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Critical differences in the surface electronic structure of Ge(001) and Si(001): Ab initio theory
and angle-resolved photoemission spectroscopy
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Even with renewed interest in Ge as a competitor to Si in field-effect transistors, several key features of the
surface electronic structure of Ge(001) have remained controversial. Notably, the origin of strong Fermi-level
pinning in Ge has been heavily debated. Using high-resolution angle-resolved photoemission spectroscopy
(ARPES) and first-principles hybrid density functional theory calculations, we compare and unambiguously
establish the critical differences between the electronic structure of the Si and Ge (001) surfaces. We explicitly
show that the surface state that determines the charge neutrality level, and thus the Schottky barrier height in Si,
is actually a surface resonance in Ge. It means that the evanescent states near the Ge surface play an essential
role in the strong Fermi-level pinning. Additionally, we identify the origin of a number of highly debated ARPES
features for Ge(001) and Si(001).
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I. INTRODUCTION

As the semiconductor industry searches for alternatives to
the Si channel in field-effect transistors, there has recently been
a renewed interest in Ge [1–4]. The electron and hole mobilities
in Ge are not only higher than in their cousin, Si, but also
closer in magnitude, both of which make Ge a very promising
replacement [1,5]. With the current trend in the semiconductor
industry toward the use of high-k dielectrics [6–8], Ge(001)
has an additional advantage; Ge is much less reactive with
oxygen and can form a more stable interface with many large-
permittivity (high-k) dielectrics. Recently, however, it has been
found that Ge strongly pins the Fermi level at the charge
neutrality level, less than 0.1 eV above the valence-band top
(VBT), which may explain the poor performance of Ge n-type
metal-oxide-semiconductor field-effect transistor nMOSFET
[9]. The Fermi-level pinning (FLP) and the Schottky barrier are
two important properties that must be understood for channel
materials used in complementary metal-oxide-semiconductor
(CMOS) technology [10,11]. However, the origin of the
strong FLP found on the Ge(001) surface/interface has been
heavily debated [12–15]. The main question is whether the
state pinning the Fermi level is a bulk evanescent state or
a surface/interface state. Tsipas and Dimoulas considered
the dangling-bond states to model the FLP in Ge [12], but
the position of the dangling-bond states is, itself, rather
controversial [16,17]. On the other hand, Nishimura et al.
have suggested that the strong FLP is related to an intrinsic
property of the Ge bulk, implying the source of the pinning is
evanescent states [13,18]. To understand the FLP in Ge(001),
it is crucial to have a clear picture of the surface electronic
structure.

The electronic properties of the Ge(001) and Si(001)
surfaces have been investigated experimentally [19–34] and
theoretically [29,32–40]. However, compared to our excellent
understanding of the electronic properties of the Si(001)
surface, a similar level of understanding of the Ge(001) surface
properties has remained elusive. For Si(001), it has been
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established that the dimer-derived surface state maintains its
surface character in the fundamental gap, and even at the
VBT, thus playing a crucial role in determining the charge
neutrality level and FLP [10]. Unfortunately, the character
of the Ge(001) VBT and the behavior of the surface states
near the VBT has not been well established [21,26,28–33,40].
From photoemission experiments, Kipp et al. suggested that
the highest valence state originates from the up atom of a
dimer [26], while Nakatsuji et al. concluded that the VBT is a
bulk state [29]. Using density functional theory (DFT), Radny
et al. argued that the VBT is comprised exclusively of the
back-bond states [32]. Subsequently, Yan et al. showed if the
Ge(001) slab thickness is increased, the character of the VBT
becomes bulklike [40]. Unfortunately, additional increases in
slab thickness cause the valence and conduction bands to
overlap [33] because both the local density approximation
(LDA) and the generalized gradient approximation (GGA)
underestimate the band gap [41]. With these theories predicting
an overlap of the valence and conduction bands, it has been
impossible to describe the nature of the Ge VBT and the
surface-state behavior inside the gap, thus rendering a charge
neutrality level analysis for Ge(001) problematic.

In this paper, we report a combined theoretical and
experimental investigation of the surface electronic structure
of Ge(001) and Si(001). By comparing our angle-resolved
photoemission spectroscopy (ARPES) data to the theoretical
spectral functions, we show that the VBT of Ge(001) is
exclusively a bulk state. This behavior is unlike the case of
Si where the surface state maintains its localized character,
even at the VBT. Because the Si surface state resides above
the VBT it plays a crucial role in determining the FLP. The
equivalent surface state in Ge actually joins the valence band
and becomes strong surface resonance just below the Ge VBT.
These results show that the FLP at Ge(001) indeed originates
from the evanescent states [9,13,18].

