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Interplay of Stress, Structure, and Stoichiometry in Ge-Covered Si(001)
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By calculating the evolution of surface energies and surface stress tensors of Ge-covered Si(001)
with increasing Ge coverage, we derive the most probable Ge stoichiometry in the subsurface regions
beyond 1 monolayer coverage. We compare the calculated surface reconstruction and surface stress
at the thermodynamic and kinetic limits to experiment to provide a quantitative understanding of the
recently observed Ge-induced reversal of surface stress anisotropy. [S0031-9007(96)00004-X]

PACS numbers: 68.35.Md, 68.35.Bs, 68.35.Gy

Si(001) exhibits a wealth of fascinating and intriguing In this Letter, we present a comprehensive theoretical
phenomena in which surface stress often plays an impostudy of surface morphology and surface stress anisotropy
tantrole. For clean Si(001), the presence of an anisotropiof Ge-covered Si(001) as the amount of Ge is changed. We
surface stress tensor gives rise to a ground-state stressstablish the most probable Ge subsurface stoichiometry
domain structure, consisting of equally populateck 2  above 1 ML coverage by matching the theory to the
and2 X 1 domains [1,2]. For Ge-covered Si(001), the existing experimental information on surface morphology
distribution of the stress (strain) field in the overlayerand surface stress anisotropy. We show that Ge deposited
regions, greatly enhanced by lattice mismatch, has beeat typical rates and growth temperatures of 500—"TD0
shown to be responsible for tReX N reconstruction [3— produces films that are not in the thermodynamic ground
5], interlayer mixing [6—8], step roughening [9] and stepstate, even if the deposited film is annealed at typical
bunching [10], and the transition from layer growth to laboratory conditions. We conclude, as a consequence,
three-dimensional cluster growth [3,7,11,12]. The drivingthat the reversal of surface stress anisotropy is caused
forces generated by surface stress and its anisotropy iy the behavior of the2 X N reconstruction, with no
troduce various changes in surface morphology, which irsubstantial contribution from interlayer mixing.
turn modify the stress field. The control of surface stress Si(001) exhibits & X 1 reconstruction [15,16]. Sur-
through control of the amount of deposited Ge can leadace atoms form dimer rows to lower the surface energy
to novel surface properties. For example, a recent experby eliminating one dangling bond per atom at the expense
ment [13] shows that the intrinsic surface stress anisotropgf introducing an additional anisotropic surface stress. The
of Si(001) can be tuned through zero and reversed in sigstress along the dimer bond is tensile, while the stress
by Ge deposition. along the dimer row is compressive or at least less ten-

Despite extensive studies [1-13] on surface morpholsile [17]. This surface stress anisotropy leads to a stress-
ogy and surface stress of Ge-covered Si(001), there adomain morphology with nearly equal populatior2ok 1
significant gaps in our understanding of the morphologyand 1 X 2 domains separated by monatomic steps [1,2].
and stress relationship in the G&(001) system. Funda- By applying an external stress and measuring the change
mental in those gaps is the stoichiometry of the surfacef relative concentration of the two domains, the intrinsic
and subsurface regions as the coverage of Ge changesirface stress anisotropy on Si(001) has been quantitatively
It is difficult to distinguish between Si and Ge becausedetermined [18]. Scanning tunneling microscopy (STM)
of their similar atomic, electronic, and chemical proper-measurements on Ge-covered Si(001) show, similarly, that
ties. As Ge is deposited on Si(001), a surface layer corthe intrinsic surface stress anisotropy is modified by Ge
sisting of a mixture of Ge and Si is speculated to formadsorption [13]. The anisotropy first decreases, becomes
below 1 ML (monolayer) coverage; the atomistic processzero at about 1 ML coverage, and then increases in the
of Ge incorporation and the compositional distributionopposite direction as the coverage increases. It is specu-
are unclear [8,14]. Above 1 ML coverage, the surface idated that the development of tteeX N reconstruction
expected to be terminated completely by Ge, based on suplays a major role in reversing the stress anisotropy, and
face energy consideration. Medium-energy ion scatteringhat Ge'Si interlayer mixing and dimer buckling may con-
measurements [6] suggest different depth distributions dfribute as well [13].

