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Strain dependence of adatom binding energies and diffusion barriers in homo- and heteroepitaxies of Si and
Ge on(00Y) surface has been studied using first-principles calculations. In general, Si adatom binding energies
and diffusion barriers are larger on(@01) and G&€001) 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 bdt0%3i and G€001). 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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[. INTRODUCTION a complete set of first-principles values of adatom binding
o . . energies and diffusion barriers, as well as their strain depen-
The epitaxial growth of elemental semiconductsand dence for homo- and heteroepitaxial growth 0f08L) and

Ge) is of c0n3|der_able scientific and techno_loglcal S|gn|f|- Ge(00]) surfaces, we present here comprehensive first-
cance, because Si and Ge are base materials used in elec-

; . ; finciples calculations of the strain dependence of adatom
tronic devices and serve also as ideal model systems fqr

studying semiconductor surfaces and growth. Misfit strain is delr;(goce);)erglej an d|ﬁlg(£gnbarn?rs for (|3e o(OSil)i Si
inherently present in heteroepitaxial growth of SiGe thin°" , and € on surtaces. in generai, our

films due to the 4.2% lattice mismatch between the two mapalculatipns.show that the surface binding energies of a Si
terials. Consequently, the effect of strain on growth of SiGeadatom. is higher than those of a Ge adatom, and both ada-
films has been extensively studied, both experimentally andP™s Pind more strongly to 8101) than to G€001). The
theoretically-2 So far, a majority of studies have been de-diffusion barriers of Si and Ge adatoms ori(8il) are sig-
voted to the strain effect on surface and growth thermodyhificantly higher than those on @©1), and the diffusion
namics, in particular for the growth of SiGe film on 4®)1) barriers for a Si adatom are higher than those for a Qe ada-
substraté;? while less attention has been paid to the strainfo™ on the same type of surface. These results are in good

effect on growth kinetics, with limited theoretical studies on2dreement with the common intuition of decreasing bond
the effect of strain on surface diffusion for Si and Ge Strength from Si-Si to Si-Ge and to a Ge-Ge bond, and they

systems:5 agree with available experimental d&t8 The surface diffu-

Previously, we have carried out first-principles calcula-Sion anisotropy_ in all the systems studied i_s co_mparab!e. Fur-
tions to investigate the effect of strain on surface self-thermore, the linear dependence of the diffusion barriers on

diffusion on S{001). We showed that the effect of strain on the external strain is reproduced in all the cases. To deter-
surface diffusion isinherently correlated with the intrinsic Mine the range of validity of such linearity, calculations are

surface stress induced by the adatom along its diffusion pattgXt€nded to larger strain to see where the linearity breaks
ways. The diffusion barrier depends linearly on the externafloWn- Surprisingly, the linear dependence is found to sustain
strain. Furthermore, we proposed a simple generic method {P t© rather large strain in some cases. Strain is found to
predict quantitatively the change of surface diffusion under 4'ave @ much smaller influence on the saddle-point energy
given external strain by first-principles calculations of th@n on the minimum-pointoinding) energy.
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 S{001) and G¢001) surfaces’ The dependence of the  All the calculations are carried out using the ultrasoft
diffusion barrier on external strain from their calculations for pseudopotential total-energy method within the local-density
a Ge adatom on 8101 and G&001) is noticeably less linear approximation(LDA), following the procedure used in our
than what we found for a Si adatom on(®1).3 previous studie$.To ensure a consistent set of convergence
To further confirm the physicdlinear) dependence of the criteria for systems containing both Si and Ge, the Kohn-
surface diffusion barrier on external strain that we discovereéham orbitals are expanded in plane waves with an energy
earlier for Si self-diffusion on $001) (Ref. 3) and to provide cutoff of 11 Ry. We use a supercell consisting of a ten-
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TABLE |. Adsorption energies in eV for Si and Ge adatoms at
(local) minimum sites on $001) and G&001) surfaces, relative to
the absolute minimunM site.

