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Ge/Ag(11]) semiconductor-on-metal growth: Formation of an AgGe surface alloy
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We study a semiconductor on a close-packed surface of a metal for a system that tends to phase separation.
At room temperature, deposition of 1/3 monolayer of Ge on{1Ad) surprisingly induces a surface alloy
forming a p(v3Xv3)R30° superstructure observed in low energy electron diffraction patterns. Yet high-
resolution scanning tunneling microscopy images do not exhibit any chemical contrast between Ge and Ag
atoms. This is interpreted withb initio total-energy calculations, which also show that the Ge atoms are
located in substitutional sites forming an ordered two-dimensional surface alloy with almost identical local
electronic densities for both elements.

The formation of alloys that exist only in a confined re- surprising since the Ge-Ag system presents a phase separa-
gion near the surface of materials has important technologition tendency, i.e., a tendency to clustering; a size effect that
cal implications. They generally show new interesting physi-is generally invoked for such types of unexpected behavior
cal and chemical properties. On metallic surfaces thedbserved on some other systéms cannot be invoked here
formation of surface alloys are studied mainly in relation tosince the Ge atoms are smaller than the Ag hé&44 nm
either magnetism or chemical procesgas heterogeneous for Agand 0.122 nm for Ge Furthermore the lack of chemi-
catalysi3. Many metal on semiconductor interfaces havecal contrast in the STM observations is also extremely sur-
been investigatéd® in order to develop a more complete prising.
description of the Schottky barrier formation. Paradoxically A concomitant photoemission spectroscqiBES study
there are only very few investigations on the reverse system@nd theoreticahb initio calculations both show that Ge at-
i.e., semiconductors on metdis, which opens up new fields oms form, at least during the first steps of the growth, a
of interest. These few studies concern systems that show surface alloy with a high metallic character in agreement
strong tendency towards ordering, i.e., formation of orderedvith the STM observations. These studies show a frustration
compounds such as silicides or germanides. Conversely, l§f the phase separation tendency of this system at the sur-
to now, there is no study of systems presenting a tendency fi@ce.
phase separation. For these systems, the balance between &Experiments were performed in two separate ultrahigh
metallic or a semiconducting character is delicate and mayacuum systems, comprising on one side LEED and STM
lead to frustrated behaviors. Indeed, in this case particulaand on the other side Auger electron spectroscefyS)-
questions can be addressed concerning the evolution of tH&EED and PES. The latter experimental setup uses the syn-
electronic properties of the deposited layer versus surface
coverage resulting from the probable competition between
the metallic tendency to maximize the number of neighbors
and the covalent character with a reduced number of oriented
bonds”® From this point of view Ge-Ag can be considered
as a model system with a tendency towards demixing as
exhibited by the bulk binary phase diagram with a surface
free energy of the semiconductor element lower than that of
the metal. As a consequence one can expeatdimensional
cluster formation during the initial stages of deposition as it
was indeed observed upon condensation onto theG%wy
surface’!?

In this paper we report an unexpected ordepd’3
XVv3)R30° superstructure of 1/3 Ge monolayktl ) depos-
ited at room temperature on A4l1). Moreover although a
sharp p(v3Xv3)R30° low energy electron diffraction
(LEED) pattern is observed, the Ge atoms involved in the F|G. 1. p(v3xv3)R30° LEED pattern E,=52¢eV) left-upper
reconstruction appear indistinguishable from the silver atomsgorner. Filled-state STM image (6.4 6.4 nm, V=—50mV, |
in the scanning tunneling microsco$TM) images(Fig. 1) =2.0nA). A line scan along th¢110] direction gives the corruga-
at any bias voltage. This ordered surface structure is vergion shown in the lower-left corner.
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FIG. 3. () Two spectra around the Fermi level recorded in
normal emission at 43 eV for the clean Ad1) surface and after
31 35 30 295 29 285 28 275 the deposition of 1/3 Ge ML(b) Ag 4d valence-band spectra re-

BINDING ENERGY (eV) corded in normal emission at 65 eV for the same Ge deposition.

