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Ge-Si intermixing at the Ge/S(001) surface
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Ge-Si intermixing at the Ge/&l01) surface is studied for 0.5-ML and 1-ML Ge coverages by using pseudo-
potential density-functional theory. We calculate the total energies of various Ge-Si intermixing configurations
and estimate the possibility of Ge interdiffusion in the thermodynamic regime. We find that, while most of Ge
atoms stay in the surface layer at room temperature, Ge interdiffusion tends to increase with temperature. Our
results not only provide a quantitative understanding of recent experimental observations of high-temperature
Ge interdiffusion at the Ge/&l01) surface, but also demonstrate that there is a strong “site selectivity” of Ge
arising from the dimerized surface reconstruction.

As a prototype of semiconductor heteroepitaxial growth,atoms are distributed over the first to third atomic layers with
Ge on S{001) has been extensively studied because of itsa ratio of 4:3:1 or 4:2:2 for 0.15-ML and 1-ML Ge cover-
importance to electronic and optoelectronic device technolages.
ogy. The growth mode for this epitaxial system is well There have been only a few theoretical studies for the Ge
known to follow a layer-by-layer pattern up to several mono-interdiffusion at Ge/$D01):*~** Using ab initio pseudopo-
layers before the island formation, so-called Stranskitential calculations, Cho, Jeong, and K&htpund that the
Krastanov(SK) growth modet=3 up-atom site of the surface dimers is mostly preferred for Ge

However, there still remains a question on the possibilityatoms. Similar calculations of Jenkins and Srivastava
of the Ge-Si intermixing at the Ge{801) interface* '°Ear-  showed the possibility of Ge interdiffusion at high tempera-
lier experiments reported the abrupt Ge/Si interfades-  ture by considering several intermixing configurations up to
ing Z-contrast scanning transmission electron microscopythe second layer. For the possibility of the formation of
Jesson, Pennycook, and Baribddound in Si/Ge superlat- Mixed Ge-Si dimer, Jenkins and Srivastdvand Miwa
tice that the growth of Ge on Si exhibits an abrupt interfacefound that the mixed Ge-Si dimer is energetically favorable
while the growth of Si on Ge results in an intermixed inter- c0mpared to the Ge-Ge dimer. Despite these results, we sitill
face. This difference between the Si-on-Ge and Ge-on-Si in_rJeed more extensive _theoretlcal studies including the deeper
terfaces was also observed during growth at 673 K by”term'x'”g configurations.

Ikarashiet al® using grazing incidence x-ray diffraction and In this work, we have performed pseudopotential density-

) . o : functional total-energy calculations for various intermixing
high-resolution transmission electron microscopy. The x-ray

X : . configurations up to the fourth layer in the 0.5-ML and 1-ML
photoelectron diffractiofXPD) and Auger electron diffrac- ) . (2% - . ]
tion (AED) study by Dianiet al® showed no indication of Ge-deposited $01)-(2x1) surfaces. The obtained inter

) o) mixing energetics reveals a strong site selectivity for Ge in-
Ge interdiffusion in SI001) at room temperature and 673 K. e iffusion and makes possible the thermodynamic estima-
On the other hand, _recer;t_l%xpenments observed the Ge-gjn of the Ge occupation probability for various sites at
Intermixing _at Ge/S001):"" AED and XPD study by gifferent temperatures. We find that at room temperature Ge
Sasakiet al.” found in the 1-ML Ge-deposited ®01) sur-  atoms segregate to the surface: Especially, at 0.5-ML Ge
face that upon annealing to BK a substantial amount of Ge coverage, most of Ge atoms stay in the up-atom site of the
atoms interdiffuses into the Si substrate up to the fourthsurface dimer, resulting in mixed Ge-Si dimers. With in-
deeper layer. Using high resolution photoemission by monicreasing temperature, Ge interdiffuses substantially into the
toring the Ge 8 and Si 2 core levels as functions of Ge subsurface layers. Details of the interdiffusion amount will
coverage, Patthegt al® showed that at submonolayer Ge be discussed in comparison with recent experiménts.
coverages asymmetric mixed Ge-Si dimers are formed with The total-energy calculations are done using the plane-
Ge occupying the up-atom site and Si occupying the downwave-basis pseudopotential method within the local-density
atom site, and further as temperature increases the ratio approximation (LDA).}* We use the Ceperley-Alder
mixed Ge-Si to pure Ge-Ge dimers increases as a consexchange-correlation functional for the LDA calculations.
guence of Ge interdiffusion into the deeper Si layers. ReThe nonlocal ionic pseudopotentials of Si and Ge are gener-
cently, Yeomet al® investigated the Ge-Si intermixing using ated by the scheme of Troullier and Martifisn the sepa-
AED and scanning tunneling microscog$TM) and con- rable form of Kleinman and Bylandéf. We simulate the
cluded that the intermixing is stabilized by a stable interfaceGe/S{001) surface by a periodic slab geometry. Each slab
alloy phase. More recently, Ikedet all® found from me- contains twelve atomic layers, and the vacuum region has a
dium energy ion scatteringMEIS) that the deposited Ge thickness of seven atomic layers. We use a plane-wave basis
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TABLE |. Calculated energy and occupation probability) of

