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Abstract

We report results of a combined study of low-energy-electron diffraction (LEED) and Monte Carlo simulations for the Ge-
adsorbed single-domain stepped Si(100) surface(Zxel) structure, least favored energetically among(@x 1) family of
the dimer-induced structures, is found to appear on the Ge-adsorbed Si(001) surface in a limited range of temperatures slightly
below room temperature. With mild annealing870 K, the surface undergoes irreversible transitions initially(®»a1) and
then ultimately to g2 x 1) structure after prolonged annealing. We propose thatahel) structure consists of an antiferro-
magnetic arrangement of A-type Ge ad-dimers, which decompose and recombine into C-type ad-dimers for the high-tempera-
ture structures upon annealing. In addition, results of Monte Carlo simulations suggest that hesurface is the most stable
structure when the signs of the Ge inter-dimer interaction parameters are exactly opposite to thos¢dof et p(2 X 1)
surface.© 1999 Published by Elsevier Science Ltd. All rights reserved.
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Besides the technological importance for a wide range of (UHV) chamber of base pressure below 80 ! Torr. A
high speed electronic devices, epitaxial growth of Ge or Si stepped silicon surface was cut from a boron-doped Si(100)
on a Si(001) surface has a variety of scientific issues includ- wafer (p ~ 1.5€) cm) which was oriented®ff toward the
ing structure and composition of dimers on the top layer [110] direction. The sample temperature below RT was
grown in Stranski—Krastanov (SK) mode [1], interfacial controlled down to 150 K by thermal contact with a
mixing [2], surfactant-mediated epitaxial growth [3,4], liquid-nitrogen (LN) reservoir. The sample was cleaned
presence and ordering of dimer vacancies [5,6], step and by a well-known recipe, i.e., repeated flashing up to
kink interactions [7], and dynamics of Ge and Si ad-dimers 1470 K and subsequent annealing at 1070 K for about

[8]. In this paper, we report that a staljex 1) structure 2 min. The surface thus prepared produced a well-defined
which has never been observed before is formed by Ge (2x 1) LEED pattern from a clean reconstructed Si(001)
adsorption on a single domain (SD) dff vicinal Si(001) surface. Ge deposition was made by resistively heating an

surface below room temperature (RT). Itis surprising to find undoped Ge wafer at 1070 K in front of the sample surface.
a (4x 1) structure because it is least favored energetically The chamber pressure was maintained belowd® *° Torr
among the four possible configurations of tBex 1) family, with the source holder kept cold using a jKeservoir
i.e. (2x1),c(4%x2),p2x%x2), and (4% 1) [9]. We investi- during Ge evaporation.
gate the arrangement of Ge ad-dimers and inter-dimer inter- A clean £ off vicinal Si(100) surface has been known to
actions using Monte Carlo (MC) simulations based on a show SD(2x 1) and p(2 X 2) structures above and below
two-dimensional Ising model to account for the presence the transition temperature 6f200 K, respectively [10]. An
of the (4 X 1) structure. SDp(2 X 2) LEED pattern with the substrate at temperature
Experiments were carried out in an ultrahigh vacuum ~150 K is presented in Fig. 1(a), where one finds relatively
weak half-order spots. One also notes that the normal spots
* Corresponding author. are split due to the step structure on the sample surface. The

0038-1098/00/$ - see front matt€r 1999 Published by Elsevier Science Ltd. All rights reserved.
Pll: S0038-1098(99)00440-8



84 J.R. Ahn et al. / Solid State Communications 113 (2000) 83—-87

2oy (320 10

(@)

) (5/40
/m(\‘ (C)

)

X Y

(b)

(d)

Fig. 1. (a) An SDp(2 x 2) LEED pattern from a cold vicinal Si(001) surface; and (b) line scans between two integral-order LEED spots (20) and
(10) (marked X and Y, respectively, in (a)) to demonstrate the presence of fractional-order spotd &f then (c) and(3 X 1) in (d). (c) An SD

(4% 1) pattern obtained by a prolonged exposure of Ge, and (d) é33%01) pattern obtained from the annealed surface of (c). Note that the
spots are elongated or split due to the step structures on the surface. The primary LEED beank evess @b eV. The ring pattern is an
instrumental artifact seen eventt= 0, which was caused by the light escaped from the ill-shielded electron gun.

maximum splitting of the normal spots reaches about 10% establishment of the SP! X 1) pattern is assigned to be a
of the surface Brillouin zone boundary, which corresponds 1.0 monolayer (ML) of Ge coverage. On the contrary, for
to a terrace width of 39 AL1]. In order to investigate struc-  To < 200 K only a diffuse SO2 X 1) pattern appears. It is
tural changes brought about by Ge adsorption, we studied interesting to find that annealing the $Bx 1) surface at
LEED patterns as a function of Ge coverage as well as ~370 K transforms the surface irreversibly into a & 1)
silicon substrate temperaturg&) for three different adsorp- surface (Fig. 1(d)), which eventually changes to a(3R 1)
tion conditions: (1) withTs above RT; (2) withTs at 200 K; after prolonged annealing. The $8x 1) phase is unique in
and (3) annealing the surface in (2) at temperatures abovethat it is created only from the SPI X 1) as a metastable
RT. For Ts > RT, only a SD(2x 1) LEED pattern was phase unlike the stable S@ x 1) produced by extended

observed for three different temperaturs= 470 670, annealing.