II. COMPUTATIONAL AND EXPERIMENTAL DETAILS

In order to avoid the problems associated with the band-
gap underestimation in local-density approximation (LDA)
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and generalized-gradient approximation (GGA), we utilized
the screened Hartree-Fock hybrid functional due to Heyd,
Scuseria, and Ernzerhof (HSE06) [42], within the projector
augmented wave method [43], as implemented in the VASP

code [44,45] used in this work. Further theoretical details are
described in the Supplemental Material [46]. In HSE06, we
checked that the band gap of Ge is reproduced within 3%
of experiment [47–49], which means we can make accurate
predictions about the character of the Ge VBT.

The samples and preparation of the Ge(001)-2 × 1 and
Si(001)-2 × 1 surfaces have been described in detail elsewhere
[50–52]. Unlike previous ARPES experiments, where the
Ge(001) surfaces were prepared using cycles of ion sputtering
and annealing, our Ge(001) surfaces were prepared using
a combination of wet etching and oxygen plasma cleaning.
This technique has the advantage of avoiding the incomplete
healing of the surface roughening associated with sputtering
and annealing cycles [53]. Sample preparation and analysis
were performed in situ as described elsewhere [51,52,54]. All
ARPES experiments were performed at room temperature,
with a total energy resolution of �E < 30 meV and an angular
resolution of �θ < 1°. A monochromated He discharge lamp
was used with excitation energies of hν = 21.22 eV and
hν = 40.81 eV.

III. RESULTS AND DISCUSSIONS

The surface band structures of Si(001) and Ge(001) in GGA
[46,55] are shown in Figs. 1(a) and 1(b), respectively. Notably
present in the fundamental gaps of Ge and Si are the intrinsic
surface states. For the Si(001) band structure, the solitary band

FIG. 1. (Color online) The surface band structure for Si(001)-2
× 1 (a) and Ge(001)-2 × 1 (b) as calculated in GGA, including orbital
projected density of states (pDOS). The 2 × 1 surface Brillouin zone
whose orientation with respect to the bulk zone is shown in the
Supplemental Material [46]. For the orbital pDOS, we project the
total DOS on the up (denoted as Dup) and down (denoted as Ddown)
atoms of a surface dimer [46].

FIG. 2. HSE06 surface band structures of Si(001)-2 × 1 (a) and
Ge(001)-2 × 1 (b). The surface bands are doubled since the slab has
the dimer structure on both surfaces. The band structures (light gray)
weighted with the wave-function character derived from the Dup atom
[(c) for Si and (d) for Ge] and the Ddown atom [(e) for Si and (f) for
Ge] are shown.

right above (below) the Fermi level is derived from the down
(up) atom of the surface dimer, and is denoted as Ddown (Dup).
Similar features are also found for Ge(001). For the Ge(001)
slab band structure we find a small band gap of 0.05 eV at �.
This is due to the quantum confinement effect originating from
the finite slab thickness. However, for the extended surface
reconstructions such c(2 × 4) and p(2 × 2), the surface gap of
Ge(001) at � is completely closed in GGA. We checked that
no significant changes for the surface band structure of Si(001)
and Ge(001) are induced by the spin-orbit coupling [56] at the
GGA functional level.

Figures 2(a) and 2(b) show the HSE06 surface band
structure of Si(001) and Ge(001)-2 × 1 surfaces from � to
J ′

2, respectively. We first note the bulk band gap of Si(001)
and Ge(001), at �, corresponds to the indirect gap of the
Si bulk and the direct gap of the Ge bulk, respectively, as
all the bulk levels along �X (the y direction) are projected
on the surface Brillouin zone in the slab calculations [46].
We calculate the bulk gap at � to be 1.18 and 0.94 eV for
Si(001) and Ge(001), respectively, which agree well with
the previous theoretical bulk calculations [48,49] and the
experimental values of 1.17 and 0.90 eV for the bulk Si and
Ge, respectively [47]. Additionally, we find the unoccupied
Si(001) and Ge(001) Ddown surface states at � are positioned
1.1 and 0.6 eV above the bulk VBT, respectively. For Ge(001),
inverse photoemission spectroscopy reported the empty Ddown

state to be 0.6 eV [24] or 0.85 eV [39] above the VBT at �,
while that of Si(001) was estimated to be 1.1 eV using optical
absorption spectroscopy data [38,57]. Our theoretical results
are in excellent agreement with these experimental values.

