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Abstract

The positions of germanium atoms adsorbed on Si(111) surfaces have been
determined with x-ray standing waves. Ge atoms have been found to oceupy
the atop site and/or vacancies in the inner layer of the substrate surface
bilayer for the (1x1) superstructure. For the (7x7) structure, cur results
support the dimer adatom stacking-fault model of Takayanagi et al. for the
bare silicon surface. Ge atoms occupy the surface-atop and the adatom-atop

sites on this structure. A higher binding energy for the surfacc-atop site

is indicated from the growth of germanium at different substrate temperatures.

to be published in: Surf. Scie.

ISSN 0723-7979

1. Introductien

The geometrical structures of surfaces and the way they change upon addition
of a second material affect the electronic properties across the interface.
Several techniques for sufface and interface structural determination, using
x-rays, e.g. surface extended x-ray absorption fine structure (SEXAFS),
kinemalical total reflection Bragyg diffraction (TRBD), x-ray standing waves
{XSW}, have been developed over the recent years. In the present work X-ray
standing waves were épplied to determine the location of germanium atoms
adsorbed on silicon (111) 1x1 and 7x7 surfaces. Another motivation was to
understand the structure of the host surfaces through the structure aof the
Ge-adsorbed surfaces and the chemical similarity (isnelectronic valence

shell) of germanium and silicon.

The formation and characteristics of x-ray standing waves can be described

in a simplified way as follows. When a plane wave x-ray beam is Bragg diffrac-
ted by a perfect crystal, a standing wave field is generated inside the
crystal due to the interaction of the coherently related incident and diffrac-
ted plane waves [1]. Two important characteristics of the standing wave

field are that the antinodal (or nodal) planes are parallel to and have

the same periodicity as the diffraction planes. The phase relationship between
the incident and the diffrécted electric field amplitudes Lo and EH’ respective-
ly, determines the position of the antinodal planes relative to the diffrac-
tion planes. Within a narrow angular region close to the Bragq angle (SB),

the complex quantity EH/EO continuously changes phase, resulting in a con-
tinuous movement of the antinodal planes through half the planar distance.
Thus, by varyinq the angle of incidence (%), it is possible to madulate

the E-field intensity to which an atom at a particular location inside the

crystal is expoused. The angular response of & secondary process, such as




fluorescence, which is propurtional to the x-tay intensity at the center
of the atom, depends thus on the pusition of the atom [21. The fact that
the standing wave field, with unaltered characteristics, extends outside
the crystal surface into the vacuum or a thin epitaxial layer allows the
positional determination of adsorbed atoms on crystal surfaces [3,4]) or

atoms at the interface [5,61. The combination of XSW with highly intense

synchrotron radiation opens up a wide field of applications [71.

2. Experimental

Silicon (l11) samples of 1xl cm2 area and 0.1-0.2 cm thickness were sputter
cleaned with argon ion bombardment and annealed at ~ 950°C in an ultra high
vacuum (UHV) chamber at a base pressure of lﬂ‘lﬂ tarr. Following the annealing,
a slow cooling of the sample gave rise to a low energy electron diffraction
(LEED) pattern of 7x7 superstructure, whereas the lx1 slructure was obtained
by rapid cooling. Surface cleanliness was checked with ultravielet photoemission
spectrocopy (UPS] by menitoring the silicon valence band (VB} spectrum prior

to germanium evaparation. Upon germanium deposition, for o coverage range

af 0.1-1.0 monolayer (ML), the respective LEED patterns remained unchanged.
Mleanliness was again checked by monitoring the germanium 3d line shape

and intensity, in addition to the silicon VB, in the pholoemission spectra.

For most of the preparations, the substrate was maintained at rcom temperature
during Ge evaporation, and annealed at 450°C afterwards. Howcver, Ge wns

also evaporated directly onto a hot (530°C) substrate.

The samples were prepared in the preparation chamber at the FLIPPLR Il station
at HASYLAB and Lransferred in a small UHV “baby" chamber to the wiggler
station for XSW measurements. During the transfer ond the measurements Lhe

. . -9
vacuum maintained was 107 Lorr or better.

lhe x-ray standing wave experimental set-up is schematically shown in Fig. 1.
White x-radiation emerqging from a 32-pule wiggler enters the evacuated mono-
chromator chamber. The monochromatic beam continues to be in high vacuum

until it enters the experimental hutch. This arrangement, reducing the absorption
of low energy pho{ons in air, offers the possibility of using photons of

energy down to approximately 3 kel. The higher intensity of the wiggler

beam {~ 10 times compared to a DURLS bending magnet at ~ 10 keV pholon energy

and 3.7 GeV electron energy; allows measurements on small sample arens,

which may be a necessity because of the partial loss of gqualily of the sample
crystal during preparation. The heat luad on the first monochromator crystal

due to the high intensity of the wiggler beom makes it necessary to cool the
crystal. The munochromator crystals are chosen to suit a particular experi-

ment. For example, for the XSW measurcmenls with silicon (111} reflection,
Si(111) crystals are used for monochromatizalion in order to make the set-up
nondispersive. lhough for an XSW measuremcnt orie needs, in principle, an incident
plane wave (eih’£ with constant k), one can prepare, with an usable intensity,
only a beam with a narrow range of Ak. lhe monochromatization reduces the ranye
of |5?. The reduction in the angular divergence of E/EEI is obtained by

the defocussing symmetric-asymmetric combination of the monochromatar crystals.
lhus the exit beam from the monochromator, beiny compressed both in energy

and angular range, is very close to a plane wave.

