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Allotropic Transformation of Semimetal Bi Nanofilm on the Si Surface
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Group V elements are known to show rich alotropic transformation because their semimetallic bonding character can be
easily shifted to either metallic or covalent side, for example by changing the applied pressure. Here, we report on our find-
ing that such an allotropic transformation can be induced also by the change in the thickness of the film of Bi on the scale
of several atomic layers. Our scanning tunneling microscopy and electron diffraction experiments reveaed that a new two-
dimensional allotrope of Bi forms on the Si surface. This pseudocubic { 012} -oriented alotrope is stable up to severa
atomic layers at room temperature. As the thickness increases, the entire volume of the film transforms into a bulk single-
crystal (001) phase, due to the increase in the bulk contribution to the cohesion. Based on our ab initio calculations, we
propose that the new allotrope consists of black-phosphorus-like puckered-layers stabilized by saturating al the p. dan-
gling bondsin the film. The resulting film is very flat, compared to the growth of any known metal films, reflecting the in-
herent two-dimensional (2D) structure of the {012} and the (001) phases.
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Tablel. Structura systematics of the high-pressure phases
of group V eements. Notations used are A 17
(orthorhombic layered structure), A 7 (rhombohe-
dral layered structure), PSC(primitive ssmple cubic
structure), dist. PSC (monoclinic structure, which
is regarded as a distorted PSC), BCC (body-
centered cubic structure) and dist. BCC (tetragonal
structure, which is regarded as a distorted BCC).

Element Structure

P A 17 A7 PSC

As A7 PSC dist.BCC BCC
Sb A7 dist.BCC BCC
Bi A7 dist.PSC dist.BCC BCC
low Pressure high
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Schematics of (a) top view and side view of the
{012} -oriented phase and (b) top view and side view
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“distorted A 7 structure” of the bulk Bi [5]. The or-
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and red arrows are [100] and [010] axes (a and b
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the {012} and (001) planesisindicated by each dot-
ted whiteline.
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Fig. 2. Evolution of surface morphology observed by STM and dc con-
ductance of the film, measured as a function of Bi film thickness.
In stage (iii), the conductance increases due to the island percola
tion. The second conductance increase in stage (iv) cannot be un-
derstood solely by the surface morphology and suggests the crys-

tallographic change of the film.

gooO0opooOooOoooOoosBiDOOOOODODODO
0ooooooooooooooooooooivooo
gooboboboooooooobooooboboo
gbooooooboboboboooboooboobaobon
SIMOODOOO0OO0O0O0O0O0ODbO0obOO0ooooooo
gbobobobooooboooboobooobobooboo
gooboboboooooooobooooboboo
gbobobobooooboooboobooobobooboo
goobobobooooooon

3oogooog

00oooOd0ivODboooooooooooooog
goo0booobooobooboboobOoonod spot-
profile-analyzing low-energy electron diffraction : SPA-
LEEDOO0 D0 O0DOO0OO0ODOOOOODOFg30ad0 25
MLODOOOOOOOooOooOoOoOooooobooobooo
gooooDoOO0oOoOoOoooDooOoODOoOOoOoDoO s
U1Nnid7x 70dgogoooooooboooboobooon
gooobboooooooooouoboooogo
ggoobooobooboboooboobbooobooobo
O0Henzle OO OOODDODODOOOOODODOOOO

0000000000 oooYgooooooooo
0000012000 00000000000FRg.10
SIMOOODOOOOMbOO 38MLOOOODOODO
goboobobboooobRrReb0OOooooooOOO
BiOODODOODODOOOODOOODOOODODODOD
goboooboooooooboooooooospoooo
goobobobcoobooboboboboogoon
gbobooboboooooooooboooboobobon
g00oo0o000oboOoOO0oO0ddboend1s5aMLDO BiO
0000000 SO0O0112000000000 RHEED
gooboobooboooooooooooobobob
gbobobobooooooooboomooooboon
gooboobooboooooooooooobobob
gboooooboooood
0boboobooboobO0o0obOob SPA-LEED
0100000000000 0000Fg.40 SPA-
LEEDO 20 000000000010 0000000
0Maydd0000000ooooooooo 100
gooooobbooooooobobo44aMLOOOD
O0C0ReI0OUOD0OOO0DAOOOD SI1120000
Jo00oDO0O00OO00ODOOOpO0O0O0O0O0O0DODORe



goo0o0oo0D O00dT.scowskiDOOOD0ODOOO0ODOOOO0OOOOOOODODOOOOOO 347

Fig. 3. Evolution of the SPA-LEED pattern (a)—(d) taken at
RT as afunction of Bi thickness. (a) 2.5 ML, (b) 4.2
ML, and (c) 7.2 ML, (d) 8.4 ML. The electron beam
energy is65.0 eV. Insetsin (a) and (b) are the magni-
fication around the (00) and the (01) spots, respec-
tively. (€) RHEED pattern from a15.1 ML film taken
with 15 keV beam energy.
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Fig. 4. SPA-LEED 2D patterns (left column) and 1 D profiles (right col-
umn) taken at thicknesses of 4.4 ML (stage (iii)) and 16.9 ML
(stage (v)). Four different 1 D scans labeled (a)—(d) in the right-
hand side correspond to the line scans with the same labels in the
left column. In the 2D pattern taken at 4.4 ML (upper |€eft), texture
ring Rsi is observed. The radius of the ring Rsi is 1.902+ 0.002
0 U1, corresponding to the expected value for the texture ring from
the {012} oriented Bi islands. Position of the (01) type spot of the
16.9 ML film locates exactly at the position of (607 0) spot posi-
tion of the substrate Si(111)-7x% 7, which indicates the occurrence
of “magic mismatch” between the Bi(001) phase and the Si(111)-

7x 7 surface.
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Fig. 5. (@) The left shows the STM images taken at 3.8 ML
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‘T 100 4 (001) bilayers charge density plots of the ideal and the relaxed
= - {012} surfaces. Red color indicates high electron
2 i density. The right shows the high-resolution STM
§ - image. (c) Structure of the bulk Bi and the structure
g o of the relaxed 4 ML Bi film.
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