Ge on Si(001) at different growth temperatures. The ac- In order to explore these possibilities, we have calcu-
tual distribution of Ge in the subsurface regions, howeverlated surface energies surface stress tensors of Si(001) as
is difficult to ascertain. This lack of knowledge of stoi- a function of Ge coverage. At a given coverage, the ef-
chiometry makes impossible a precise assignment of corfect of interlayer mixing is investigated for several dif-
tributions to the morphology and stress modification as Géerent Ge depth distributions. For each distributions, we
is added. To our knowledge, no theoretical study has beetletermine the most stable surface structure (the villue
done to address this important issue. in the2 X N reconstruction) from a minimization of the
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energy, and then calculate its corresponding surface stre&@s/Si interlayer mixing, the surface stress anisotropy
anisotropy. We describe how the surface stress and thgould not be reversed by Ge deposition if the surface
surface structure evolve as the Ge coverage increases. Byaintained & X 1 reconstruction.
comparing the calculated surface structures and their sur- Using now the empirical potential, we investigated
face stress anisotropies to the experiment, we infer thhow the surface stress anisotropy is affected2by N
most probable Ge stoichiometry profile in the near-surfaceeconstruction, caused by the ordering of dimer vacancies
region. [3,5]. In creating the dimer vacancy, the more stable
In calculating the properties of teX N reconstructed rebounded structure [4,21] was used. In Fig. 1 we plot
surfaces, we opted to use the empirical Tersoff potenthe surface energy for the X N reconstructed surface as
tial [19], as it is still prohibitive to carry out a series of a function of N for Ge coverages of 1, 1.5, and 2 ML.
first-principles calculations for a structure this complex.At 1 ML coverage, the Ge adatoms form the surface layer
To test the validity of this empirical potential for our ap- because the dangling-bond energy of Ge is much lower
plication, we first calculated surface energies and surfacthan that of Si [8,14]. For coverages above 1 ML, we
stress tensors for the X 1 structure of clean Si(001) and consider two extreme cases: one at the thermodynamic
Si(001) covered by 1 and 2 ML of Ge, using both thelimit, the other at the kinetic limit.
first-principles pseudopotential total-energy method and At typical growth and annealing temperatures of 500—
the empirical potential, recognizing that thex 1 struc-  700°C, the effect of bulk diffusion is negligible [7]. The
ture does not represent reality for this system. The detail&e adatoms, however, may still be able to segregate into
of the calculations will be published elsewhere [20]. the subsurface region through surface diffusion, which
To describe the surface stress tensor, we setxthe may be enhanced by the surface dimerization induced
direction along the dimer bond and thedirection along nonuniform stress field distribution in the subsurface
the dimer row. A positive stress tensor defines tensileegion [22,23]. In Fig. 2 we draw a schematic side view
stress. In Table | we compare the results from the twaliagram of the X 1 structure at 1 ML Ge coverage and
different potentials The quantitative agreement betweemark the calculated atomic displacements (left half) and
the two methods is rather good for surface energies, but legsffective atomic stresses (right half). The surface dimer
satisfactory for absolute values of surface stress tensoexperiences a very small tensile stress. The second layer
and anisotropies. Nevertheless and most importantly, this under large compression. In the third and fourth layers,
empirical potential predicts the quantitatively correct trencthe sites beneath the surface dimers are under compressive
of change in all three stress quantities as a function o$tress and the sites between the surface dimers are under
Ge coverage. Both calculations show the surface stredensile stress. Below the fourth layer, there is virtually no
changes toward compression in both ¥rendy directions  stress. Because Si is smaller than Ge, lattice sites under
upon Ge deposition, reflecting the buildup of stress in theompression favor Si occupancy and lattice sites under
deposited film due to lattice mismatch. But the surfaceension favor Ge. We therefore assume, as a reasonable
stress anisotropy remains essentially constant. At 2 Mlthermodynamic limit, that for 1.5 ML coverage half a
coverage, we also considered the possibility of/&e monolayer of Ge occupies the fourth-layer tensile sites
interlayer mixing, allowing the second layer of Ge towith 1 ML on the surface; for 2 ML coverage a half
segregate to the energetically more favorable sites in thaonolayer each of Ge occupies both third- and fourth-
third and fourth layers (see discussion below). The surfackyer tensile sites. At finite temperature entropy requires
energy is indeed reduced, but the surface stress anisotropgme Ge to occupy the unfavorable sites, but we find that
does not change noticeably. Therefongth or without the results are insensitive to this effect after testing several

TABLE I. Surface energie$y), stress tensor&r), and stress anisotropieB)(of 2 X 1 Ge-
covered Si(001) calculated from the first-principles and the empirical (values in parentheses)
potentials. A negative sign indicates compression. The last row takes into account possible
Ge/Si interlayer mixing (see text for details).

