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Abstract. The electronic structure of a Na/Ge(111)–3× 1 surface was investigated by
valence-band and core-level photoemission spectroscopy with synchrotron radiation. The two-
dimensional energy-band dispersion of the surface Brillouin zone alongM–0–K was mapped out.
The experimental surface-state dispersions show a better agreement with the theoretical results
for the buckled Seiwatz model than the extended Pandey model. The surface core-level shift of
the (3× 1) surface is explained on the basis of the buckled Seiwatz model. The(3× 1) surface
reveals more covalent bonding character than other Na-adsorbed surfaces at room temperature,
and its surface Fermi level is close to the valence-band maximum.

1. Introduction

The electronic and atomic structure of alkali metals (AMs) on semiconductor surfaces has
been of great interest in the past few decades due to their important applications in science
and technology. Because of its single-valence-electron configuration, the AM overlayer on
a semiconductor has become an active research area as a simple model system exhibiting
Schottky barrier formation and metallization [1]. However, there are many interesting and
unsolved problems relating to the AM/semiconductor surface itself. It is well known that
adsorption of submonolayer of AM on a semiconductor surface reduces the work function
and enhances the oxidation. As an example of initial-stage phenomena, the AM-induced
(3 × 1) reconstruction, first observed by Daimon and Ino [2], exhibits many interesting
characteristics such as semiconducting and passivating natures [3–5]. The(3× 1) surface
seems to have a universal structure, irrespective of the adsorbate species [6]. However,
the atomic and electronic structures of the AM-induced(3 × 1) surfaces have remained
unresolved [3–17].

Several structural models for the(3 × 1) reconstruction of AM/Si(111) have been
proposed experimentally [3, 5, 6, 9, 11, 12] and theoretically [13–15]. Recently, on the basis
of the absolute AM coverage of a third of a monolayer (ML), the favourable candidates
have been narrowed down to two models: the buckled Seiwatz (missing-top-layer) model
with Peierls-like distortion of the Si chain and the extended Pandey model with the buckled
π -bonded-chain structure. Figure 1 shows the two models. In the buckled Seiwatz model,
five-membered Si rings form aπ -chain, whose empty channel is occupied with 1/3 ML of
AM adsorbate on the threefold site. The AM bonding and structural instability induce the
buckling of theπ -chain, gaining a large band-energy stabilization. The extended Pandey
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Figure 1. Geometrical models of (a) the buckled Seiwatz model and (b) the extended Pandey
model for the AM-induced(3× 1) surface [14–16]. Small circles indicate the subsurface atoms
and large circles indicate the top-layer substrate atoms. Large shaded circles indicate the AM
atoms.

model consists of 7–5–6-membered rings as the top Si surface geometry. It resembles the
π -bonded chain model proposed for the cleaved Si(111)–2× 1 surface [18]. In this model,
the AM is adsorbed on the reconstructed Si substrate. The total energy calculation results
slightly favoured the extended Pandey model over the Seiwatz model [14]. However, the
total energy difference between the two models appears negligibly small [15]. The surface-
state dispersion determined by the angle-resolved photoemission spectroscopy (ARPES)
measurement was in partial agreement with estimation of the Seiwatz model in the surface
Brillouin zone (SBZ) [9, 15, 16].

The surface atomic and electronic structure of Na/Ge(111)–3×1 is expected to be similar
to that of Si(111) [17]. Despite their similarities as regards the surface periodicity and
passivating properties, most of the studies have been conducted on the AM/Si(111) system,
rather than on Ge. As a starting surface, the simple adatom structure of Ge(111)–c(2× 8)
makes it easier to investigate the(3 × 1) transition, and might produce complementary
information about the(3× 1) surface. In this article, the surface electronic properties of
Na/Ge(111)–3× 1 are studied using ARPES and surface-sensitive core-level spectroscopy
based on synchrotron radiation. In addition, the ARPES data are compared with the recent
first-principles calculations for the buckled Seiwatz model and the extended Pandey model.

2. Experimental procedure

The experiments were carried out at beam line BL6A2 of UVSOR at the Institute for
Molecular Science in Okazaki, Japan [19]. Synchrotron radiation from the 750 MeV
storage ring was dispersed by a plane grating monochromator covering the photon energy
rangehν = 10–130 eV. The ultrahigh-vacuum chamber (base pressure: 2× 10−10 Torr)
was equipped with a rear-view low-energy electron diffraction (LEED) optics, a cylindrical
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mirror analyser for Auger electron spectroscopy (AES), and a hemispherical analyser having
an angular resolution of±1◦. During the photoemission measurement the overall energy
resolution was 0.15–0.20 eV.