TABLE I1l. Calculated energy and pair occupation probability

various Ge intermixing configurations at the 0.5-ML Ge-deposited(o,,) of various Ge intermixing configurations at the 1-ML Ge-

Si(100) surface. The energy of the site 1 is set to zerds calcu-

deposited §D01) surface. The energy of the site 1 andid set to

lated atT=873 K. zero. o, is calculated af =873 K.

Configuration AE (meV) o (%) Configuration AE (meV) a,(%)

1 0 55.6 1-1 0 37.6
1 91 16.8 1-2 129 6.9
2 211 34 1-2 197 2.8
2 173 5.7 1-2 103 9.6
3 249 2.1 1-2 238 1.6
3 155 7.2 1-3 188 3.1
4 237 2.4 1-3 194 29
4 160 6.7 1-3 101 9.9
1'-3 276 1.0
1-4 175 3.8
with a kinetic energy cutoff of 10 Ry and a uniform grid of 1.4 195 29
32 k points in the surface Brillouin-zone. The intermixing 1-4' 107 92
configurations in Ge/8001) are considered laterally within 14 267 11
(2X1) unit cell, indicating the (X 1) repeating arrays of a o 330 05
certain Ge-Si intermixing configuration and vertically up to 2.3 391 02
the fourth layer, assuming that the Ge interdiffusion is neg- o3 274 1'0
ligible below the fourth layer. As pointed out in Ref. 18, this 3 214 0.6
assumption can be qualitatively addressed: While bulk diffu- 3 350 0‘4

sion is negligible at the growth temperature, the diffusion at '
the surface layers can be enhanced by several orders of mag- 2:4 , 395 0.2
nitude as a consequence of the stress formed in the dimerized 2'-4 277 1.0
Si(001) surface'®®® 2-4 317 0.6
The calculated energies of the intermixing configurations 2'-4 351 0.4
in 0.5-ML Ge coverage are shown in Tablgfor the site 3-3 347 0.4
index, see Fig. 1 Here, we determine the equilibrium 3-4 434 0.1
atomic structure for each system by relaxing the Ge and Si 34 264 1.2
atoms in the top five layers along the calculated Hellmann- 3-4 345 0.4
Feynman forces until the remaining forces are all within 6 3'-4 328 0.5
mRy/A.2° We find that Ge at the site 1 is the most favorable, 4-4 343 0.4

while Ge at the sites’12, 2, 3, 3, 4, and 4 is energetically

higher than the site 1 by 91, 211, 173, 249, 155, 237, and 160

meV, respectively. In the subsurface layers, the sitean8l

4' with tensile stress over the sites 3 and 4 with compressive

4’ are found to be more stable than the sites 3 and 4, indistress. We note that a similar site selectivity was predicted
cating a strong site selectivity within the same atomic layerfor the (001) surface of Si-Ge alloys by using the empirical
This selectivity in the third and fourth layers is explained byinteraction modekEIM).*® There is, however, a difference
the different substrate relaxation due to the surface dimerizahat, while the EIM study predicted that Ge at the sites 2 and

tion: The larger Ge atom than Si atom favors the siteari

OGe
O si

2' should be very unstable due to the large compressive
stress, our first-principles calculations show that the energies
of the sites 2 and'2are comparable to the third-layer sites 3
and 3 and fourth-layer sites 4 and 4espectively. Here, we
remark that Ge at the sité & more stable than Ge at the site
2. We believe that this may be attributed to the fact that Si at
the site 1 is effectively larger than Si at the siteb&cause of

the charge transfer from’ 2o 1 in the surface dimer. Thus,
the larger Ge atom is more favorable to occupy the site 2
(bonded to “smaller” Si at the site’l compared to Ge at the
site 2 (bonded to “larger” Si at the site )1 The above site
selectivity at 0.5-ML Ge coverage is preserved in 1-ML Ge
coverage even though the energetics changes to some extent
because of the pair interaction. The calculated energies of
various intermixing configurations in 1-ML Ge coverage are
shown in Table Il. The most favorable configuration is’1-1
sites. Among the intermixing configurations in the subsur-

