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Characterization of the Ge(001)/Si-(2x 1) surface using lattice dynamics
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We present lattice dynamical calculations for segregated and nonsegregated models of the monolayer Si-
covered G€01) surface. The calculations were performed using the adiabatic bond-charge model, with struc-
tural parameters and electronic charge distributions taken from rabeimitio pseudopotential calculations.

We find that adsorption of Si results in several characteristic phonon modes above the bulk continuum. These
modes constitute a signature that may be used to distinguish between surface and subsurface Si adsorbate
layers.[S0163-1829)00840-1

Experimental and theoretical interest in Si growth uponeasily be measurable experimentally to provide a distinctive
the G&001) substrate has been steadily increasing in recensignature for the onset of segregation.
years'~’ driven in part by the potential importance of high-  The main concept behind the BCM is that the valence-
quality Si/Ge interfaces for future optoelectronic devices.electron charge-density distribution is represented by mass-
One phenomenon of particular importance in this regard idess bond chargeBC's), endowed with translational de-
the reported formation of an undesirable subsurface Si layegrees of freedofl. The BC's are allowed to move
at temperatures above 400 K. Segregation of substrate Ge &aliabatically, following the ionic displacements so as to stay
the surface is presumably a consequence of that elementis equilibrium with the instantaneous positions of the ions.
lower cohesive energy, but kinetic and entropic effects preWe have modeled the @&01)/Si(2X 1) and G€001)/Si/Ge
clude confirmation of this surmise from zero-temperaturg(2x1) surfaces in a repeated slab scheme. The supercell
calculations of the internal energy alone. consisted of 14 layers of Ge and 2 layers of Si atoms in each
Within the (2X1) substrate reconstruction, the “segre- case (the slab being double-sidedind a vacuum region
gated” (i.e., Ge-terminatedstructure was, in fact, first pre- equivalent to 8 atomic layers in total. Atoms in the top three
dicted theoretically by Kelires and Tersbffn the basis of layers on each side of the slab were placed at their relaxed
Monte Carlo simulations, and has subsequently been olpositions, while deeper lying atoms were taken at their bulk
served experimentally by a number of grodpSRecentab  positions. Bond-charges were, in general, placed midway be-
initio pseudopotential density functional calculatibskow  tween nearest-neighbor ions and given charge Ze. The bond
that the segregated structure is indeed lower in energy thacharges representing the dangling bonds of the Si dimer and
the “nonsegregated’{i.e., Si-terminatedstructure by 0.38 Ge dimer, however, were instead placed and charged accord-
eV per dimer, confirming that its nonoccurence at low tem-ing to the positions and magnitudes of the maxima in the
peratures is not a consequenceeqtiilibriumthermodynam-  partial electronic charge densities obtained for those states
ics. from the ab initio pseudopotential calculationFigure 1
Theab initio calculation$ also revealed that the structural shows the positions of dangling-bond charges for both sur-
and electronic properties of the segregated and nonsegr&aces. The application of the BCM has been made as de-
gated models are very similar. This is not surprising, as Sscribed in Ref. 8. However, the surface BCM parameters
and Ge are neighbors in Group IV of the periodic table, anchave been redefined to achieve equilibrium conditions by
differ in covalent radius by only around 4%. In fact, the mostinvoking translational and rotational invariance throughout
striking difference between Si and Ge, and therefore poterthe supercell.
tially the most useful in characterizing the surface, is the The phonon dispersion curves for the (G&1)/Si(2X 1)
atomic mass difference, but this has no bearing on the statiend G€001)/Si/Ge(2x 1) surfaces are plotted in Figs(a2
geometrical and electronic properties discussed in the literaand 2b), respectively. The calculated surface results are
ture thus far. Surface lattice dynamics, on the other hand, cashown by solid lines, while the projected bulk Ge phonon
be used as a potential tool for characterizing thé0B®/Si  energies are shown by the hatched regions. As can been seen
system. from these figures, adsorption of Si overlayers results in sev-
In the present paper, we report on lattice dynamical properal characteristic new phonon states above the bulk phonon
erties of the segregated and non-segregated surfaces, caloentinuum. Figures @) and 3b) illustrate the phonon den-
lated within the adiabatic bond-charge modBICM). The  sity of states for these surfaces. Distinctive peaks due to
results highlight striking differences between the(@)/Si  absorption of Si on the G801)(2x 1) surface are labelest
(2x1) and G€001)/Si/Ge(2x<1) systems, which should through toS® in each case.
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FIG. 1. Electronic charge density for the dangling-bond charge@)othe G&€001)/Si(2x 1) and(b) the G&001)/Si/Ge(2<1).

