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Strain dependence of adatom binding energies and diffusion barriers in homo- and heteroepitaxies of Si and
Ge ons001d surface has been studied using first-principles calculations. In general, Si adatom binding energies
and diffusion barriers are larger on Sis001d and Ges001d surfaces than a Ge adatom, in accordance with
decreasing bond strength from Si-Si to Si-Ge and to a Ge-Ge bond. The overall surface diffusion anisotropy of
Si and Ge adatoms is found to be comparable on both Sis001d and Ges001d. The essentially linear dependence
of binding energies and diffusion barriers on external strain is reproduced in all the cases, giving strong
evidence fora priori quantitative prediction of the effect of external strain on adatom binding and surface
diffusion.
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I. INTRODUCTION

The epitaxial growth of elemental semiconductors(Si and
Ge) is of considerable scientific and technological signifi-
cance, because Si and Ge are base materials used in elec-
tronic devices and serve also as ideal model systems for
studying semiconductor surfaces and growth. Misfit strain is
inherently present in heteroepitaxial growth of SiGe thin
films due to the 4.2% lattice mismatch between the two ma-
terials. Consequently, the effect of strain on growth of SiGe
films has been extensively studied, both experimentally and
theoretically.1,2 So far, a majority of studies have been de-
voted to the strain effect on surface and growth thermody-
namics, in particular for the growth of SiGe film on a Sis001d
substrate,1,2 while less attention has been paid to the strain
effect on growth kinetics, with limited theoretical studies on
the effect of strain on surface diffusion for Si and Ge
systems.3–5

Previously, we have carried out first-principles calcula-
tions to investigate the effect of strain on surface self-
diffusion on Sis001d. We showed that the effect of strain on
surface diffusion isinherently correlated with the intrinsic
surface stress induced by the adatom along its diffusion path-
ways. The diffusion barrier depends linearly on the external
strain. Furthermore, we proposed a simple generic method to
predict quantitatively the change of surface diffusion under a
given external strain by first-principles calculations of
adatom-induced surface stress on an unstrained surface. Re-
cently, Walleet al. have carried out first-principles calcula-
tions to study the effect of strain on diffusion of a Ge adatom
on Sis001d and Ges001d surfaces.4 The dependence of the
diffusion barrier on external strain from their calculations for
a Ge adatom on Sis001d and Ges001d is noticeably less linear
than what we found for a Si adatom on Sis001d.3

To further confirm the physical(linear) dependence of the
surface diffusion barrier on external strain that we discovered
earlier for Si self-diffusion on Sis001d (Ref. 3) and to provide

a complete set of first-principles values of adatom binding
energies and diffusion barriers, as well as their strain depen-
dence for homo- and heteroepitaxial growth on Sis001d and
Ges001d surfaces, we present here comprehensive first-
principles calculations of the strain dependence of adatom
binding energies and diffusion barriers for Ge on Sis001d, Si
on Ges001d, and Ge on Ges001d surfaces. In general, our
calculations show that the surface binding energies of a Si
adatom is higher than those of a Ge adatom, and both ada-
toms bind more strongly to Sis001d than to Ges001d. The
diffusion barriers of Si and Ge adatoms on Sis001d are sig-
nificantly higher than those on Ges001d, and the diffusion
barriers for a Si adatom are higher than those for a Ge ada-
tom on the same type of surface. These results are in good
agreement with the common intuition of decreasing bond
strength from Si-Si to Si-Ge and to a Ge-Ge bond, and they
agree with available experimental data.6–9 The surface diffu-
sion anisotropy in all the systems studied is comparable. Fur-
thermore, the linear dependence of the diffusion barriers on
the external strain is reproduced in all the cases. To deter-
mine the range of validity of such linearity, calculations are
extended to larger strain to see where the linearity breaks
down. Surprisingly, the linear dependence is found to sustain
up to rather large strain in some cases. Strain is found to
have a much smaller influence on the saddle-point energy
than on the minimum-point(binding) energy.