The {HV sample chamber, used alsc in (RBD experiments ‘g1, is small, light

and transportable. Therefore, it can be mounted easily on a two-stage (&,93
goniomeler. When the sample is placed at a Bragg angle, the Bragy-diffracted
photons are detected in the Nal{Tl} detector while the Si(Li)‘dctnctnr {looking

perpendicular Lo the plane of the figure) is used tc detect the photnns

incident intensity in front of and behind the slit system. The signal From



the ionization chamber before the slit system is used in a feedbark loop

for stabilizing the monochromator output. In the present series of experi-
ments, the Ku fluorescence photons from the adsorbed germanium atoms were
detected in the Si{Li}, simultaneously with the reflected beam in the NaI(T1},
while lhe energy FY af the beam incident on the sample was varied hy rocking
in a parallel mode the first and the second crystal of the monochrumator

{95. (Varying EY of the incident beam and varying the angle of incidence

by turning the sample are in the presenl case equivalent, because either

method can sweep through the Bragy reflection of Lhe sample crystal.

The quality of the crystal is crucial for XSW measurements. In order to

ensure a sufficienl quality, double crystal topugraphy [10] was performed

on the samples. In fact, strain patterns introduced by sputtering and annealing
were observed across the surface of the crystal. A perfect region down to

an area of ~ 0.2 mm2 was selected with o slit system for the measurements.

3. Results and Discussion

For an incident O-polarized plane wave x-ray beam which is Bragg diffrarted
(11] from a symmetrically cut crystal, the fluorescence yield from the ad-

sorbed atoms for a given reflection (H) is:
AlS) = Ao{l + R{8) + 2R(SS f, cos[u(8] - 28] (13

where R($) is the reflectivity, v($) is the phase of the diffracted E-field
amplitude relative to Lhe incident one. The quantities ¢ and FC are called
coherent position and coherent fraclion, respectively, and are closely related
to the actual position of the adsorbed atvas and the fraction of the total

number of atams at this position. AO is the yield at zero reflectivity of

the {hkl) reflection. The quantities ¢ and f. are oblained by a least-squares

fit of the normulized fluorescence yield, Y(§) = A(S)/An, to Egn. (1).

3.1 _Lermanium on Silicon {1117 1x1

Fig. 2 shows the results of a measurement on a Si(lll) Ixl-CGe sample with
(111) reflection. [hc coherent position, ¢ , was found to be the same within
the experimental error for as-grown and for annealed {2 min at 450°C) samples.
Huwever, the coherent fraction, fC , increased slightly after annealing.

[he ohserved coherent position can be explained by the adsorption of Ge

at the atop site and/or at an available vacancy in the second layer of the
substrate. The corresponding model is shown in the inset of Fig. Z. From

the chemical similarity of germanium and silicon it is easy to conceive

a germanium atom at the substitutional site covalently bonded with four

Si atoms in a tetrahedral caonfiguration. However, at the atop site, Ge contri-
buting four electrons and Si one, the picture of bonding is not clear. In
fact, one may wonder whether the binding at the atop site is at all possible.
A molecular calculation involving one H atom and one Si atom, which nffers

a similar situation, however, suggests the possibility of binding [121].

In the, present analysis a Si-Ge bund length of 2.40 R, which is the average

of 5i-5i bond length in silicon crystal and the Ge-Ge bond length in germanium
crystal, has been assumed. The Ge atom at the atop site is at a distance

of (2.40+0.39)R or 0.89 d;;, (d; | = 3.14 R for silicon) from the surface
diffraction plane. The Ge atom at the substitutional site is also at a distance
uf D.89 dlll from the second diffraction plane (or at -0.11 dlll from the
surface diffraction plane). Therefore, the joint response of the atoms from
these two sites gives rise tu a coherent position of 0.89 dl]l' for atoms

at different distances from the diffroction planes the coherent position

depends on the relative populalion at these distances [131.



Measurements made on different spats of the same sample as well as on samples
from different preparations, showed variations in fc but not in ¢ .