In Fig. 3(a), we show the ARPES spectrum of Ge(001)-2 ×
1 measured along the �J ′

2 direction [29,46]. For compar-
ison with theory, we also plot the spectral functions of
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FIG. 3. (Color online) ARPES spectrum of Ge (001)-2 × 1 measured using a photon energy of 21.22 eV (a), compared with the theoretical
spectral function calculated in HSE06 (b).

Ge(001)-2 × 1 in Fig. 3(b), as calculated in HSE06 [46].
Virtually all important features observed experimentally are
well reproduced in theory. First of all, by comparing slab
and bulk calculations, we find that most features in Fig. 3(b),
other than S1, are mainly derived from bulk states. The bulk
features such as B1-B4 appear strong because they have less kz

dependence, and thus account for features in ARPES data. The
S1 state halfway between � and J ′

2 is in the fundamental energy
gap and is a surface state. This state is also seen experimentally,
with excellent agreement on the dispersion. Most importantly,
the Ge S1 state becomes degenerate with the bulk states and
therefore becomes a surface resonance as it approaches � [29],
while the corresponding band in Si(001) is a true surface state,
even at �, as shown in Fig. 2(a). Additionally, we note that
ARPES shows the surface state splitting into two bands, of
which the top one [S2 in Fig. 3(a)] is not reproduced by
theory. The same splitting is also observed in our Si(001)-2 × 1
measurements (not shown) and in the literature [23,27]. This
S2 band is likely a result of the anti-phase-flipping motion of
the dimers along the (1–1 0) direction [23], and we verified
that a similar splitting of the surface state occurs for the
p(2 × 2)- and c(2 × 4)-reconstructed surfaces.

To shed more light on the surface resonance features in
Ge(001), we show the projection of the valence wave functions
on the up atom of a dimer, for Si(001) and Ge(001), in Figs. 2(c)
and 2(d), respectively. While Dup in Si(001) shows a strongly
localized character (true surface state in the fundamental gap),
Dup in Ge(001) acquires a stronger surface resonance character
near � as it strongly mixes with the bulk states. The strong
surface resonance in Ge(001) leads to two additional spectral
features at � that are located at −0.5 and −1.2 eV [see
Fig. 2(d)]. Experimentally, it has been shown that these two
states do not disperse as a function of photon energy [20,21],
but it has been heavily debated whether these states are surface
resonances [35]. Our calculations shown in Fig. 2(d) confirm
that the experimentally observed spectral features located at

�̄ and at �−0.6 and −1.2 eV [20,21] originate from surface
resonances. We have also studied these features in GGA [46].
For the Si(001)-2 × 1 surface, normal-emission spectra reveal
two states at � that do not disperse with photon energy: one
very close to the VBT and the other one at −0.8±0.1 eV, whose
origin has been unclear [22]. According to our calculations
shown in Fig. 2(c), the one near the VBT is the surface-state
feature corresponding to the Dup state at �. We also observe a
surface resonance feature at −0.7 eV [see Fig. 2(c)], which is
in excellent agreement with experiment [22].

To better understand the behavior of the surface states in
Si(001) and Ge(001), we note that, due to the tilting of the
dimer [10,58], the dangling hybrid on the down atom becomes
almost pz-like and the up atom gains increased s character [see
Figs. 1(a) and 1(b)]. This tilting of dimers lowers its average
energy. Using all-electron atomic density functional theory
(DFT) calculations [59], we find that the Si 3p level and the
Ge 4p level are well aligned and close in energy, but the Ge
4s level drops in energy more than the Si 3s level [58]. In
the scalar relativistic approximation, the sp splittings in Si and
Ge are calculated to be 6.71 and 7.88 eV, respectively. Using
the Dirac-Kohn-Sham equation, the difference between the
4p3/2 and 4s1/2 states in Ge is further increased to 7.93 eV,
while that of Si is 6.72 eV. As a result, both GGA and HSE06
surface band structure calculations (Figs. 1 and 2) show the
occupied surface state of Ge (4spz) dropping in energy more
than that of Si (3spz).