FIG. 2. Ge 3l core-level spectra recorded at normal emission atyp to 1/3 ML. For each spectrum the binding energy is ref-

a photon energy of 65 eV during the growth. erenced to the Fermi level. The following decomposition
scheme was used to analyze them in more detail. A Shirley-

chrotron radiation from Super-ACO in Orsay. A single crys-type secondary electron backgrothdias used and the peak
tal of silver oriented in the(111) direction (+0.19 was was fitted with a Doniach-Sunijic line shdpénvolving the
cleaned by cycles of Arion sputtering, and annealed at following parameters: a Gaussian full width at half-
400 °C for a few minutes until a clean surface presenting anaximum(FWHM) around 0.19 e\the experimental reso-
sharpp(1Xx1) LEED pattern was obtained. Ge is depositedlution), a Lorentzian FWHM of 0.15 eVinverse lifetime of
in the low 10 °Torr range from a Knudsen cell. The rate of the core holg and a large asymmetry parameter equal to
evaporation is monitored using a quartz balance and the dé&-18, which is the signature of the metallic character of the
posited amount checked by Auger spectroscopy. Ge atoms. Indeed, if we define the metallic character by the

At the beginning of the growth p(v3xv3)R30° LEED  existence of electronic states at the Fermi IvlEg) # 0]
pattern is observed, which becomes more and more intense the electronic density-of-states projected on the considered
and well defined as the deposition increases up to about 1/&om (here Gg, the asymmetry parameter of the Doniach-
ML. Above this coverage thp(v3Xv3)R30° starts to fade Sunjic core-level line is a direct signature since it is propor-
away while a newp(7X7) LEED pattern appears, which tional ton(Eg). The spin-orbit splitting was found to be 0.57
will be detailed precisely elsewhet.Figure 1 shows an eV while the branching ratio was 0.62, close to the statistical
atomically resolved STM image of the surface with 1/3 ML value ford electrons(0.67). The Ge 3 spectra have been
of Ge deposited at room temperature, which displays a shaffitted with two components31) and S2) at 28.80 eV and
p(v3Xv3)R30° LEED pattern. Surprisingly the surface ob- 29.07 eV, respectively, in the whole coverage range. The
served by STM appears identical to a clean(dl) surface, (S1) component is attributed to th®(v3 X v3)R30° super-
exhibiting no chemical contrast, as checked at differenstructure. The $2) component, which is weak at low cover-
places on the surface for both positive and negative biasesge, increases markedly beyond 1/3 ML. We assign it to the
between+0.5 and—0.5 V. The vertical corrugation is about second superstructuf@(7x7)], which grows, whereas the
0.3 A, whereas the lateral distance between two atoms ig(v3xv3)R30° begins to disappear. THe(7x 7)] super-
3.1+0.2 A, which is close to the expected Ag-Ag distance instructure will be studied in more detail in a forthcoming
the (111) plane. This distance is definitely different from the papert® The binding energy 29.07 eV is close to the bulk Ge
parameter5.0 A) of the p(v3 X v3)R30° superstructure. We value 29.19° At this point it is worth emphasizing that the
emphasize again here that there is no effect of the sign of the(7x 7) superstructure is clearly observed by STM whereas
bias voltage and that tunneling at 50 mV was possible athe p(v3Xv3)R30° is not.
shown in Fig. 1, which reveals the metallic character of the Figure 3a) shows two spectra around the Fermi level re-
surface. corded for the clean Ad11) surface and after the deposition