The p-type Ge(111) wafer (B-doped,ρ ∼ 10� cm) was cleaned by means of repeated
cycles of Ar+ sputtering (E = 1 keV, I = 1.0 µA) and annealing(T ' 700 ◦C). After
the cleaning procedure, a distinct c(2 × 8) LEED pattern was observed, and impurities
such as C and O were not detected in the AES spectrum. Na was evaporated on the room
temperature (RT) substrate by a well outgassed dispenser cell (SAES Getters Incorporated)
positioned at 5 cm away from the sample. After the deposition of Na, LEED showed a
diffuse (1×1) pattern, and the subsequent flashing to 400◦C for about ten seconds resulted
in a three-domain(3×1) pattern. This(3×1) reconstruction did not critically depend upon
the amount of Na initially deposited. This must be because the unreacted Na atoms desorb
with post-annealing at 400◦C. Upon additional annealing at 700◦C for five minutes, a well
ordered c(2× 8) periodicity of the clean surface was recovered. The work-function change
(1φ) with the Na deposition was measured from the secondary-electron cut-off energy in
the photoelectron spectrum obtained from the sample with−10 V bias voltage. The Na
coverage was determined by the core-level intensity ratio of the Na 2p level to the Ge
3d level (±20% error), taking into consideration the photoionization cross section of these
levels [20]. 1 ML is defined as 7.22× 1014 atoms cm−2.

Figure 2. Valence-band spectra for (a) clean Ge(111)–c(2× 8), (b) 0.16 ML Na on Ge(111),
(c) 1.0 ML Na/Ge(111), and (d) Na/Ge(111)–3× 1 surfaces athν = 21.1 eV.

3. Results and discussion

3.1. Angle-resolved photoemission spectra

Figure 2 shows valence-band spectra for the photon energyhν = 21.1 eV for (a) clean
Ge(111)–c(2×8), (b) 0.16 ML Na on Ge(111), (c) 1.0 ML Na/Ge(111), and (d) Na/Ge(111)–
3× 1 surfaces. The photon angle of incidence was 45◦ from the surface normal and the
emission angle of the photoelectrons was set to 10◦ (the [1̄10] direction) at which a maximum
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counting rate was observed. The binding energies (Ebs) are referred to the Fermi level (EF)
determined by the sharp decreasing edge in the photoemission spectra of thick Au film
deposited on the sample. In addition to the main bulk peak atEb = 4 eV, the spectrum of
clean Ge(111)–c(2×8) clearly shows two surface states, a rest-atom dangling-bond state at
aboutEb = 0.9 eV and an adatom back-bond state atEb = 1.4 eV, which are already known
of [21–23]. After Na evaporation, two surface-state peaks appear to merge as a single peak
at Eb = 0.8 eV in figure 2(b) and atEb = 1.3 eV in figure 2(c). This Na-induced change
in the valence-band spectra is the same as was reported before [10, 24, 25]. For the(3×1)
surface in figure 2(d), the single broad peak at aboutEb = 1.3 eV is attributed to a modified
surface state induced by Na [10]. The valence-band spectra also show that the clean and
other Na/Ge(111) surfaces are all semiconducting because there is no emission intensity
nearEF.

In figure 3, ARPES spectra forhν = 21.1 eV are shown for the Na/Ge(111)–3× 1
surface as a function of the emission angleθ measured away from the normal to the
surface: in figure 3(a), those for the0–K [11̄0] direction of the(1× 1) SBZ shown in

Figure 3. ARPES spectra of a Na/Ge(111)–3× 1 surface for a series of polar anglesθ
(a) along the0–K [11̄0] direction and (b) along the0–M [1̄1̄2] direction of the(1× 1) SBZ at
hν = 21.1 eV.
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Figure 4. The experimental energy-band dispersion (closed circles) for Na/Ge(111)–3× 1 at
hν = 21.1 eV: a plot ofEb versus the momentum parallel to the surface, i.e., the0–M and the
0–K azimuth directions. Open circles indicate weak peaks. The solid curves show the results
of the theoretical band calculations for bulk Ge and the dashed curve shows the projected bulk
valence-band maximum [26]. In part of the0–K SBZ, the surface bands SS1 and SS2 are shown
as solid lines for the buckled Seiwatz model and dotted lines for the extended Pandey model,
as calculated using anab initio pseudopotential density-functional scheme [31].