Site Si/S{001)? Ge/S{001) Si/G€001) Ge/G&001)

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

&/alues are taken from Ref. 3.

freedom of all the atomgincluding the adatom starting
from the nearby minimum grid poini.e., the grid point at
which the adatom binding energy is the lowest locallhe
saddle pointithe transition statebetween any two minima
and hence the diffusion barrier are then identified using the
x nudged elastic bandNEB) method®

FIG. 1. Top view of the §001) or GE001) —p(2X 2) 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 atom&l and L denote the upper and A Adatom binding and diffusion on unstrained surfaces
lower atoms, respectively, in the buckled surface dimers. The labels . .
indicate the approximate positions of minimum sigd%s H, Q, and As expected, the resulting PES's for Si/(Gel),
P) and saddle pointF, C, A, D, andB). The arrowed dashed lines G€/S(001), and Ge/GE01) systems exhibit qualitatively
indicate different pathway$?1(MFHCHFM), along the top of the ~ Similar features to that of a Si adatom ori@i1). There exist
dimer rows;P2(MBQBM), along the edge of the trough between four minimum sitegM, H, Q, andP) and five saddle points
the dimer rows; and®3(MAPDQBM), perpendicular to the dimer (F, C, B, A, and D), as indicated in Fig. 1. The absolute
rows. minimum is located at th&/ site. The binding energies are

-5.24 eV for Si/Si001), -4.81eV for Ge/S0D01),

atomic-layer slab with (8 V8)R45° unit cell in lateral  —4.94 eV for Si/G€001), and -4.47 eV for Ge/GE01), re-
directions(eight atoms per laygrand a seven-atomic-layer Spectively. The relative energies of other local minitdaQ,
vacuum to model the 8)01) and G&001) surfaces. The at- and P, with respect toM, are listed in Table I. It must be
oms in the surface layer form g(2x 2) reconstruction, as n_oted that the_ LDA methods are known to overe_stimate the
shown in Fig. 1. A SiGe) adatom is placed on both the top binding energies and the'results ha\(e a systematic error. The
and bottom surfaces of the slab to retain the inversion symdéneral trend, however, is more reliable. We found that the
metry of the supercell. Coordinates of all the atoms are opPinding energies of a Si adatom is higher than those of a Ge
timized during the structural relaxation, except the two in-2datom on the same surface, and both adatoms bind more
nermost layers that are kept fixed. The potential-energgtrongly to S{001) than to G€001). The binding energy of a
surface(PES of the adatom on the unstrained and strained>! adatom on G@01) is about the same as that of a Ge
surfaces is mapped out by conjugate gradient minimizationadatom on §D01). These findings follow the common intu-
up to a precision of 1@ eV in total-energy difference and ition of decreasing bond strength from Si-Si to Si-Ge and to
with forces on the remaining atoms converged to 0.01 eV/Aa Ge-Ge bond. In fact, our calculated ratio of adatom binding
The unstrained $901) and G&001) surfaces correspond to energies of Si/$D01) to Ge/G&001) and of Ge/Si002) [or
the calculated bulk lattice constant of 5.39 A and 5.63 A Si/Ge(001] to Ge/G&001) is 1.17 and 1.08or 1.13), re-
respectively. Two speciad points are used for the Brillouin- spectively, which are in good quantitative agreement with the
zone sampling. Tests have been done to make sure that &#tio of experimental cohesive energies of Si to Ge and of
the results are converged with respect to energy cutoff, sysSiGe (average of the twpto Ge, which is 1.20 and 1.10,
tem size, ank-points sampling. respectively! The same trend was also obtained by #ae

A common practice, when addressing adatom diffusion, igising the embedded-atom potential.
to map out the PES via placing an adatom laterally over a set The complex PES's lead to multiple diffusion pathways.
of equidistant grid points. At each point, tzecoordinate of ~For each combination of the system, we particularly find two
the adatom is optimized along with the full coordinates of allpossible low-barrier paths for diffusions parallel to the dimer
other atoms. To accurately locate all the minima and saddleows, PLMFHCHFM) andP2(MBQBM), and one possible
points in the complex PES and hence accurately determingath perpendicular to the dimer ronB3(MAPDQBM). Al-
the diffusion barriers for different diffusion pathways, the though the binding sites, adsorption geometries, and diffu-
exact location and energy of(kbbcal) minimum site are sub- sion pathways of Si and Ge adatoms on the reconstructed
sequently determined by fully relaxing all the degrees ofSi(001) and G&€001) surfaces resemble each other, the ener-

IlI. RESULTS AND DISCUSSION
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TABLE II. Diffussion barriers(Eg) and AAay, (AAay,) for Si and Ge adatom diffusion on unstrained
Si(001) and G&001).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/Si(002) Ge/S{001) Si/Ge001) Ge/G€001)
E 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
AAG, P1 0.94 0.76(0.80) —0.95(—0.9) —0.48(—0.44
P2 2.43 2.032.33 2.51(2.29 1.35( 1.42)
P3 3.32 2.392.43 -0.20(—0.16 1.81(1.89
AAay, P1 -6.23 —5.30(—5.49 —7.14(—6.80 —5.67(—5.55
P2 -0.15 —0.30(—0.20 -0.64(—0.72 -0.87(-0.79
P3 ~6.60 —6.37(—6.34 -8.64(—8.73 —5.58(—5.41)

a/alues are taken from Ref. 3.