and 870 K. FofTg = RT, a SD(2 X 1) pattern prevails for Since it has been well known that Ge or Si adatoms on the
the initial 6 min of exposure, after which a S@Xx 1) Si(100) surface form ad-dimers [12], we propose structural

pattern begins to coexist. For 200 = T, < RT, LEED models for the observed ordered structures using an asym-
patterns appear the same way asTgr= RT until 17 min metric Ge ad-dimer as a basic building block. Previous study
(or 0.75 Langmuirs) when only the S@ X 1) pattern (Fig. has shown that there are essentially four different types of

1(b) and (c)) shows up with the quarter-order spots as strong stable ad-dimers so-called A, B, C, and D [13]. Dimers of A-

as the half-order spots. This indicates that the surface may (C-) and B-(D-) types are located on (between) the dimer
be covered completely by the S@ x 1) structure rather rows of the reconstructed Si(100) surface, and the dimer
than coexisting with the SI2 X 1) structure. As discussed  bonds are perpendicular and parallel to the Si-dimer row
later, this exposure of 0.75 Langmuirs for the best direction, respectively. The relative energies of these
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Fig. 2. Structural models for th@ x 1) phase at: (a) 0.5 ML; and (b)
1.0 ML. (c) (3% 1) at 1 ML and (d)(2 x 1) phase at 1 ML. Empty

that A- and B-type of Si ad-dimers are formed on the Si(001)
surface at RT, which transform irreversibly into more stable
C- and D-types upon annealing at about 370 K [15]. Owing
of the nature of B- and D-type ad-dimers, they form only
(2n X 2m) structures on the reconstructédx 1) Si(001)
surface whera, m are integers. We thus find that only A-
type Ge ad-dimers should form the SBx 1) phase for

Ts < RT while only C-type ad-dimers constitute tig2x

1) phase fofTg < RT. We may then consider the two possi-
ble structural models for the SD4 X 1) phase as drawn
schematically in Fig. 2(a) and (b) for coverages 0.5 and
1.0 ML, respectively. However, one easily realizes that the
model in (a) cannot produce a §Dx 1) structure without
changing its coverage. This strongly conflicts our observa-
tion that the SD(4 x 1) phase becomes a SB X 1) upon
mild annealing preserving the coverage (Fig. 1(d)). There-
fore, we propose the model depicted in Fig. 2(b) for the SD
(4x 1) phase suggesting that the coverage of the phase is
1.0 ML. The low temperaturé<RT) SD(4x 1) and SD

and filled circles denote Si surface atoms and Ge adatoms, respec-(2X 1) (<RT) SD(4x 1) phases may then be constructed
tively. Dimer bonds are marked as solid lines. The step direction is haturally by arranging the Ge ad-dimers antiferromagneti-

perpendicular to the direction of the dimer bonds.

cally (Fig. 2(b)) and ferromagnetically (Fig. 2(d) but with A-
type ad-dimers) along the direction perpendicular to the Si

ad-dimers have been calculated previously for the Si ad- dimer-row direction, respectively. The Ge ad-dimers,
dimers [14]. As there are no such previous studies in the however, have to be broken to produce a @X 1) phase
literature for Ge ad-dimers to our knowledge, we construct so that the periodicity can be tripled as illustrated in Fig.
our structural models by assuming that Ge ad-dimers behave 2(c). Notice that the SD(3Xx 1) structure in Fig. 2(c)
similarly with Si ad-dimers. Previous STM study showed contains A-type as well as C-type ad-dimers.

o) SUSi(100)

60

50

40

NZ X2

30
20
104

01 iT, ~4.04

T T T T

N4 X1

0 5 10 15
Temperature

(a)

20

Ge/Si(100)

300

250+

200+

150 |

100

501

o] §
| T,9.13

0 5 10 15 20

Temperature

(b)

Fig. 3. (@) Temperature dependence of the order pararhggrinumber ofp(2x 2) unit cells] whenJ, = 2, J, = —4, andJ,, = 1. The
transition temperatur€, from the orderegh(2 x 2) to a disordered?2 X 1) phase is marked as a vertical dotted line. (b) Corresponding plot for
the order parameté¥,,; [number of(4 X 1) unit cells] whenJ, = -2, J, = 4, andJ,, = —1 with Te,.
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In order to determine the energetics of the Ge ad-dimers Table 1
for the SD(4 x 1) phase, we have performed Monte Carlo Stable surface structures produced by varying the signs of interac-
simulations by adopting a model proposed by Ihm et al. tion parameters,, J,, andJ,, between Ge ad-dimers beldunder
[9,16]. A basic assumption is that the asymmetric Ge ad- e constraintidy| > 3] > 3|
dimers can be treated as Ising spins, which satisfy the spin
one-half Ising Hamiltonian given by