figure 4; and in figure 3(b), those for the0–M [1̄1̄2] direction. Both sets of spectra
commonly demonstrate two surface-state features modified from the clean surface by Na
deposition. The weak feature A is visible as a shoulder atEb ' 0.5 eV belowEF. The
feature B appears distinctly atEb = 1.0–1.5 eV for emission angles larger thanθ = 12◦.
Its intensity is pronounced near the SBZ boundary for both directions. Both features show
a slight dispersion with the increment of the emission angle, but appear at the same binding
energies in the normal-emission spectra at different photon energies (hν = 18–34 eV, not
shown here). The remaining features are similar to the bulk peaks observed for the clean
c(2× 8) surface. In both directions, two highly dispersive bulk bands (C and D) cannot be
resolved near the centre of the SBZ, but begin to split fromθ = 12◦. Other nondispersive
structures near 4 eV and 7 eV around the centre of the SBZ are manifestations of the three-
dimensional densities of states at the critical points [26–28]. Another feature, E, is weak
but dispersive from 4.2 eV atθ = 32◦ via 4.5 eV atθ = 28◦ and back to 3.9 eV atθ = 16◦

in figure 3(b). It is not a direct transition, but seems to be a secondary emission originating
from another core level [27].

In figure 4, the energy-band dispersion (circular symbols) obtained from the ARPES
data for Na/Ge(111)–3×1 is presented along theM–0–K direction of the(1×1) SBZ. We
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apply a free-electron approximation for the final-state dispersion. The band mapping was
followed using the formulak‖ = (1/h̄)

√
2m(hν − φ − Eb) sinθ , wherek‖ is the component

of the wave vector parallel to the surface,hν = 21.1 eV, andφ the work function (3.75 eV).
The high-binding-energy bulk bands (Eb > 5 eV) are excluded for simplicity. The dashed
line shows the projected bulk-band maximum. The solid curves present the theoretical
bulk energy band [26] which is in good agreement with the experimental dispersion (C
and D). In addition, the theoretical surface-state bands (SS1 and SS2) for the buckled
Seiwatz model (solid lines) and the extended Pandey model (dotted lines) are presented,
which are only available along0–K [31]. Jeong and Kang used the norm-conserving
separable pseudopotentials together with the density-functional theory within the local-
density approximation (LDA). They simulated the AM/Ge(111) surface by a periodic slab
geometry with a substrate of twelve Ge layers and a vacuum layer equivalent to six Ge layers.
The positions of the surface bands and their dispersions indicated by the present experimental
data (A and B) are in better agreement with the buckled Seiwatz model than with the
extended Pandey model. The total energy calculation for Na/Ge(111)–3× 1 also slightly
favours the buckled Seiwatz model over the extended Pandey model by∼0.03 eV/cell [31].
Hence, for the(3× 1) reconstruction of Na/Ge(111), both the ARPES results and the total
energy calculation favour the buckled Seiwatz model. This result is contrary to the case
for AM/Si(111)–3×1, for which the ARPES results are consistent with the calculated band
structure for the Seiwatz model, but the total energy calculations favour the extended Pandey
model. According to Weiteringet al, the discrepancy between the theory and experiment
may indicate that exchange and correlation inπ -bonded Si chains should be given more
considation, beyond the mean-field band-structure approach [16].

Figure 5. Core-level spectra and fitting results for (a) clean Ge(111)–c(2× 8), (b) 0.16 ML Na
on Ge(111)–c(2× 8), (c) 1.0 ML Na/Ge(111), and (d) Na/Ge(111)–3× 1 surfaces. The fitting
parameters are listed in table 1.
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Table 1. Fitting parameters for the components used to fit the Ge 3d core-level spectra shown in
figure 5. All of the energies are in eV. The Lorentzian and Gaussian widths refer to the full width
at half-maximum. The intensity ratioR is defined as the area of the surface component/total
area of Ge 3d core level. (The branching ratio= 0.754, the Lorentzian width= 0.150, and the
spin–orbit splitting= 0.585.)