getics and diffusion dynamics are quantitatively different dueagreement with the theoretiédband experimentaf result of

to the chemical difference of Si and Ge. In Table Il, we0.62 eV, while Walleet al. have obtained a lower diffusion
present the calculated diffusion barriers for a Ge adatom obarrier of 0.45 e\(Fig. 3 in Ref. 4. It is worth mentioning
unstrained §001) and a Si(Ge) adatom on unstrained that different starting configurations of(4x2) and
Ge(001). For comparison, previously reported values forp(2x 2) reconstruction have been used in Ref. 4 and the
Si/Si(001) (Ref. 3 are included. present work, respectively. As has been discussed eHrlier,

~ From our calculations, we make the following observa-the diffusion barriers might be sensitive to the local tilting of
tions. (1) In all three systems, i.e., GeA801), Si/Ge&001),  gimers.(5) Finally, we observe that when a 85¢) adatom
and Ge/G#)01), the adatom diffusion is anisotropic, with jiffuses into the dimer bridge Sit€ site in Fig. 3, it spon-
the fast diffusion direction being along the dimer row, thetaneously opens the otherwise closed dimers oGk,
same as in the case of Si adatom diffusion 0(—0@1)_3,6,-13 which is necessary for a new layer to fotfBut in contrast,
The differences of barriers between p&th (P2) andP3 in  the presence of an adatom directly above the surface dimer

each of the systems are all at 0.55 eV or so, and the overayny S{(001) does not lead to the dimer openihiéf
anisotropy is thus comparable with each otfegbout three

orders of magnitude at room temperajur&hese are in
good agreement with previous calculatib'* and B. Adatom binding and diffusion on strained surfaces
experiment$® (2) The microscopic details of the adatom
motion along the dimer row on @@01), however, turn out
to be somewhat different from that on(801). The Si(Ge)

To investigate how strain affects adatom binding and sur-
face diffusion, the changes of binding energy and diffusion
ri)lera:rrier are examined under different strain conditions for Si
. : d Ge surfaces. We have applied compressive and tensile
trough edge between th_e dimer .rO\(\BZ) on G_e(OO:_L), n strain up to 2%, uniaxially or biaxiallye,;, to the adatom-
contrast with the behavior on ®01), where diffusion is adsorbed p(2x2) Si(00) and G001 surfaces. The
predpmlnantly over the top of the .dlmer o). For uniaxial strain is applied in the direction either along the
Si/Si(00) and Ge/SﬁQOl), the barriers ofP1 andP2 are ¢ rface dimer bonde,, or perpendicular,e,, On every
nearly degenerate, witR1 slightly lower thanP2, whereas  gyrained surface, diffusion barriers are again determined by
for Si/Gg001) and Ge/G#&01), the barriers ofP1 andP2 energy minimization and by the NEB meth#Y.
differ substantially, withP2 much lower thanP1. (3) The Figure 2 shows the calculated binding energies for an ada-
diffusion barriers on G@01) are significantly lower than on  {om at the global minimum sit¥ as a function of external
Si(001), and Ge adatom diffusion has slightly lower barriersstrain. The tensile stress is positive. It is interesting to note
than Si adatom diffusion on the same surfaces, again reflecthat there is a linear dependence between the binding energy
ing the lower cohesive energy of Ge as compared to Si. Ousind external strain, the same as the behavior of molecular
calculated diffusion barriers of 0.65 efRef. 3 for Si on  adsorption energy on a strained metal surficehe linear
Si(001) and 0.37 eV for Ge on G801 agree well with  dependence can be understood within the scheme of linear
available experiments, which are, respectively, 0.67 eV foklastic theory. The binding energy with external strafif
Si on S{001) (Ref. 6 and 0.47+0.12 eV for Ge on can be written ag,4=E2+Ace™, whereE2,is the binding
Ge(001),° and with previous calculatior’$.Furthermore, we  energy on an unstrained surfadeis the surface area, and
note that the same qualitative trend has also been observégithe surface stress tensor induced by the ad&fouali-
experimentally for addimer diffusio?:16(4) For Ge adatom tatively, adatom binding energy depends linearly on external
diffusion on S{001), the diffusion barrier along the top of strain; quantitatively, it depends on the magnitude of the sur-
the dimer rows is estimated to be 0.617 eV, in excellenface stress that the adatom induces at the adsorption site. It is