The presence of Ge in the surface region can be asceof 1/3 Ge ML. The clean A@ 11) surface shows a very sharp
tained both from the AES analysis and the @ec®re levels. peak just below the Fermi level derived from a Shockley
lts metallic state is well corroborated by the set of spectraurface staté’ This intense peak is totally quenched already
shown in Fig. 2 recorded during the first step of the growthafter 0.1 Ge ML deposition, while instead a clear Fermi step
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persists up to completion @i(v3 Xv3)R30° phase at 1/3 Ge
ML. Figure 3b) shows Ag 4l valence-band spectra recorded — Agsite

in very surface sensitive conditions for the same Ge deposi — —_ Gesite

tion. The Ge deposition alters significantly the density-of- —— Ag clean surface
states in the d region. The disappearance of the surface
state together with the modification noticed in the region
are signatures of significantly modified electronic properties:
of the surface by th@(v3 X v3)R30° superstructure, which
could be explained by the formation of a 2D surface alloy
characterized by the hybridization of the Agtates with the
Gesp states.

To summarize, this PES study reveals the metallic char-
acter of the Ge atoms in th&v3 Xv3)R30° superstructure,
which have only one type of chemical environment. This § Iy
environment could correspond to Ge atoms either in adatorn oy
or substitutional position. The STM study observations, ro N\
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which show that Ge and Ag atoms are absolutely indistin- ¢ Ly At
guishable, would indicate that the later case is more plau- -12.0 9.0 6.0 -3.0 0.0
sible. In order to analyze and discuss these surprising experi Energy (eV)

mental findings, we have performed ah initio study of the
deposition of Ge on the Ad11) surface. All calculations
were done within the local-density approximation
framework*®1° using the all-electron, full-potential linear
muffin-tin orbital method®2! The detailed description of the

computational settings for the Ge/Ag system, together withyorg  and the metalliclike tendency of Ge to maximize the
the results of convergence tests on bulk materials and thg,mper of its first neighbor® make substitution in the sur-
(001 surface are given in Ref. 22. Both clean and Ge-ace |ayer more favorable than adsorption on the surface.
covered A¢111) surfaces were modeled by slabs consistingrythermore, by considering a series of different configura-
of five (111) layers of Ag, separated by seven layers ofiiong and coverage rates for Ge, we were able to estimate the
vacuum(about 16 A. A unique ¢/3xv3)R30° surface unit  effective interactio?? between the Ge atoms substituted in
cell was used in all the calculations. Since we have verifiegne syrface layer of the A¢L11) surface. Its repulsive char-
that substrate relaxation modifies only slightly the adsorptionycter for low Ge coverage confirms the experimental ten-
characteristicé? in the present paper only the positions of gency for formation of an ordered surface alloy and is con-
the adsorbate atoms were optimized. _ sistent with the experimental mixing energy that reveals a
In order to determine the preferential Ge site we haveyeak tendency to ordering in the dilute AGe) limit.2® Note
calculated the energies of adsorption and substitution of apgwever that our calculations do not take into account
ordered 1/3 ML of Ge on the A@11) surface. The adsorp- atomic relaxations which, as it was shown recently, can re-
tion energy per germanium adatom is given s verse in some cases the tendency to offi@omplete results
= ECOMIIID _pASIID_ERE  with ECSAIMY EASIIY “and  concerning the characteristics of Ge adsorption on different
Esem being the total energies of the Ge-covered slab, of theilver surfaces are presented and discussed in Ref. 23.
clean slab, and of the free Ge atom, respectively. In the case In order to analyze the puzzling absence of detectable
of substitution, the corresponding expression k., chemical contrast in the STM measurements, we have ana-
= ECO/AIY_pAIIID_pGe 4 pia - ECEAIID and Ef9,  lyzed the details of the electronic structure of an ordered 1/3
being the total energies of the Ag slab including the substiML of Ge substituted in the surface layer of A§11). In
tutional Ge atoms, and of one Ag atom in the bulk, respecFig. 4 we present the calculated densities-of-stdROS9)
tively. In this case the microscopic process consists in th@rojected on the substitutional Ge atom and on its nearest
replacement of a surface Ag atom by a free Ge one, the Agurface Ag neighbor. As a reference, the DOS of an Ag atom
atom being reintegrated into the Ag bulk. on a clean A¢l11) surface is also plotted. One notices that
We have considered three alternative positions of the Géhe germaniuns and p states hybridize with the substrate
atom: adsorbed in the surface hollow site, substituted in théands, giving a clear contribution in the whole region of the
surface layer, and substituted in the subsurface layer. Thag4d band. Due to this interaction a non-negligible part of
calculated adsorption energies ard.26,—5.31, and—4.87  the Ge states is pushed towards higher energies and clearly,
eV per Ge atom respectively, showing a clear preference fan the region of the Fermi level, the shapes of the Ag and the
the substitutional site in the surface layer. The nonmonotoGe projected DOS are extremely similar, reflecting the
nous evolution of the adsorption energy reflects the compemetallic-like character of the substitutional Ge atoms. With
tition between two effects. On the one hand, the low surfaceespect to the clean surface, the Ady#and is shifted to-
energy of Ge favors its segregation to the surface and makesgards higher binding energies. If estimated from the position
the subsurface substitution energetically unfavorable. On thef the first moment of the DOS, this shift amounts to about
other hand, the important difference of coordination between-0.25 eV. An additional peak due to the interaction with the
the surface hollow sitéhree nearest neighborand the sub- spshell of Ge appears below the maid 4tructure.
stitution site within the surface laydnine nearest neigh- In order to evaluate the experimentally observed corruga-