Coverage v (eV/A?) o (eV/A?) a,, (eV/A?) F (eV/A?)
0 0.0995 0.073 —0.129 0.202
(0.0926) (0.032) (—0.078) (0.110)

1ML 0.0963 0.072 —0.155 0.227
(0.0848) (0.019) (—0.092) (0.110)

2 ML 0.1009 0.024 —0.166 0.190
(0.0909) (—0.008) (—0.143) (0.135)

2 ML(s) 0.948 0.018 ~0.185 0.203
(0.0860) (—0.029) (—0.143) (0.114)
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FIG. 2. Schematic side view of X 1 surface, projected

to (110) plane. Solid circles are surface Ge atoms. Open
circles are Si atoms. Arrows mark the direction of atomic
displacements. Numbers on the left-hand side of the figure
label the atomic displacements from their ideal bulk positions
in A, Numbers on the right-hand side of the figure are
atomic-level stresses. The results are obtained using the
empirical potential. The optimal structure agrees well with the
present and a previousb initio study [J. Cho and M. Kang,
Phys. Rev. B49, 13670 (1994)].
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) . able to reach the thermodynamic ground state. Without
oot o ot e leed b o s [TEYer mixing (sl nes i Fg. 1), the periodiciotf
(solid circles), 1.5 ML (s)(/)Iid and open squares), and 2 ML radually decreases with increasing Ge coverage, indicat-
(solid and open triangles) coverages, respectively. Solid (né"d that more and more dimer vacancies are formed to re-
interlayer mixing) and dashed curves (with interlayer mixing) lease the increasing lattice-mismatch-induced compressive
are spline fits to the data. Horizontal lines mark the< 1 stress along dimer rows, consistent with both low energy
surface energies for each individual surface. electron diffraction (LEED) [3] and STM [9] observations.

The calculated optimall values are 14, 8, and 6 at cover-

ages of 1, 1.5 and 2 ML, respectively, which agrees rea-
different occupational configurations. As a kinetic limit, sonably well with the experimental value of 12 at 0.9 ML,
we assume no G&i interlayer mixing. All the deposited 10at1.6 ML, and 8 at2.3 ML (LEED) [3]or 11 at 0.8 ML
Ge adatoms are simply placed in the outer layers, for aldnd 9 at 1.6 ML (STM) [9]. Moreover, the potential well
coverages above 1 ML. around the optimal periodicity becomes deeper and nar-

The optimal2 X N reconstructions (the lowest-energy rower at the larger coverages, suggesting that the statisti-

point) at the three coverages we considered are all moreal distribution ofN will become narrower with increasing
stable than the correspondifgx 1 structures (horizontal coverage, as shown by STM [9]. The good agreement be-
lines in Fig. 1). The deposited films allowing interlayer tween experiment and the results at the kinetic limit sug-
mixing (the thermodynamic limit, dashed lines in Fig. 1) asgest that surface morphology is dominated by kinetics, at
expected have lower surface energy than the correspondingast for Ge coverages above 1 ML.
ones without interlayer mixing (solid lines). For the ther- The calculations of stress anisotropy confirm this con-
modynamic limit, the optimal value & is independent of clusion. We calculated surface stress anisotropies for the
Ge coverage and remains in the vicinity of 14 with a verysurface structures having the optimal valuéNdds a func-
shallow well. Obviously Ge segregation lowers the surfacdion of Ge coverage. The results are compared to the ex-
energy by occupying the favorable atomic sites to releasperiment [13] in Fig. 3. In the thermodynamic limit, in
surface stress. The relaxation of the stress in turn reducesldition to the formation of dimer vacancies, the stress
the concentration of dimer vacancies, leading to surfacéeld in the surface region is relaxed by interlayer mix-
structures with unchanged (and large) valuedNddt dif- ing as the Ge coverage increases. As a result, the con-
ferent coverages. Experiments [3,9], however, indicate aentration of dimer vacancies does not increase with Ge
changingN with Ge coverage, suggesting that the ther-coverage. The calculated surface stress anisotropy never
modynamic limit is an incorrect assumption. We there-changes sign, in disagreement with experiment. Without
fore infer that the G£Si interlayer mixing is suppressed interlayer mixing, the theory shows that as the Ge cov-
by a large kinetic barrier. The films grown at the experi-erage increases, the surface stress anisotropy decreases
mental temperature (500—700) [13] are apparently un- and reverses in sign at about 1.1 ML, in good agreement
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and stress tensors routinely observed in experiment cor-

0.10 o w/oMix respond to surfaces with minimal @®i interlayer mix-
A With Mix ing; the resultant film is not in the thermodynamic ground
o Expt. state. For 2 ML coverage of Ge less then one-fourth of
0.05+ a layer can be mixed into the Si substrate. The small
> amount of intermixing suggests that barriers to interdif-

fusion are sufficiently high even with the added driving
force of stress to prevent reaching the thermodynamic
ground state at typical molecular beam epitaxy process-
-0.05- ing conditions.
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FIG. 3. Surface stress anisotropy as a function of Ge cover-
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