Despite the overall agreement between experiment and
theory seen in Fig. 3, we note that there are a number of detailed
features which are not captured in the slab calculations. These
include the three bands found in ARPES measurements for
the VBT of Ge(001) [29], which are clearly shown in Fig. 4(a)
(labeled E1, E2, and SR). The main reason why this three-band
feature is not captured in the slab calculations is that the surface
band structure shown in Fig. 2(b) is, essentially, a projection
of all the bulk bands onto the surface Brillouin zone. ARPES
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FIG. 4. (Color online) (a) ARPES spectrum of Ge(001) VBT measured with a photon energy of hν = 21.22 eV, with theoretical bulk bands
(T1–T3) for kz = 2.186 and 2.219 Å−1 overlaid. Experimental bands are labeled E1, E2, and SR (surface resonance). Also shown are constant kz

contours indicating this spectrum very nearly corresponds to the bulk � point. (b) Theoretical T1 bulk bands for kz from 2.219 to 1.775 Å−1, as
well as the fit to the SR band in (a) which shows precisely how this state merges with the bulk valence band. (c) ARPES spectrum of Ge(001)
VBT measured with the photon energy of hν = 40.81 eV. The black line is a fit to the dispersion of the SR feature from (a) and shows that
despite a large change in kz, the state hardly disperses.

experiments, on the other hand, contain only a small range
of kz values, as seen by the constant kz contours (determined
using a free-electron final-state model [46,60–63]) shown
in Fig. 4(a).

In order to determine the origin of the two lighter bands,
we performed a number of bulk calculations along �J ′

2 using
HSE06 with and without spin-orbit coupling [56]. When kz =
2.219 Å−1, this is equivalent to calculating the band structure
from � to X. Calculations reveal three bulk bands that are
spin-orbit split-off p bands, for kz values near the � point
(kz = 2.219 Å−1), as plotted on top of the ARPES data in
Fig. 4(a) and labeled T1–T3. These theoretically predicted
bands are in good agreement with the experimental data,
especially in terms of the theoretical spin-orbit splitting of
0.28 eV. We also show that for a range of wave-vector values
spanning most of the ARPES data in Fig. 4(a) (i.e., kz =
2.219 ± 0.02 Å−1) [46], T1–T3 hardly disperse and explain
the well-defined bulk bands observed experimentally for
hν = 21.22 eV.

This model analysis suggests that the heavy-hole band (SR)
observed in Fig. 4(a) is a surface-related band, which is further
supported by the ARPES measurements performed with the
higher photon energy shown in Fig. 4(c) [46]. By using a
photon energy of hν = 40.81 eV, the kz range for the ARPES
measurements of the VBT is shifted to kz = 2.845 ± 0.03 Å−1

(i.e., roughly half way between the � and X points of the bulk
Brillouin zone [46]). For this range of kz there are no bulk states
in the binding energy range of Fig. 4(c). As expected, the two
light bands (E1,2) observed for hν = 21.22 eV are not present
in Fig. 4(c). However, the heavy band is still present with
much the same dispersion—a clear indication that this band
is heavily surface related. This surface resonance becomes a
true surface state (S1) where it gives rise to the strong spectral
feature observed at k‖ ≈ 0.3 Å−1.

Despite using the most advanced theoretical methods,
it should be noted that there are discrepancies between
the ARPES data and theory. While the spin-orbit splitting
and overall bandwidths show excellent agreement between
experiment and theory [see Figs. 3(a), 3(b), and 4(a)], it is

somewhat surprising that there is not better agreement in the
dispersion of the experimental band E2 and theoretical band
T3. While some of this discrepancy could be attributed to
the finite kz range measured in the ARPES spectra, it cannot
completely account for the differences, and should be further
investigated.

IV. CONCLUSION

In summary, we unambiguously identify the key features
of the Ge(001) surface electronic structure in comparison
with the Si(001) surface. We show that the surface state of
Ge(001) becomes a surface resonance as it approaches the �

point and the state at the valence-band top is exclusively a
bulk state. The theoretical spectral features originating from
the strong surface resonance in Ge(001) are in excellent
agreement with experimental observations and also answer
long-standing questions concerning the electronic structure
and ARPES data for the Ge(001) surface. Furthermore, our
results imply that the Ge surface state, unlike that in Si, is not
important for the Schottky barrier analysis, but the evanescent
states in the fundamental energy gap play a critical role in
determining the charge neutrality level, and the Fermi-level
pinning in Ge. In addition to providing a deeper understanding
of the fundamental properties of semiconductor surfaces, these
results should inspire further theoretical and experimental
research relating to the feasibility of advancing the use of
the Ge(001) surface in transistor technology.
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[43] P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
[44] G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169

(1996).
[45] J. Paier, M. Marsman, K. Hummer, G. Kresse, I. C. Gerber, and
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