FIG. 4. Density-of-states projected on a Ge atom substituted in
the surface Ag111) layer and on its first surface Ag neighbor. As
a reference, the DOS of an Ag atom at a clean(Afy)) surface is
also plotted. The insert shows a zoom of the Fermi level region.
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ference between the two alternative adsorption geometries.
As for adsorption on the AG00) surface?? this difference is
mainly related to the local packing of atoms, electronic ef-
fects giving only a small contribution. On the other hand, the
calculated small corrugation of substitutional Ge and its me-
tallic character induced by interactions with Ag neighbors
S are reflected in the small chemical contrast between the sur-
1 2 3 45 12 3 45 6 7 8 face Ag and the substitutional Ge and explain the lack of
A A appearance op(v3Xxv3)R30° reconstruction cell in the
- ) STM images.
FIG. 5. Electron densities at the Fermi level for a Ge adatom .
(left pane) and for a Ge atom integratédght panel into the first . In (_zonclusmn, we have used STM, PES, and LEED to
layer of the Ag(111) surface. investigate the A@L11)-Ge surface at Ge coverage ranging
from 0.1 to 0.4 ML. For 1/3 ML Ge, a surface alloy giving a
p(v3Xv3)R30° LEED pattern was observed. STM images
tion and to estimate the difference between an adsorbed arghow that the Ge atoms are absolutely indistinguishable from
a substitutional Ge atom, we have simulated the STM imagefhe silver ones at any bias voltages when th&v3
using the most basic approximation taking into account thex3)R30° superstructure form#b initio total-energy cal-

electronic effects, in which the tunneling current is propor-cyations confirm that the Ge atoms are in substitutional sites
t|0na| to the denSIty Of e|ectl’0nS n the reg|0n Of the Ferm|and present On'y a Very small Corrugation.

level.

Figure 5 presents the cross sections of the electronic den-
sities evaluated in an energy window 0.5 eV around the
Fermi level, as obtained for adsorption and substitution of an
ordered 1/3 ML of Ge on the Agl11) surface. Using an The authors thank B. Delomez for his technical assistance
arbitrary p=1x 103 e/a.u® contour for the two systems we and B. Ealet for her help during the PES experiment. The
find the corrugation equal to 2.0 and 0.3 A, respectivelyauthors gratefully acknowledge A. Sdor fruitful discus-
showing, as it could have been expected, an important difsions.
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