155320-3



HUANG, LIU, AND GONG PHYSICAL REVIEW B 70, 155320(2004)

Ll 1 1 v T T T
478F ~ { _ () GerSi(001) y PISE AN ©uliz
~_ -
-4.80% _ —_— _\_\ — - - % L P NP3 DM
- P o = 1f . 11
482 ~a=" S~ = \Q\
— 4848 T S~ E [ e C e C ®
o L L 1 3 £ o8} — Mota O Additve Jog
= (b) Si/Ge(001) - 2 p, " Moddl
-4.92 -7 4 = 1~
£ -t =] o prCM
2 —— - - z 0.6+ —e—q__3 LM 0.6
L:D -4.95 _ *:;;h ——e—__3 ;E | o | ‘0\
£ e °
< -a.98L ~ - | | | E 04 ,)’pZ:M/-r- YR Stad ’lg:‘B-M ?0-4
E [ L 1 L I 1 I L 1 L
c) Ge/Ge(001 - 002 0 002 0 002 0 002
-4.46 (€ ( ’) - External Strain (c)
_—— - - R
-4.48 Py et e 4 . e . .
-——FF —-—— FIG. 4. Same as Fig. 3 for the diffusion barriers of a Si adatom
450 -~ . on a G&001) surface.
1 1 1
-0.02 -0.01 .01 .02 . I . . . . .
0.0 °%Xte,.na,°8train (2)° 00 Figs. 3-5 have several significant implications. First, the dif-

fusion barriers show the same trend as binding energies scal-
FIG. 2. Strain dependence of the binding energies for a Gdng linearly with the external strain in all the cases. They
adatom on $D01) and a Si(Ge) adatom on G@O01) at the absolute  support that ara priori quantitative prediction of the effect
minimum siteM. Circles: uniaxial strain along the dimer rows,; of external strain on surface diffusion can be achieved by the
squares: uniaxial strain perpendicular to dimer rogs, triangle:  linear approximation as proposed before for the SUGL)
biaxial strain,e,;. Dashed lines represent the best linear fits. system® The diffusion barrier is thus given b)EbZEg
+AAce™ 2 whereAo is the difference of the intrinsic sur-
rather substantial in all the systems we studied, here up ttace stress induced by the adatom at the saddle and minimum
~0.05 eV for a £2% strain. A compressiyer tensilg strain ~ point. As shown in Figs. 3-5, the theoretical predictions us-
may either increase or decrease the adatom binding to thag the values 01Eg and Ao obtained from the unstrained
substrate, as reflected by the opposite effectg,ofersuse,, ~ surface calculationgsolid straight linesare all in excellent
in Fig. 2. If an adatom induces a tensile surface stress, thagreement with the results obtained from a large amount of
binding energy increases with increasing external strain; thetrained surface calculatioriglata points of solid circlgs
reverse is true if it induces a compressive surface stress. Second, the effect of strain on diffusion is quantitatively
The dependence of the diffusion barriers along the pathather significant in all these systems. A 2% str@ompres-
P1, P2, and P3 on external strain ok,,, €,, and €, is  sive or tensil¢ can change the diffusion barrier as large as
plotted, respectively, in Fig. 3 for the Ge(801) system. 170 meV|see, e.g., the change of the barrier for pagby
Figures 4 and 5 show the same results for Si0B& and €, in Fig. 4b)], which translates to an increase or decrease
Ge/G¢001) systems, respectively. The features exhibited inof diffusion rate by more than a few times at the typical
growth temperature of 500°C. Third, the effect of a given

14 e rven I external strain is highly pathway- and system-dependent. The
! o) strength and sign of the dependence are determingiloy
ST L | _'”_*‘\m..n.m dia which are listed in Table II. Fourth, the effect of strain is
2 / ‘~o\0 additive. Figures &), 4(c), and %c), show clearly that the
o . c diffusion barriers under biaxial strai(solid circley agree
g [ & Cokulated @ Caloulated = ) |1 very well with the additions of the effects of uniaxial strains
g | 1 1 === Model ]
£ osf 4+ 4+ Jos Y '
é | (‘/PZ;B/.A‘/ P2: B-M rrENg P | 1+ (@) Fu © i |
e [ A 3 i _ P3:D-M ®. P3:D-M
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FIG. 3. The diffusion barriers of different pathwayB1, P2, 5 N
and P3) for Ge on S{001) as a function of the externally applied é PLCM [ PLCMS § ]
stra?n.(a) Uniqxial strain_along the dimer TOWSy; (b uqiaxial = 0_4’_’"/ 6_._‘\_30_4
strain perpendicular to dimer rows,,, and (c) biaxial strain, ;. " rsm || P2 |
Solid circles are the calculated diffusion barriers on strained sur- M- M M-
faces. The straight lines are predictions, usiig-Eg+Age™, 0020 'oéﬁiernalostmin'(oe')oz o o2

