Stability of boron- and gallium-induced surface structures on Si{111) during
deposition and epitaxial growth of silicon
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We have undertaken a new set of experiments to investigate the behavior of adsorbed-impurity
induced reconstructions at growtih interfaces. We have observed z striking difference in the
stability of the By3 %+/3 and Gay3 X3 two-dimensional structures at the interface between
Si(111) and -S4, 2nd in their segregation behavior during molecular beam epitaxy crystal
growth. This leads to 2 new model of dopant behavior in silicon molecular beam epitaxy.

The atomic geometry of ordered adsorbate structures at
crysial surfaces is well established for many cases; however,
the effect of subseguent crystal growth on the adsorbate dis-
tribution is not well understood. PBopant redistribution is an
important limitation in the design of new materials struc-
tures by modern epitaxial growth technicues. For example,
confinement along the growth direction is the basis of 8
doping” of GaAs (by Si or Be) in molecular beam epitaxy
(MBE) where impurities are retained within a few mono-
layers of an interface.’ In some favorable cases, it may be
possible to preserve an ordered array of adsorbates during
the growth of an epitaxial overlayer’; this reguires that there
is no redistributicn either in the growth direction or "in-
plane.”” The possibility of preserving an grdered adsorbate
structure af 2 buried epitaxial interface raises exciting possi-
biltiies for new materials.

En this letter, we explore the in-plane redistribution and
surface segregation of the two column I elements, boron
and gailium, on Si( 111} using x-ray diffraction { XR D), Au-
ger electron spectroscopy (AES), low-energy electron dif-
fraction (LEED), and Rutherford backscattering spectros-
copy {RBS). The resuits show that the gallium JIXY2
structure is unstable with respect fo the addition of 8i ada-
toms. Boron is stable on Si(111) with respect {0 room-tem-
perature deposition of Si adatoms, and is incorporated into
crystalline silicon up to a imited concentration for high-
temperature silicon deposition. The results are explained in
terms of the different atomic sites cccupied by boron and
gallium in their respective 3 X (3 structures.

Samples were prepared in a MBE chamber eguipped
with an electron gun evaporator to depoesit silicon, a quartz-
crystal thickness monifor, and a Knudsen cell to deposit ¢i-
ther gallium from eclemental Ga or beron from HBQ,.
LEED and Auger analysis were performed i sity and x-ray
diffraction analysis was done after removing samples from
the MBE chamber. The x-ray diffraction eguipment was a
four-circle diffractometer with 2 rotating anode source and a
graphite monochromator. The Ga 3 X3 surface recon-
struction was prepared by deposition of 1/3 monolayer
(ML) of Ga while the sample was held at 550 °C. The beron
V343 surface reconstruction was prepared either by sur-
face segregation of 1/3 ML of boron” from boron-implanted
samples at 900 °C, or by deposition of boron onto n-type
samples from HBO, while the sampie was held at 750 °C.°
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The samples that were prepared by boron deposition were
used to measure the boron coverages in the B /3 X /3 struc-
ture by the B' (p,a)Be® nuclear reaction methed.®

Figure 1 shows LEED patterns for the Ga 3 X3 sur-
face structure and the B 3 X /3 surface structure. After ~ 1
A of Si deposition on these surfaces at room temperature,
LEED patterns (c¢) and {d) were observed. The Ga super-
structure disappears, while the B y3X4/3 is still clearly visi-
ble. Further LEED} experiments showed that the Ga {33
disappeared between (.3 and 0.4 ML silicon coverage (ap-
proximately one silicon atom for each gallium atom). Gal-
lium is not desorbed from the surface by silicon deposition
{this was confirmec by RBS and AES measurements}, so it
must be randomly arranged rather than in a periodic struc-
turc. In contrast, boron remains in a well-ordered 3 X+/3
structure even in the presence of excess surface silicon.

This conclusion has been verified by deposition of 50 A
of a-Sion Si(111)Ga 3 X3 and 8i(111)B /3 x+/3 surfaces
and subsequent ex sify x-ray diffraction analysis. The two-
dimensional nature of the buried boron 3 X3 structure re-
sults in a diffraction “rod” that is independent of /, the mo-

FiG. 1. LEED patterns for {2) Ga323 on Si{111) at 66 ¢V, (b)
B3> \3en Sig_lll} at 82 eV, (¢) and (d) same as (a) and (b}, respective-
Iy, but with 1 A of a-Si depesited at room temperature.
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FIG. 2. Rocking scan throngh the (2/3,2/3) surface x-ray diffraction rod
for buried boron and gallium surface structures on Si{111).

mentum transfer perpendicular to the surface. Figure 2
shows rocking scans through the (2/3,2/3) diffraction rod
at / = §.2. The rod is indexed refative to the surface unit cell
as LEED patterns arz indexed; to this end we define a hexag-
onal unit cell for SL.° A clear signal is obtained from the
Si(111)B J3X/3/4-8i structure, but not from the corre-
sponding gatlium structure.