It is clear that segregation of Ge to the surface results in a
3-meV downshift(and 2-meV splitting of the highest en-
(2) Ge(001Y/Si(2x1) ergy peaks®, a doubling in height of pea&*, and the com-
“ plete suppression of pea®. Further information that may
be of use in characterizing the surface includes the polariza-
tion and localization of individual surface phonon modes. At
5 ——| the zone center for the nonsegregated., Si-terminatep
surface, we observe five surface optical phonon modes above
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FIG. 2. Phonon dispersion curves @) the G&€001)/Si(2x 1) FIG. 3. Phonon density of states () the G&001)/Si(2x1)

and (b) the G&001)/Si/Ge(2x 1) surfaces. The calculated results and(b) the G¢001)/Si/Ge(2x 1) surfaces. In each case, the phonon
are shown by thick-solid curves while bulk projection is shown by density of states for the clean ®01)(2X 1) surface is shown, for
hatched region. comparison, by a dashed line.
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FIG. 4. Atomic displacement patterns of surface optical modes V=5428 meV v=0004meV
above the bulk continuum at the point for the G€001/Si(2 FIG. 5. Atomic displacement patterns of surface optical modes

X 1) surface. above the bulk continuum at tHe point for the G€001)/Si/Ge(2

X 1) surface.
the bulk continuum at energies 42.75, 46.66, 49.91, 52.85,
and 62.70 meV. Atomic displacement patterns of thesalirection, with just a little opposing motion from the
modes are presented in Fig. 4. The first of these, associatédown” dimer atom itself. We then observe a cluster of
with peakS?, involves first- and second-layer atoms vibrat- three modes that jointly account for the increased weight of
ing in opposing senses close to the dimer bond direction, angeakS* relative to the non-segregated structure. The mode at
is thusB, polarized at thisk point. SimilarlyB, polarized is  53.02 meV is, in some sense, complementary to Baknd
the slightly higher energys’-related mode at 46.66 meV, this may turn out to be important: although it may be impos-
which is dominated by opposing motion of the first-layer sible to resolve the individual contributions to t6& peak in
atoms close to the surface normal direction. Bagolarized  the density of states by examining FigbB we note that two
mode at 49.91 meV may be thought of as a swinging phonowof the three modes arB, polarized at the zone centéat
mode, due to the parallel motion of first-layer atoms in the51.54 and 54.28 melywhile that at 53.02 meV i8,. Once
dimer row direction; correspondingly, the phonon mode atagain, we find that the highest energy surface phonon mode
52.85 meV may be called a dimer twisting mode, and is als@peak S°) has an essentially wave vector-independant dis-
B, polarized. The essential similarity between these twalacement pattern; this time dominated by motion of the

modes accounts for the similar weights of pe8ksaindS* in “up”-bonded Si atom in the dimer bond direction.
the density of states. Finally, the highest surface optical fre-
guency, at 62.70 meV, is a dimer stretching mode andBhas [001] [001]
polarization. We find the displacement pattern of this highest L O Siatoms L ~

[110] @ Geatoms [110]

energy mode to be largely wave vector independant.

On the segregated.e., Ge-terminatedsurface, we ob-
serve six phonon modes above the bulk continuum, at 42.21,
49.39, 51.54, 53.02, 54.28, and 60.04 meV. Atomic displace-
ment patterns for these are shown in Fig. 5, and it can im-
mediately be seen from this diagram that these phonon
modes are mainly localized on the second layer atoms due to
large mass difference between Ge and Si atoms. In each case, V=738 meV
just one type of Si atombonded either to the “up” or
“down” dimer atom) is dominant. TheS!-related phonon
mode at 42.41 meV, for example, involves a particularly
large surface normal vibrational contribution from the Si
bonded to the “up” dimer atom, and is therefoBg polar-

ized. v=7.60 meV
As noted above, there are no modes on this surface in the -
energy range associated Wi, but thereis a B, polarized FIG. 6. Atomic displacement patterns of the Rayleigh wave

Si-related mode at 49.39 meV due to the Si bonded to th@honon mode on GB01/Si(2x 1) and G€001/Si/Ge(2x 1) sur-
“down” dimer atom vibrating strongly in the dimer row faces.
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In contrast to the high-lying optical modes, the energies otern atJ’ features large amplitude vibrations of the dimer
surface acoustic modes on both surfaces are hardly changggbms, as observed previously on the clearf0GB(2x 1)
at all from those of the clean @01)(2x 1), by virtue of the  surfac€. On the other hand, the RW mode on the Si-
fact that they are dominated by vibrations of the Ge atomsterminated surface features very little dimer contribution at
AtJ_’, for example, the Rayleigh wa\®&W) frequencies are all. Similar differences in vibrational localization are evident
found at 7.60 and 7.38 meV for the segregated and norat theK andJ points.
segregated surfaces respectively. This phonon mode has In summary, in this paper we have investigated surface
been reported at 7.60 meV for the clean(@)(2x1) phonons on segregated and non-segregate@0®¢Si-(2
surface’ X 1) surfaces using the adiabatic bond-charge model. In both

Despite this energetic similarity, however, the atomic dis-cases, we have shown that adsorption of Si leads to charac-
placement pattern of the RW phonon mode on the segregatedristic peaks in the phonon density of states. We suggest that
surface is radically different from that on the non-segregate@volution of these peaks may be a useful indicator for ex-
surface(Fig. 6). With Ge-termination, the displacement pat- perimental characterization of the onset of segregation.
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