This supports the assumption of a one position model. The
large incoherent fractions observed in the present study are also consistent
with the high degree of disorder observed by channeling for the Si{111)-Ge

system [14],

3.2_ Germanium on Si{111) 7x7

The results of one measurement using a silicon (111) reflection, and one
with a (220) reflection are shawn in figs. 3 and 4, respectively. The
proposed model for Si(111) 7x7-GCe is shown in Fig. 5. The model shows the

Ce atoms at the surface-atop (A, B in Fig. 5) and adatom-atop (C, D, E, f

in Fig. 5) sites on the dimer adatam stacking-fault (DAS) madel of bare
Si(111) 7x7 surface proposed by Takayanaqi et al. [15]. If anly the surface
atop site is occupied, the coherent pasition would be, like the 1x] case,
0.89 dlll' When only the adatom-atap site is occupied, the coberent position
would be 1.14 d}1q- Occupation af both these sites with equal population
would give rise to a coherent position of 1.02 dlll‘ The measured coberent
positions of 1.06 + 0.02 (Fig. 3) and 0.98 + 0.02 (not shown in the figure)
for germanium coverages of 0.5 ML and 0.08 ML, respectively, can be explained
by assuming that at lower coverage more surface-atop sites (position 0.89)
are occupied, and with increasing coverage, the surface-atop sites having
been filled, the only available adatom-atop (position 1.14) sites are
occupied. {There are 12 adatom-atop sites and & surface-atop sites per 7x7
unit cell.} This assumption is corraborated by the results of (220) reflection
measurement.s, which are shown in Fig. 4 for a germanium coverage of 0.2

ML deposited on a hot (530°C} substrate. The observed coherent position

of (U.BSiD.DI)dZZD can be explained in terms af the occupation of the surface-

atop sites only (A, B). Because of the presence of stacking-faults on one
half, the projections of A and B atoms along the <220> direction are dA

= 1.02 d and dB = 0.62 d 0° respectively. The respective flucrescence

220 22
response curve would be those shown by curve a and b in Fig. 4. The joint response
is shown by the fitted curve. Occupation of the sites C, D ete. would give
rise to a joint response very -similar to the curve b (because dg = dp = dD).
The proposed model is consistent with both (111) and (220) reflection measure-
ments. The occupation of only surface-atop-site on hot substrate is an indica-

tion of higher binding energy for germanium at the surface-atop site compared

to the adatom-abop site.

Dur measured coherent pasitions for (111) reflection do not differ much
from those of Patel et al. | 16]. However, their (220) results differ signifi-
cantly from ours. Their XSW measurements were not made under UHV environ-

ment, but on UHV prepared interfaces covered with amorphous silicon.
4. Conclusions

In the present work we have investigated the structures of 5i(111)-Ge system
for (1x1) and (7x7) superstructures. For (1xl) case Ge atoms appear to occupy
the atop site and/or the vacancy in the inner layer of the surface silican
double layer. By measuring the distance components in the <lil> and <220>
directions the positions of the Ge atoms on a 5i(111) 7x7 surface have been
determined. The results support the dimer adatom stacking-fault model of
Takayanagi et al. [15] for the bare $i{111) 7x7 surface. Ge atoms are at

the surface-atnp and the adatom-atop sites. Measurements on.samples grown

at different substrate temperatures havc led to the conclusion that the hinding

energy for the surface-atop site is higher compared to the adatom-atop site.
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Figure Captions
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Fig. 1 Schematic luyout of the set-up for x-ray standing wave experiments Z 3]
| =
at the wiggler beamline at HASYLAB. og" .‘ﬁ-
Jo O
n O -
33 &
Fig. 2 Ge on 5i(111} Ixl. Experimental data points and Lhe theoretical - o [e) —
o 0
curves fnr the normalized Ge K fluorescence yield, Y{g), and 3 2 %
% —
silicon (111} reflectivity, R{(3), as a function of reflection l SE
angle. The inset shows the model of the Si{111) 1lx1-Ge interface
m
with the Ge atoms at the atop site and at a vacancy in the inner )
layer of the surface silicon double-layer. — J -
NTT
E; Tg O |
Fig. 3 Ge on Si(111} 7x7. Ge Ka fluorascence yield, Y(3), and reflectivity, 2 8 - g 3
= Yo
R{%), for a measurement with a silicon (111) reflection. = 3 — g
o —
Q | =
3 1 o
Fig. & fe on 5i(111) 7x7. Ge K, flunrescence yield, Y(§), and reflectivity, “
R(S), for a measurement with a silican (220) reflection. Curves
' , Qs
a and b are those expected from the atom at A and at B (Fig. -
, B2 8 ow
5}, respectively. The effective respanse due ta occupation of N 3 s -~ g Q
O~ o
both A and B sites is given by the fitted curve, Y(8). 3 2 o 3<
> o
o
=

Fig. > Model of Si(lll) 7x7-Ce inlecface showing the Ge atoms at the

surface-atop {A, B) and the adatvm-atop (C, D, £, f) sites

on the dimer adatom stacking-fault model uf S$i{11ll} 7x7 surface.

Region T shaws a part of the unit cell that has normal stacking

UIRE!

(123456), and I1 shows the stacking-fault (56';.
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