Sign of J, Sign of J, SignJyy Phase

+ 2x1)

Disorder

p2x2) + c(4x2)
p2x2)

Disorder

4x1

c(4%x2)

p(2x2) +c(4Xx2)

+

—-H= JxZSjS+1j + JyZSj Sji+1t nyZSjSJrljrls
(5 ) ()

I+ + + +
|

whereS;(§; = +1) denotes an Ising spin at the lattice site
(i,])- The parameter, J,, andJ,, represent the interactions
of the nearest neighbor spin pairs along the horizontal
(perpendicular to the Si dimer-rows), the vertical, and the
diagonal directions, respectively.

A periodic boundary condition was utilized and averaging
over 10 MC steps was performed for all the physical quan- slightly. This finding explains our observation of théx
tities after the initial 16 MC steps. In order to mimic the 1) phase near RT. We also notice such a sharp contrast
steps of the 2off vicinal Si(100) surface in our simulations,  between Ge- and Si-adsorption on a Si(100) surface from
we have placed the direction of Si dimer rows parallel to the the different adsorbate-induced phases, 4phase by Ge
step direction and made the terrace into a rectangular shapeand c(4 X 1) + p(2x 2) phase by Si [21], at temperature
so that it may contain four times more Ge ad-dimers along below RT. The exactly opposite signs in interaction para-
the direction perpendicular to the Si dimer rows. As meters between the(4x 1) + p(2x 2) phase and thé4 x
mentioned earlier, since no estimated values for the interac- 1) phase in Table 1 suggest that the difference in the beha-
tion parameters are available for a Ge/Si(100) surface, we vior between Ge- and Si-adsorbed Si(100) surfaces is
first tested our MC simulation routine by calculating the ascribed to the different surface energetics. The lattice
most stable phase using the same interaction parametersmismatch between Ge and Si might cause different surface
Jy=2, J,=—4 and J,, =1 obtained for thec(4 X 2) stresses on the Si substrate surface. Miyamoto [20], for
phase of the Si/Si(001) surface [17]. As a result, a mixed example, from the first-principles calculation of the surface
phase of(2 x 2) andc(4 X 2) turns out to be the most stable  stress for the Si- and Ge-adsorbed clean Si(100) surfaces
phase. Interestingly, we notice a remarkable finite size effect showed that despite the sani2x 1) adsorbate-induced
from the fact that thgp(2 X 2) phase is more stable than the  structure, the Si-adsorbed surface has a compressive surface
c(4 x 2) phase when the number of Si ad-dimers along the stress in comparison with the tensile stress for the Ge-
step direction is less than 20, which agrees well with the adsorbed surface. We thus report, for the first time, the

|
I+ + |

I+ 1+ 1 + 1 +

previous work [18]. presence of thé4 X 1) phase predicted earlier by previous
For such a relatively narrow stepped surface,fit#x 2) MC simulations as one of the stable phases of (2 1)

phase becomes the most stable structure below a critical family [9,16,22], and its unique nature of the order-disorder

temperaturegT.; ~ 4.04 = 0.14) as shown in Fig. 3(a)T.; phase transition as a function of temperature.

is a transition temperature from the ordeng@ x 2) to a In summary, we find that for 200 ks T, = R,, a SD

disordered2 x 1) structure and corresponds 200 K for (4 x 1) structure shows up after a prolonged exposure of Ge,

areal sample [19]. As the interaction parameters are propor- which transforms irreversibly to a SB x 1) and then even-
tional to the distance between neighboring spin pairs, the tually to a(2 x 1) structure when annealed at370 K. We
absolute magnitude of the parameters should satisfy the propose a structural model for thdx 1) phase as an
inequality, |J,| > || > || With the magnitude fixed, antiferromagnetic arrangement of A-type ad-dimers.
ie. [hl=29]>|=4 and|J,| = 1, we performed MC The high temperatur¢3x 1) and (2x 1) structures are
simulations to determine the most stable structure by vary- then understood in terms of unbinding and binding of A-
ing only the signs of the parameters and the results are type and C-type ad-dimers upon annealing. Results from
presented in Table 1. We find th@tx 1) structure becomes our MC simulations indicate that thé4x 1) structure
the stable structure beloW, ~ 9.13+ 0.03 (or equiva- becomes the most stable structure at temperatures
lently ~451 K) as indicated in Fig. 3(b), whedy = —2, slightly below room temperature whely = -2, J, =4

J, =4 andJ,, = —1. As a cross check, we repeated our andJ,, = —1.

simulations by varying the magnitudes of the parameters

while keeping the signs fixedJ, <0, J, >0, J,, <0

and|J,| > |J,] > [Jy]). We find that the absolute magnitude ~Acknowledgements
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