],,,. Rotat-
ed reflections are indexed by replacing / by — /. Structure factors at — /
were obtained by the symmetry relation {01/]. The dashed line is the calcu-
lated intensity from a “bulk-like” structure, the full line is for a 350-A
rotated film atop a bulk crystal.
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Fi1G. 5. Ion channeling yield vs growth temperature of thin silicon films on
Si(100) and Si(111).

surface segregation, indicating that the metastable structure
associated with the ordered § layer is not stable at Si epitaxy
tempc:ratures.:S Even at the lowest temperature for Si(111)
epitaxy ( ~400 °C), some boron disordering occurs and the
epitaxial film remains defective. Therefore, preservation of
the V3 X V3 structure within a defect-free crystalline silicon
has not, so far, been possible. This has prompted a systematic
investigation of low-temperature epitaxial growth which we
discuss below.

V. TEMPERATURE DEPENDENCE OF SILICON
MOLECULAR-BEAM EPITAXY

In order to determine the minimum temperature required
to grow 100-350-A films, channeling measurements were
carried out with 1.8-MeV *He * using a grazing exit angle
geometry.® Channeled ions are scattered by atoms displaced
from bulk crystal sites, e.g., those in amorphous material or
those in material misoriented during growth. Figure 5 shows
the temperature dependence of the fraction of disordered
atoms for 300-A films grown on {111) oriented silicon, with
a sharp decrease near 400 °C, the transition to higher crystal
quality. Also shown in Fig. 5 is data for 300-A films, grown
on Si(100) at the same rate of 0.3A/s. A remarkable differ-
ence in transition temperature is to be noted. The Si(100)
transition is in reasonable agreement with the recently pub-
lished results of Eaglesham et al.,'' which yield a 160 °C
transition temperature for 300-A film grown at 0.7 A/s.

The difference in the temperatures needed for epitaxial
growth on Si(100) and Si(111) is thought to be related to
the difference in bonding geometry on the two surfaces. Sili-
con atoms deposited onto (111) surfaces tend to occupy
“adatom” or “faulted” sites that are not a continuation of
the bulk crystal structure. In contrast, silicon atoms deposit-
ed onto {100) surfaces have the possibility of relaxing direct-
1y into bulk-like epitaxial sites. Molecular-dynamics simula-
tions also predict a much higher growth temperature on
{111) oriented surfaces, and confirm these ideas.® Growth
on (100) oriented silicon is thus greatly preferred for pre-
serving ordered structures and suppressing surface segrega-
tion.
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F1G. 6. Comparison of grazing incidence x-ray diffraction azimuthal scans
through the (3/2,0) diffraction spot for Si(100)-(2x 1) boron buried
structures capped by growth at room temperature, and at =300 °C. The
boron coverage was 1/2 monolayer in both cases and the silicon growth rate
was 0.1 A/s. The inset shows a proposed model of the (2 1) structure.

Vi. GROWTH ON Si(100)-B

We have recently reported a boron-induced (2 1) sur-
face reconstruction at 1/2 monolayer boron coverage on
{100) oriented silicon.” In sharp contrast to the results on
{111) oriented silicon discussed above, we find that this re-
construction can be preserved within high quality, crystal-
line silicon by low-temperature epitaxial overgrowth at
=300 °C. For boron coverages at and below the completion
of the (2X 1) surface phase and silicon overlayer growth
temperatures of 300 °C and above, 100% of the boron is elec-
trically active.

Figure 6 shows grazing incidence x-ray diffraction azi-
muthal scans though (3/2,0) surface reflections for two or-
dered interfaces. The open squares are for a 100-A silicon
overlayer grown at room temperature, and the filied circles
are for a 100-A silicon overlayer grown at 300 °C. The boron
coverage is 1/2 monolayer in both cases. The reconstruction
with overgrowth at 300 °C gives a factor of 2 smaller inte-
grated intensity in the diffraction signal than the reconstruc-
tion after growth at room temperature. We interpret this as
partial disordering of boron atoms that were originally in a
periodic array on the surface. Auger electron spectroscopy
for films grown at 300 °C reveal a broadening of the ideal
boron monolayer distribution by = 5 A due to surface segre-
gation. This is consistent with the observation that ~ 50% of
the boron remains in the ordered layer. Cross-sectional
transmission electron microscopy and ion channeling stud-
ies show that the 100-A-thick films grown at 300 °C are high
quality crystalline silicon indistinguishable from bulk sili-
con, while room-temperature growth results in an amor-
phous layer.”

VI. ELECTRICAL PROPERTIES

We now discuss the electrical activity of boron doped sili-
con structures prepared via silicon surface reconstructions.
Table 1 gives carrier densities and mobilities from low-tem-
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TABLE I. Carrier densities and mobilities from low-temperature Hall effect measurements.

Surface Boron Carrier Mobility

orientation Reconstruction  Overlayer coverage (ML) density (ML) (ecm’V 's Y

100 2x1 Cryst. 0.44 0.45 21

100 2x1 Amorph. 0.50 0.24 1

m vIx V3 Amorph. 0.34 0.22 30

111 X7 Amorph. 0.01 0

perature (7 = 4.2 K) Hall effect measurements for silicon ACKNOWLEDGMENTS

overlayers grown at 30 and 300 °C. There was no carrier
freeze-out and no significant magnetoresistance for any of
the samples measured. Units of monolayers are used for clar-
ity, where one monolayer is defined as 6.8 X 10" cm =2 for
Si(100) and 7.8 % 10" cm ~ 2 for Si(111). The optimum con-
ditions for producing electrically active ordered doping lay-
ers in epitaxial silicon (100) are a boron coverage of 1/2
monolayer and a silicon growth temperature of 300 °C. Un-
der these conditions 100% electrical activity and a mobility
of 21 cm? V' s~ ' are obtained. This mobility is comparable
to that obtained for very high boron concentrations in bulk
silicon.'! TableI also shows data for other structures includ-
ing the (2 1) reconstruction of Si( 100) and v3 X v3 recon-
struction of Si(111) capped with amorphous silicon, and a
control experiment in which the (undoped) Si(111)-(7X7)
reconstruction was capped with amorphous silicon. The or-
dered structures involving boron represent the highest elec-
trically active concentrations of dopants reported for any
semiconductor. The proper description of these semicon-
ductor/dopant systems as new alloys presents an interesting
theoretical challenge.

Viil. CONCLUSIONS

We have shown that two-dimensional ordered layers of
boron can be preserved at the Si(111) and Si(100) surfaces.
In the Si{100) case epitaxial Si can be grown atop the or-
dered structure due to the low temperature required for
(100) epitaxy. All systems show a high p-type electrical ac-
tivity, between 50% and 100% electrically active.
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