II. COMPUTATIONAL DETAILS

All the calculations are carried out using the ultrasoft
pseudopotential total-energy method within the local-density
approximation(LDA ), following the procedure used in our
previous studies.3 To ensure a consistent set of convergence
criteria for systems containing both Si and Ge, the Kohn-
Sham orbitals are expanded in plane waves with an energy
cutoff of 11 Ry. We use a supercell consisting of a ten-
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atomic-layer slab with apsÎ83Î8dR45° unit cell in lateral
directions(eight atoms per layer) and a seven-atomic-layer
vacuum to model the Sis001d and Ges001d surfaces. The at-
oms in the surface layer form aps232d reconstruction, as
shown in Fig. 1. A SisGed adatom is placed on both the top
and bottom surfaces of the slab to retain the inversion sym-
metry of the supercell. Coordinates of all the atoms are op-
timized during the structural relaxation, except the two in-
nermost layers that are kept fixed. The potential-energy
surface(PES) of the adatom on the unstrained and strained
surfaces is mapped out by conjugate gradient minimization,
up to a precision of 10−4 eV in total-energy difference and
with forces on the remaining atoms converged to 0.01 eV/Å.
The unstrained Sis001d and Ges001d surfaces correspond to
the calculated bulk lattice constant of 5.39 Å and 5.63 Å,
respectively. Two specialK points are used for the Brillouin-
zone sampling. Tests have been done to make sure that all
the results are converged with respect to energy cutoff, sys-
tem size, andk-points sampling.

A common practice, when addressing adatom diffusion, is
to map out the PES via placing an adatom laterally over a set
of equidistant grid points. At each point, thez coordinate of
the adatom is optimized along with the full coordinates of all
other atoms. To accurately locate all the minima and saddle
points in the complex PES and hence accurately determine
the diffusion barriers for different diffusion pathways, the
exact location and energy of a(local) minimum site are sub-
sequently determined by fully relaxing all the degrees of

freedom of all the atoms(including the adatom), starting
from the nearby minimum grid point(i.e., the grid point at
which the adatom binding energy is the lowest locally). The
saddle point(the transition state) between any two minima
and hence the diffusion barrier are then identified using the
nudged elastic band(NEB) method.10

III. RESULTS AND DISCUSSION

A. Adatom binding and diffusion on unstrained surfaces

As expected, the resulting PES’s for Si/Ges001d,
Ge/Sis001d, and Ge/Ges001d systems exhibit qualitatively
similar features to that of a Si adatom on Sis001d. There exist
four minimum sites(M, H, Q, andP) and five saddle points
(F, C, B, A, and D), as indicated in Fig. 1. The absolute
minimum is located at theM site. The binding energies are
−5.24 eV for Si/Sis001d, −4.81 eV for Ge/Sis001d,
−4.94 eV for Si/Ges001d, and −4.47 eV for Ge/Ges001d, re-
spectively. The relative energies of other local minima,H, Q,
and P, with respect toM, are listed in Table I. It must be
noted that the LDA methods are known to overestimate the
binding energies and the results have a systematic error. The
general trend, however, is more reliable. We found that the
binding energies of a Si adatom is higher than those of a Ge
adatom on the same surface, and both adatoms bind more
strongly to Sis001d than to Ges001d. The binding energy of a
Si adatom on Ges001d is about the same as that of a Ge
adatom on Sis001d. These findings follow the common intu-
ition of decreasing bond strength from Si-Si to Si-Ge and to
a Ge-Ge bond. In fact, our calculated ratio of adatom binding
energies of Si/Sis001d to Ge/Ges001d and of Ge/Sis001d [or
Si/Ges001d] to Ge/Ges001d is 1.17 and 1.08(or 1.11), re-
spectively, which are in good quantitative agreement with the
ratio of experimental cohesive energies of Si to Ge and of
SiGe (average of the two) to Ge, which is 1.20 and 1.10,
respectively.11 The same trend was also obtained by Mae12

using the embedded-atom potential.
The complex PES’s lead to multiple diffusion pathways.

For each combination of the system, we particularly find two
possible low-barrier paths for diffusions parallel to the dimer
rows,P1sMFHCHFMd andP2sMBQBMd, and one possible
path perpendicular to the dimer rows,P3sMAPDQBMd. Al-
though the binding sites, adsorption geometries, and diffu-
sion pathways of Si and Ge adatoms on the reconstructed
Sis001d and Ges001d surfaces resemble each other, the ener-

FIG. 1. Top view of the Sis001d or Ges001d−ps232d surface
unit cell. The solid circles are the first-layer atoms, the larger
shaded circles are the second-layer atoms, and the smaller shaded
circles are the third-layer atoms.U and L denote the upper and
lower atoms, respectively, in the buckled surface dimers. The labels
indicate the approximate positions of minimum sites(M, H, Q, and
P) and saddle points(F, C, A, D, andB). The arrowed dashed lines
indicate different pathways:P1sMFHCHFMd, along the top of the
dimer rows;P2sMBQBMd, along the edge of the trough between
the dimer rows; andP3sMAPDQBMd, perpendicular to the dimer
rows.