Annealing of B 3 X3 samples capped with 58 A of
amorphous silicon resalts in a decrease of the diffraction
intensity from the two-dimensional interface structure and
epitaxial growth {crysiallization) of the amorphous silicon.
Figure 3 shows the (2/3,2/3) diffraction intensity and the
normal incidence 8: RBS surface peak for five differeni sam-
ples as a function of annealing temperature. A large decrease
in the Si surface peak intensity is observed for annealing tem-
peratures >»>400 °C, illustrating the crystallization. Samples
anneaied at 540 and 600 °C exhibited 7 X7 LEED patterns
before they were removed from the MBE chamber. For these
samples, a small but finite amount (2-3%/ of the original
1/3 order diffraction signal remains. If boron is evenly dis-
tributed in the two-dimensional interface Iayer (on the scale
of the x-ray coherence length), then the integrated intensity
measured by the diffraction experiment is propertional to
the square of the number of boron atoms onr ordered sites.
‘This suggests that as much as 14-17% (=4 X 10" cm ") of
the boron remains in an ordered '3 X3 array. This ordered
adsorbate structure also remains at the buried interface,
since it is stable with respect to exposure to air for periods of
several months with no noticeable degradation of the inter-
face diffraction signal. [t was recently reported that a small
fraction of the reconstruction also remains at the interface
during conventional molecular beam epitaxy growth of Sion

the Si(111)By3 X /3 structure grown at 600 °C.?
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FIG. 3. Temperature dependence of the {2/3,2/3} surface x-ray diffraction
integrated intensity as a function of annealing temperature for buried boron
V33 surface structures (filed in circles). Temperature dependence of
normal incidence channeling surface peak intensities for the buried boron
‘.’3 > \a‘g structure {(open sguares).

Auger measurements on varying thicknesses of g-Si
overlayers on B /3 X /3 samples show that when Si is depos-
ited at room temperature, surface boron is buried with no
boron segregation or islanding of the deposited Si. Upon an-
nealing at 540 °C, significant boron surface segregation is
observed for overlaver thicknesses < 50 A. Thus, the de-
crease of the 1/3rd order diffraction signal can be attributed
to redistribution of boron during annealing.

Further insight into the interaction between boron and
silicon or gallium and silicon can be obtained from high-
temperature Si deposition experiments. Figure 4 shows the
surface concentrations of Ga and B (starting from 1/3 ML
coverage) as a function of Si overlayer thickness. At the
growth temperature of 540 °C, desorption of boron or gal-
lium from Si{111) is negligible. Quite different segregation
behavior is observed for the two species: boron exhibits a
linearly decreasing concentration while Ga exhibits a con-
stantly changing rate of decrease.

We propose the following model to explain the resulis of
Fig 4. For a given Si growth rate dx/d¢, an amount dn _/drof
surface  impurity is  incorporated  according  to
dn /dt = Knldx/dt. Integration gives

n(x) =n(0) —Kx p=0,
n(x) =n,(Qexp( —Kx) p=1

{ia)
(ib}

Here n_(x)} is the impurity concentration seen at the surface
after Si growth to a thickness x. The constant X, is simply
the effective solubility while £, is a first-order rate constant
which is related to the trapping probability per site of an
impurity atom {and is likely fo depend on the growth rate).
We have introduced the exponent p to represent the kinetic
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FIG. 4. Boron or gatlium surface Aunger intensity during conventional mo-
lecular beam cpitaxy growth of Si on the impurity stabilized {3 % 3 surface
structures. The growth rate was = 0.1 A/s. The insets show the impurity
profiles resulting from zero- and first-order segregation during MBE
growth.

order of segregation so that boron on Si(111) exhibits zero-
order segregation, while gallium on Si(1i1) exhibits first-
order segregation. Based on the observations iflustrated by
Figs. I and 2, we propose that gallium can be displaced from
surface sites by mobile Si adatoms which are always present
on the surface during molecular beam epitaxy crystal
growth. The reactions on the surtace responsible for impuri-
ty segregation and incorporation are then

Gasurf '}“ Sind “)Gaud + Si.\urf?

Gaud - Gasurf .

(2a)
(2b)

These reactions lead directly to the observed first-order seg-
regation of galtium on Si{111) during MBE crystal growth,
i.e., the incorporated fraction is proportional to the surface
concentration. Boron incorporation, on the other hand, can-
ot be described by a kinetically limited surface reaction
since dn_ /dt is independent of surface boron concentration,
but can be described by an effective solubility limit X,.
This behavior is explained by the different sites occupied
by boron and gallium in the B 3 X 4/3 and Ga y3 X |/3 struc-
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tures. It has recently been established by synchrotron x-ray
diffraction that the boron cccupies a subsurface (second lay-
er) substitutional site.” The other column I elements Al
Ga, and In, however, occupy the 7, adatom site above the
surface.” It is intuitively clear that the subsurface substitu-
tional site (boron) will not directly interact with deposited
Si while the 7, adatom site (gallivm) will be readily dis-
placed by deposited Si. The subsurface substitutional site of
boron also immediately converts into a normal butk substi-
tutional site upon growth of a silicon overlayer’; this ex-
plains the observation that epitaxial silicen can be grown on
top of the B 3 X+/3 structure without disordering it com-
pletely.

MNow consider the depth profile of impurities resulting
from impurity segregation. The shape of the depth profile for
zero- and first-order segregation is given by C{x) = dn_/dx
and is illustrated in Fig. 4. The most interesting feature of
these curves is that the model predicts for zerc-order segre-
gation that for x > n,(0)/K,, the concentration C(x) = 0.
Thus, the profile becomes narrower for lower initiaf surface
concentrations 7, (0} and monolayer doping is predicted for
n, {0} <« K,d, where d is the layer spacing. The value of K,
from the slope of the boron data in Fig. 4 is K, == 9x 10*°
cm ™, and the layer spacing is 3.14 A. This implies that
sharp (single monolayer) boron profiles are possible at a
boron 8 doping” concentration of 2.7 10" cm ~ 2,
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