FIG. 1. Schematic side view of a Ge-Si intermixing configura- face layers, the pair'3’ is the most favorable, while the

tion at the Ge/SD01)-(2x 1) surface.

pair 3-4 is the most unfavorable.
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FIG_' 2. Ge occupation proba_bilitya) at the O'S'ML_ Ge- FIG. 3. Ge occupation probabilify) at the 1-ML Ge-deposited
deposited D01 surface as a function of temperature. Sdégen Si(001) surface as a function of temperature. Sdligher circles,

c?rcles, up-triangulars, down-triangulars, a_md squares denote th?p-triangulars, down-triangulars, and squares denote the sités 1
sites 1(1'), 2 (2'), 3(3'), and 4(4’), respectively. 2(2), 3(3)), and 4(4'), respectively.

Using the calculated energetics of various intermixing
configurations in Ge/#001), we estimate the Ge occupation <o ations for Ge interdiffusion: Sasakial! performed

probability (o) for all sites up to the fourth layer through computer simulation to yield their AED patterns for 1-ML
ensemble average over the Boltzmann distribution functionGe coverage and obtained the best agreement between simu-

The result for 0.5-ML Ge coverage is shown as a function Ofiio, and experiment when Ge atoms are distributed over
temperature in Fig. 2. We find that at room temperature G?he first to the fifth layer with a ratio of 4:1:1:1:(at T

occgpies mostly'the_ site 1‘.’6296%)' resulting in t_he for- =873K). Recently, the AED and STM study of Yeom
mation of Ge-Si mixed dlm_er. As ter_nperature_ INcreases,; 419 found in 1-ML Ge coverage that about half a mono-
however,o; decreases, leading to the increase in the Occurayer of Ge is involved in the Ge-Si intermixin(at T
pancy of the other sites. The result at 873 K is given in Table_~-5_g-4 K), and the MEIS study of Ikeds al2° deter-

'iz‘fllcj 55.6%, 7‘721(’)/: 16'81/02’ ;;:3'4(?' 02;257'07/%' 1(_)|-’]3 mined the Ge distribution ratios as 4:3:1:0:0 or 4:2:2:0:0 for
— &N, 0y =10.25%0, 04=2.87%, and o4 =0./%. IN€  hyn 095 ML and 1-ML Ge coveragdat T=673K). We

Shote that our result for the thermal behavior of the Ge inter-
about 28%. In 1-ML Ge coverage, we calculate the Ge Paliffusion in S(00)) is consistent with the recent high reso-

occupation probabilityr, by using the energetics of various o hhotoemission result by Pattheyal® where anneal-
Ge pair configurations given in Table II. From, we derive .+ g73 K yields the increase in the ratio of mixed Ge-Si

the occupation probability for each site, as shown in Fig. 3y,", ;e Ge-Ge dimers due to the Ge interdiffusion into the
We find that at room temperature most of Ge atoms OCC”p}ﬁeeper Si layers.

the top-layer sites{;=50% ando, =47%), resulting in
the formation of Ge-Ge dimer. Botlr; and o, decrease
with temperature, but the decreaseoqf is more rapid due
to the fact that the site'lis higher in energy than the site 1.
At T=873K, we obtain 6;=39.9%, 01, =24.9%, o,
:53%, 0'2/:7.8%, 0'3:2.8%, (7'3!:8.2%, 0'4:3.2%,
and o4, =7.8%. Note that the sum af in the subsurface

layer. Our value is compared well with recent experimental

In summary, we studied the Ge-Si intermixing at the Ge/
Si(001) surface for 0.5-ML and 1-ML Ge coverages by using
pseudopotential density-functional total-energy calculation
scheme. Our estimation of the Ge occupation probability for
various intermixing sites has shown that a substantial Ge
interdiffusion occurs at high temperature in good agreement
e with recent experiments and also that the Ge interdiffusion is
layers amounts to~35%. This is larger than the value of gyongly site selective under the dimerized surface recon-
0.5-ML Ge coverage~28%), which indicates that as Ge gyryction. This results provide a quantitative atomistic picture

coverage increases, Ge interdiffusion is enhanced. Figures ¢ e high-temperature Ge interdiffusion at the GEIS1)
and 3 show a similar site selectivity as a function of temperagface.

ture; i.e., the occupation of the sites 2, 3, and 4 is less prob-
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