whereEQ and A¢ are calculated from the unstrained surfaces with

the adatom at the minimum and saddle points. The open circles and FIG. 5. Same as Fig. 3 for the diffusion barriers of a Ge adatom
dashed lines iric) are obtained by adding the results(af and(b). on a Gé00)) surface.
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A0 T T T has a much smaller influence on the saddle-point enggy
i than on the minimum-point enerd¥,,), in agreement with
4.2 1 earlier predictions for metal surfac&?3In 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 stra{mniaxial versus biaxialap-
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
s0F ., , N may exceed 4%.
-0.08 -0.04 0 0.04 008

External Strain (€) IV. SUMMARY

Binding Energy (eV)

FIG. 6. Strain dependence of the binding energies of a Ge ada- [N summary we have carried out a comprehensive system-
tom at the minimum sit&,, and saddle pointB) Eg on S{001), atic first-principles study of the strain dependence of adatom
respectively, with the external strain exerted perpendicular to th&inding and diffusion for Ge/$001), Si/Ge&001), and
dimer rows. Lines have been drawn to connect data points foGe/G&001) systems. In general, our calculations show that
clarity. the binding energies of a Si adatom are higher than those of
a Ge adatom and both adatoms bind more strongly(@0%)

(open circles The additive property of the strain effects al- P . ;
lows us to achieve the full control of surface diffusion by than to G€001). The diffusion barriers of Si and Ge adatoms

applying and manipulating only the uniaxial strain, which @ S1001) are significantly higher than those on (@6J),
might be easier to engineer experimentally. Finally, thend diffusion barriers for a Si adatom are higher than those
surface-diffusion anisotropy on both (801 and G¢ool  for a Ge adatom on the same type of su_rfa(_:e_. These results
can be enhanced because of the strain-induced change & in good agreement with the common intuition of decreas-
diffusion pathways. ing bond strength _from $|—S| to $|-Ge and to a Ge-Ge ponq.
One can expect that the linear approximation is applicablérhe surface diffusion anisotropy in all the systems stud|eq is
as long as the multiatomic distortions involved in the diffu- comparable. Furthermore, the linear dependence of the bind-
sion processes remain within the linear regime. It is imporiNg energies and diffusion barriers on the external strain is
tant to determine the range of linearity, because it must faiféProduced in all the cases, giving strong evidence &or
beyond a critical large strain limit. Higher-order termsen  Priori quantitative prediction of the effect of external strain
must then be included to adequately describe the diffusio@n surface binding and diffusion. The linear dependence is
barrier. We have done some calculations to extend the straf®und to sustain theoretically up to rather large strain in some
to a much larger amount to determine where the linearitycases. Strain is found to have a much smaller influence on
breaks down. Consider the fact that the linear dependence §t€ saddle-point energy than on the minimum-pditding)
the diffusion barrier on strain results from the strain depen€nergy. These results, together with our earlier study on the
dence of adatom adsorption energies at both the minimuri?i/ S(001) system; provide a complete set of first-principles
and the saddle points. We show in Fig. 6 the variation of thevalues of adatom binding energies and diffusion barriers as
adsorption energy of a Ge adatom or0Bil) at the mini-  Well as their strain dependence for homo- and heteroepitaxial
mum siteE,, together with that at the saddle poiif) Esas ~ 9rowth on S{001) and G¢001) surfaces.
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- L.H. thanks X. Ge and M. Ji for helpful discussions and
cally much sooner at the saddle pojat ~5% strain than at ~ X. Wang for a critical reading of the manuscript. The work is
the minimum sitg(sustaining up to as large as8% strair).  supported by the National Natural Science Foundation of
This indicates that a significant change in the multiatomicChina, the special funds for major state basic research
configurations involved in the adatom adsorption at theproject, and CAS projects. The work of F.L. is supported by
saddle point occurs at5% strain. Quantitatively, the strain the DOE and the NSF.
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