TABLE I. Adsorption energies in eV for Si and Ge adatoms at
(local) minimum sites on Sis001d and Ges001d surfaces, relative to
the absolute minimumM site.

Site Si/Sis001da Ge/Sis001d Si/Ges001d Ge/Ges001d

M 0 0 0 0

H 0.25 0.19 0.15 0.14

Q 0.50 0.64 0.28 0.25

P 0.74 0.88 0.55 0.51

aValues are taken from Ref. 3.
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getics and diffusion dynamics are quantitatively different due
to the chemical difference of Si and Ge. In Table II, we
present the calculated diffusion barriers for a Ge adatom on
unstrained Sis001d and a SisGed adatom on unstrained
Ges001d. For comparison, previously reported values for
Si/Sis001d (Ref. 3) are included.

From our calculations, we make the following observa-
tions. (1) In all three systems, i.e., Ge/Sis001d, Si/Ges001d,
and Ge/Ges001d, the adatom diffusion is anisotropic, with
the fast diffusion direction being along the dimer row, the
same as in the case of Si adatom diffusion on Sis001d.3,6,13

The differences of barriers between pathP1 sP2d andP3 in
each of the systems are all at 0.55 eV or so, and the overall
anisotropy is thus comparable with each other(about three
orders of magnitude at room temperature). These are in
good agreement with previous calculations3,13,14 and
experiments.6–9 (2) The microscopic details of the adatom
motion along the dimer row on Ges001d, however, turn out
to be somewhat different from that on Sis001d. The SisGed
adatom seems to have a good chance to diffuse along the
trough edge between the dimer rowssP2d on Ges001d, in
contrast with the behavior on Sis001d, where diffusion is
predominantly over the top of the dimer rowsP1d.3,13 For
Si/Sis001d and Ge/Sis001d, the barriers ofP1 and P2 are
nearly degenerate, withP1 slightly lower thanP2, whereas
for Si/Ges001d and Ge/Ges001d, the barriers ofP1 andP2
differ substantially, withP2 much lower thanP1. (3) The
diffusion barriers on Ges001d are significantly lower than on
Sis001d, and Ge adatom diffusion has slightly lower barriers
than Si adatom diffusion on the same surfaces, again reflect-
ing the lower cohesive energy of Ge as compared to Si. Our
calculated diffusion barriers of 0.65 eV(Ref. 3) for Si on
Sis001d and 0.37 eV for Ge on Ges001d agree well with
available experiments, which are, respectively, 0.67 eV for
Si on Sis001d (Ref. 6) and 0.47±0.12 eV for Ge on
Ges001d,9 and with previous calculations.13 Furthermore, we
note that the same qualitative trend has also been observed
experimentally for addimer diffusion.15,16 (4) For Ge adatom
diffusion on Sis001d, the diffusion barrier along the top of
the dimer rows is estimated to be 0.617 eV, in excellent

agreement with the theoretical14 and experimental7,8 result of
0.62 eV, while Walleet al. have obtained a lower diffusion
barrier of 0.45 eV(Fig. 3 in Ref. 4). It is worth mentioning
that different starting configurations ofcs432d and
ps232d reconstruction have been used in Ref. 4 and the
present work, respectively. As has been discussed earlier,17,18

the diffusion barriers might be sensitive to the local tilting of
dimers.(5) Finally, we observe that when a SisGed adatom
diffuses into the dimer bridge site(C site in Fig. 1), it spon-
taneously opens the otherwise closed dimers on Ges001d,
which is necessary for a new layer to form.19 But in contrast,
the presence of an adatom directly above the surface dimer
on Sis001d does not lead to the dimer opening.3,13

B. Adatom binding and diffusion on strained surfaces

To investigate how strain affects adatom binding and sur-
face diffusion, the changes of binding energy and diffusion
barrier are examined under different strain conditions for Si
and Ge surfaces. We have applied compressive and tensile
strain up to 2%, uniaxially or biaxially,ebi, to the adatom-
adsorbed ps232d Sis001d and Ges001d surfaces. The
uniaxial strain is applied in the direction either along the
surface dimer bond,exx, or perpendicular,eyy. On every
strained surface, diffusion barriers are again determined by
energy minimization and by the NEB method.10