Ge(111)–c(2× 8) Na/Ge(111) Na/Ge(111) Na/Ge(111)–3× 1
Na coverage (ML) 0 0.16 1.0 0.26

Bulk component
Gaussian width 0.40 0.39 0.39 0.40

Surface component S1 S1 S S′1
Core-level shift −0.25 −0.31 −0.43 −0.20
Gaussian width 0.37 0.38 0.37 0.39
Intensity ratioR 0.292 0.193 0.279 0.247

Surface component S2 S2 S′2
Core-level shift −0.71 −0.63 −0.58
Gaussian width 0.30 0.29 0.27
Intensity ratioR 0.061 0.059 0.111

3.2. Core-level analysis

Figure 5 shows Na 2p and Ge 3d core-level spectra obtained from (a) clean Ge(111)–c(2×8),
(b) 0.16 ML Na on Ge(111), (c) 1.0 ML Na/Ge(111), and (d) Na/Ge(111)–3× 1 surfaces.
The photon energy of 74 eV was chosen in order to enhance the surface sensitivity. The
relative binding energy is referred to the bulk Ge 3d5/2 level of clean Ge(111) [32]. In order
to fit the core-level spectra, a nonlinear least-squares routine [33] was used after subtraction
of the cubic polynomial background. The fitting parameters and the results for the Ge 3d
level are listed in table 1.

As shown in figure 5(a), the clean Ge(111)–c(2× 8) has two surface components at
−0.25 eV (S1) and−0.71 eV (S2) relative to the bulk, and the intensity ratio of S2/S1 is
0.21; these values are well matched with the previous results [34, 35]. Most of the previous
results have explained the structure of Ge(111)–c(2 × 8) on the basis of the rest-atom–
adatom model [23, 36, 37]. In particular, the STM studies and the theoretical calculations
reported that there are some degrees of charge transfer from the adatom to the rest atom
[23, 37]. Since the excess charge at the rest atoms results in a lower binding-energy shift
of the core level, the lower-binding-energy surface component S2 on Ge(111)–c(2× 8) in
figure 5(a) was ascribed to the rest atoms [38]. The other component, S1, was attributed
to the adatoms and their back-bonding atoms [39]. On the basis of this simple rest-atom–
adatom structural model for clean Ge(111)–c(2× 8), the intensity ratio sum (35%) of these
surface components, S1 (29%) and S2 (6%), almost represents the intensity of the surface Ge
atoms in a c(2×8) unit mesh (four adatoms, twelve back-bonding first-layer atoms, and four
rest atoms). Although G̈othelid et al reported that there is another surface component [39],
we take into account only two surface components due to the relatively low resolution of
our spectrometer. In this assignment, the Ge atoms below the second layer were considered
as bulk atoms.

Figures 5(b) and 5(c) show the core-level spectra and deconvoluted results for 0.16 ML
Na/Ge(111) and 1.0 ML Na/Ge(111) surfaces. The position of the lower-binding-energy
peak (S2) is shifted toward higher binding energy, and finally the peaks merge into a single
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peak (S) as the Na coverage increases. We note also that the intensity of the shoulder at
low binding energy grows roughly proportionally to the Na coverage, like in the case of
K/Si(111) surfaces [24, 40]. Therefore, the lower-binding-energy surface component (S2 in
figure 5(b) and S in figure 5(c)) is attributed to the Ge atoms adjacent to Na atoms, and the
other higher-binding-energy component (S1 in figure 5(b)) to the bare Ge surface.

Figure 5(d) shows the Ge 3d and Na 2p core-level spectra for Na/Ge(111)–3×1. There
are two surface components at lower binding energies,−0.20 eV (S′1) and−0.58 eV (S′2),
which are very similar to those in a previous report on K/Ge(111) surfaces [41]. A single
Na 2p peak appears at 1.95 eV higher binding energy than the bulk Ge 3d5/2 peak. Since
the photoionization cross sections of Na 2p and Ge 3d are almost the same (7 Mb) for 74 eV
photons [20], the number of Na atoms in a(3×1) unit mesh can be estimated by comparing
the intensity of the Na peak with that of surface Ge peaks. The intensity ratios of S′

1, S′2,
and Na 2p are 25%, 11%, and 8.9% respectively. As the Na peak in figure 5(d) appears as a
single component narrower than those in figure 5(b) and 5(c), one can expect only one kind
of Na atom to exist in a(3× 1) unit mesh [42]. Considering that the number of atoms of
each species in a unit mesh must be an integer, the nearest integer ratio of Na:S′

2:S′1 is 1:1:2.
The differences between the 1:1:2 ratio and the intensity of the fitting results of figure 5(d)
are 2% and 7% for S′1 and S′2, respectively. Since the(3× 1) reconstruction is observed
over a wide range of AM coverage, the difference may be due to a small fraction of surface
not covered by Na atoms. From these results, it can be deduced that, in a(3×1) unit mesh,
there are one Na atom and two kinds of Ge atom of which the relative intensity ratio is 1:2.
As a result, the upper limit of the AM coverage is 1/3 ML for the(3× 1) surface.

The surface core-level shift (SCLS) results for the(3× 1) surfaces of Si and Ge(111)
are inconsistent with each other. Paggelet al and others reported that the intensity ratio
of higher- and lower-binding-energy surface components of the Si 2p core level (S′

1:S′2)
is 1:1 [8, 12, 16]. Zhanget al argued that it is 2:1 for Na/Si(111)–3× 1 [43]. Göthelid
et al reported a very different result for K/Ge(111)–3× 1 [41]. They reported much larger
intensity of the S′1 component. In our experiment, the intensity ratio is 2:1 (S′

1:S′2) for the
Na/Ge(111)–3× 1 surface as shown in figure 5(d). In order to resolve the discrepancies,
it is necessary to compare the experimental results with the theoretical calculation of the
SCLSs for the proposed models. The calculation must consider many contributing factors
such as charge transfer, substrate polarization, covalent bonding character, and the final-
state effect [44]. Since no calculations of SCLSs are available at present, we will explain
the SCLS results on the basis of the buckled Seiwatz model, which is more favourable as
regards the ARPES and total energy calculation results. One reasonable scenario is that S′

1
is associated with two surface Ge atoms just below Na and S′

2 with the π -chained up-Ge
atom in the(3×1) unit cell. The other component of theπ -chained down-Ge atom is likely
to coincide with that of bulk. This is because the charge transfer from the down- to the
up-Ge atom in the strongly buckledπ -chain can induce such a binding energy separation.
The relatively high binding energy of the S′1 component is probably due to the covalent
bonding contribution of Na–Ge bonding in the T4-site adsorption geometry [44]. In addition,
comparing the spectra of figures 5(b) and 5(d), the binding energy of S′

2 is higher and that
of Na 2p is lower for the(3× 1) surface than those for the RT-deposited surfaces. This
indicates that the covalent bonding character of the Na–Ge bonding for the(3× 1) surface
is larger than that for normal RT-deposited surfaces.

Figure 6 shows the surfaceEF-position determined from the bulk Ge 3d position for
several Na-adsorbed Ge(111) surfaces. Each1φ is also plotted as a function of Na coverage.
As the Na coverage increases,1φ decreases, andEF approaches the valence-band maximum
(VBM). As the wafer used is a p-type one, this shift implies that the surfaceEF-level moves
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Figure 6. Plots of the surfaceEF-position (circles) and work-function change (squares) measured
for different surfaces as functions of the Na coverage. The vertical lines are error bars.

to lower energy due to the band-flattening effect after Na deposition. This indicates that
the surface charge becomes neutralized with increasing Na coverage, which is in agreement
with the previous results [8]. The bulk Ge 3d core level of Na/Ge(111)–3× 1 is shifted
to 0.18± 0.01 eV lower binding energy than that of the clean surface. ThisEF-position
is nearly the same as that of the surface with a thick (1.8 ML) layer of Na, even though
the estimated Na coverage is 0.26 ML on the(3× 1) surface. This band-bending reduction
can be understood on the basis of the change of the surface electronic structure influenced
by the Na–Ge bonding in the(3× 1) surface. Since the origin of the band bending of
the clean c(2× 8) surface is the rest-atom state in the band gap, the dramatic change in
the structure and bonding in the(3 × 1) surface may decrease a certain partially filled
state in the band gap [15] and lead to band flattening. Such an efficient decrement of
interfacial gap states is one of the characteristics related to the passivated nature of the
(3×1) surface. Similarly, the surface Fermi levels of p-type (111) surfaces of Na/Si(111)–
3×1 [8], B/Si(111)–(

√
3×√3)R30◦ [24], and K/Ge(111)–3×1 [41] are located very close

to the respective VBMs, which thus induces a band flattening like in the Na/Ge(111)–3× 1
case.

4. Conclusion

We investigated the electronic structure of the Na/Ge(111)–3× 1 surface and discussed
its related atomic structure on the basis of the results of valence-band and core-level
photoemission spectroscopy. The experimental electronic band structure shows two surface
bands in the0–K and0–M directions of the SBZ. The band dispersion along0–K partially
agrees with the calculated dispersion for the buckled Seiwatz model. The core-level analysis
for Ge 3d reveals that there are two surface components: probably one bonding to Na and
another with upwardπ -chained Ge, respectively. Compared with that of other Na/Ge(111)
surfaces, the Na–Ge bonding of the(3× 1) surface has more covalent character. These
changes in atomic and electronic structure of the(3× 1) surface make the surfaceEF pin
near the VBM.
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