Figure 2 shows the calculated binding energies for an ada-
tom at the global minimum siteM as a function of external
strain. The tensile stress is positive. It is interesting to note
that there is a linear dependence between the binding energy
and external strain, the same as the behavior of molecular
adsorption energy on a strained metal surface.20 The linear
dependence can be understood within the scheme of linear
elastic theory. The binding energy with external straineext

can be written asEad=Ead
0 +Aseext, whereEad

0 is the binding
energy on an unstrained surface,A is the surface area, ands
is the surface stress tensor induced by the adatom.20 Quali-
tatively, adatom binding energy depends linearly on external
strain; quantitatively, it depends on the magnitude of the sur-
face stress that the adatom induces at the adsorption site. It is

TABLE II. Diffussion barrierssEb
0d and ADsxx sADsyyd for Si and Ge adatom diffusion on unstrained

Sis001d and Ges001d.Values in the parentheses are the slopes abtained by linear fits to the calculated points
(Figs. 3–5), which are in accordance with the numbers predicted by the unstrained surface calculations. All
energies are in eV.

Si/Sis001da Ge/Sis001d Si/Ges001d Ge/Ges001d

Eb
0 P1 0.65 0.617 0.591 0.526

P2 0.66 0.709 0.435 0.370

P3 1.19 1.175 1.054 0.899

ADsxx P1 0.94 0.76(0.81) 20.95 (20.91) 20.48 (20.44)

P2 2.43 2.03(2.33) 2.51 ( 2.29) 1.35 ( 1.42)

P3 3.32 2.39(2.43) 20.20 (20.16) 1.81 ( 1.89)

ADsyy P1 26.23 25.30 (25.45) 27.14 (26.80) 25.67 (25.55)

P2 20.15 20.30 (20.20) 20.64 (20.72) 20.87 (20.78)

P3 26.60 26.37 (26.34) 28.64 (28.73) 25.58 (25.41)

aValues are taken from Ref. 3.
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rather substantial in all the systems we studied, here up to
,0.05 eV for a ±2% strain. A compressive(or tensile) strain
may either increase or decrease the adatom binding to the
substrate, as reflected by the opposite effects ofexx versuseyy
in Fig. 2. If an adatom induces a tensile surface stress, the
binding energy increases with increasing external strain; the
reverse is true if it induces a compressive surface stress.

The dependence of the diffusion barriers along the path
P1, P2, and P3 on external strain ofexx, eyy, and ebi is
plotted, respectively, in Fig. 3 for the Ge/Sis001d system.
Figures 4 and 5 show the same results for Si/Ges001d and
Ge/Ges001d systems, respectively. The features exhibited in

Figs. 3–5 have several significant implications. First, the dif-
fusion barriers show the same trend as binding energies scal-
ing linearly with the external strain in all the cases. They
support that ana priori quantitative prediction of the effect
of external strain on surface diffusion can be achieved by the
linear approximation as proposed before for the Si/Sis001d
system.3 The diffusion barrier is thus given byEb=Eb

0

+ADseext,21 whereDs is the difference of the intrinsic sur-
face stress induced by the adatom at the saddle and minimum
point. As shown in Figs. 3–5, the theoretical predictions us-
ing the values ofEb

0 and Ds obtained from the unstrained
surface calculations(solid straight lines) are all in excellent
agreement with the results obtained from a large amount of
strained surface calculations(data points of solid circles).
Second, the effect of strain on diffusion is quantitatively
rather significant in all these systems. A 2% strain(compres-
sive or tensile) can change the diffusion barrier as large as
170 meV[see, e.g., the change of the barrier for pathP3 by
eyy in Fig. 4(b)], which translates to an increase or decrease
of diffusion rate by more than a few times at the typical
growth temperature of 500°C. Third, the effect of a given
external strain is highly pathway- and system-dependent. The
strength and sign of the dependence are determined byADs,
which are listed in Table II. Fourth, the effect of strain is
additive. Figures 3(c), 4(c), and 5(c), show clearly that the
diffusion barriers under biaxial strain(solid circles) agree
very well with the additions of the effects of uniaxial strains

FIG. 2. Strain dependence of the binding energies for a Ge
adatom on Sis001d and a SisGed adatom on Ges001d at the absolute
minimum siteM. Circles: uniaxial strain along the dimer rows,exx;
squares: uniaxial strain perpendicular to dimer rows,eyy; triangle:
biaxial strain,ebi. Dashed lines represent the best linear fits.

FIG. 3. The diffusion barriers of different pathways(P1, P2,
and P3) for Ge on Sis001d as a function of the externally applied
strain. (a) Uniaxial strain along the dimer rows,exx; (b) uniaxial
strain perpendicular to dimer rows,eyy; and (c) biaxial strain,ebi.
Solid circles are the calculated diffusion barriers on strained sur-
faces. The straight lines are predictions, usingEb=Eb

0+Dseext,
whereEb

0 andDs are calculated from the unstrained surfaces with
the adatom at the minimum and saddle points. The open circles and
dashed lines in(c) are obtained by adding the results of(a) and(b).

FIG. 4. Same as Fig. 3 for the diffusion barriers of a Si adatom
on a Ges001d surface.

FIG. 5. Same as Fig. 3 for the diffusion barriers of a Ge adatom
on a Ges001d surface.
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(open circles). The additive property of the strain effects al-
lows us to achieve the full control of surface diffusion by
applying and manipulating only the uniaxial strain, which
might be easier to engineer experimentally. Finally, the
surface-diffusion anisotropy on both Sis001d and Ges001d
can be enhanced because of the strain-induced change of
diffusion pathways.

One can expect that the linear approximation is applicable
as long as the multiatomic distortions involved in the diffu-
sion processes remain within the linear regime. It is impor-
tant to determine the range of linearity, because it must fail
beyond a critical large strain limit. Higher-order terms ine
must then be included to adequately describe the diffusion
barrier. We have done some calculations to extend the strain
to a much larger amount to determine where the linearity
breaks down. Consider the fact that the linear dependence of
the diffusion barrier on strain results from the strain depen-
dence of adatom adsorption energies at both the minimum
and the saddle points. We show in Fig. 6 the variation of the
adsorption energy of a Ge adatom on Sis001d at the mini-
mum siteEM together with that at the saddle pointsBd ES as
a function of the external strain applied perpendicular to the
dimer row. Interestingly, the two behave quite differently.
Particularly in this case, the linearity breaks down theoreti-
cally much sooner at the saddle point(at ,5% strain) than at
the minimum site(sustaining up to as large as,8% strain).
This indicates that a significant change in the multiatomic
configurations involved in the adatom adsorption at the
saddle point occurs at,5% strain. Quantitatively, the strain

has a much smaller influence on the saddle-point energysESd
than on the minimum-point energysEMd, in agreement with
earlier predictions for metal surfaces.22,23 In general, one can
expect that the range of linearity can be valid up to a few
percent of strain. It depends on the system, the diffusion
pathway, and the type of strain(uniaxial versus biaxial) ap-
plied. We note that the maximum misfit strain in heteroepi-
taxial growth of Si and Ge systems is 4%, within the theo-
retical limit of the linear regime, but in the case of Ge island
growth on Si, the compressive strain around the Ge islands
may exceed 4%.

IV. SUMMARY

In summary we have carried out a comprehensive system-
atic first-principles study of the strain dependence of adatom
binding and diffusion for Ge/Sis001d, Si/Ges001d, and
Ge/Ges001d systems. In general, our calculations show that
the binding energies of a Si adatom are higher than those of
a Ge adatom and both adatoms bind more strongly to Sis001d
than to Ges001d. The diffusion barriers of Si and Ge adatoms
on Sis001d are significantly higher than those on Ges001d,
and diffusion barriers for a Si adatom are higher than those
for a Ge adatom on the same type of surface. These results
are in good agreement with the common intuition of decreas-
ing bond strength from Si-Si to Si-Ge and to a Ge-Ge bond.
The surface diffusion anisotropy in all the systems studied is
comparable. Furthermore, the linear dependence of the bind-
ing energies and diffusion barriers on the external strain is
reproduced in all the cases, giving strong evidence fora
priori quantitative prediction of the effect of external strain
on surface binding and diffusion. The linear dependence is
found to sustain theoretically up to rather large strain in some
cases. Strain is found to have a much smaller influence on
the saddle-point energy than on the minimum-point(binding)
energy. These results, together with our earlier study on the
Si/Sis001d system,3 provide a complete set of first-principles
values of adatom binding energies and diffusion barriers as
well as their strain dependence for homo- and heteroepitaxial
growth on Sis001d and Ges001d surfaces.
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