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We present the results of our low temperature scanning tunneling microscopy (STM) investigation of
the clean Ge(111) surface. Our experiments enable the first time STM observation of one-dimensional surface
screening around surface defects. We identify the dominating role of surface states in the low temperature STM
imaging as well as the important influence of non-equilibrium kinetics on the measured tunneling spectra.
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The (111) surface of Ge is among the most widely
studied elementary semiconductor surfaces. Some fea-
tures of this surface are presently well established, e.g.,
the (2x1) surface reconstruction corresponding to a -
bonded chain model with buckling [1-3]. On the other
hand, some of the properties still remain to be clari-
fied. There is no clear understanding of the (2x1) re-
constructed surface electronic properties, which should
somehow reveal a one-dimensional (1D) character. In
this work we present the results of our low temperature
scanning tunneling microscopy (STM) investigation of
clean Ge(111)-(2x1) surfaces [4]. The samples under
investigation were cut from heavily doped (resistivity
1mQQ - cm) Ge single crystals with n-type bulk conduc-
tivity. The doping element was phosphorus, which is a
shallow impurity with an ionization energy of 13 meV,
while the doping concentration was rather high around
8- 10 cm~2. The samples were 1.5 x 1.5 x 3.0 mm?®
slabs with the long axis aligned along the [111] direc-
tion. Samples are cleaved in situ after the low temper-
ature STM instrument is cooled down to liquid helium
temperature. The details of the cleaving procedure and
the experimental STM setup are described elsewhere [4].
After cleavage a high quality Ge(111) surface with pro-
nounced optical reflectivity (mirror) is exposed to the
STM tip for imaging and spectroscopy.

According to the commonly accepted point of view,
the Ge(111) surface with (2x1) reconstruction is termi-
nated by m-bonded chains with Ge atoms running along
the [011] direction [2] and only every second atomic chain
is imaged as a protrusion by STM. The surface unit cell
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contains two atoms, both having one dangling bond, and
these bonds are responsible for 7-bonding along zigzag
rows. One atom (up-atom) is shifted out of the surface,
while the other atom (down-atom) is shifted towards the
surface. Consequently, the bonding surface states band
7y B derived from the up-atom orbital is filled, while the
anti-bonding surface states band 7, g derived from the
down-atom orbital is empty. At sufficiently high dop-
ing concentration the anti-bonding surface states band
¢ g is partially populated and at the surface the Fermi
level lies above the bottom of the 7}z band. The band
structure for a heavily doped n-type Ge(111)-(2x1) sur-
face, which is consistent with first principles calcula-
tions [5], photoemission measurements [6] and our local
tunneling spectroscopy data (see below), is illustrated
in Fig.1. Here we would like to mention some numbers
characteristic for Ge(111)-(2x1) surface. The widths
of anti-bonding 7},p and bonding 7y p surface states
bands which can be derived from both theoretical [5]
and experimental [6] data approximately equal to 1.2
and 0.8eV respectively. The value of the band gap on
the surface Eggs measured by means of scanning tunnel-
ing spectroscopy at low temperature [7] is about 0.5eV.
The bulk band gap [8] equals to 0.74eV at liquid helium
temperature (4.2K).

Typical STM images of the Ge(111)-(2x1) surface
are presented in Fig.2 for different values of the tunnel-
ing bias voltage applied to the sample (tip is grounded),
which implies that filled (empty) state images are taken
at negative (positive) bias. The first two images in Fig.2
were acquired with a bias voltage corresponding to the
band gap region. All images reveal an ordered, chain-
like surface structure. For the Ge(111) surface such a
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Fig.1. Band structure of the metal tip — Ge(111)-(2x1)
tunneling junction. 7y g and 75 denote the bonding and
anti-bonding surface states band, respectively. The par-
tially filled surface states anti-bonding (conduction) band
is responsible for Fermi level pinning in the vicinity of the
valence band maximum. The surface (E¢s) and bulk (Eg)
band gaps are indicated. The figure is not to scale

Fig.2. STM images of the Ge(111)-(2x1) surface for dif-
ferent sample bias voltage. The set point for the tunneling
current is 20 pA. The image size is 14nm x 14 nm

chain-like structure has been attributed to a (2x1) sur-
face reconstruction with 7-bonded chains [2]. The im-
ages in Fig.2 reveal the presence of surface defects, in-
cluding the presence of ad-atoms on the surface.

We now turn to some remarkable features appear-
ing in the Ge(111)-(2x1) surface STM images shown
in Fig.2. First, the images taken with a bias voltage
corresponding to the band gap reveal the presence of
screening of localized surface charges. The streaks ob-
served in the STM images reflects the perturbation of
the local density of states by the scattering on surface
imperfections of electrons with 1D confinement along
the 7-bonded chain rows. STM images of all surface
IIucema B AATD® Tom 82
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defects (impurities, ad-atoms, atomic size elements of
domain boundaries) have a pronounced 1D shape. The
areas around the defects appear as stripes with length
up to 60 A along the direction of the 7-bonded chain
rows ([011] direction), while their width approximately
equals the period of the surface reconstruction in the
[211] direction (about 7 A). For an asymmetric defect
such as a single atomic size element of a domain bound-
ary, the stripe, which reflects the screening in the STM
image, is asymmetric along the chain rows. While the
screening cloud is localized mainly next to the defect,
it smoothly decays in one direction with increasing dis-
tance from the domain boundary, but in the opposite
direction it abruptly ends at the domain boundary. For
symmetric defects such as individual surface impurity
atoms or ad-atoms, the screening cloud has a symmetric
shape along the chain row. We would like to stress that
the contrast of the empty states STM images (positive
sample bias voltages) is higher than for the filled states
STM images (negative sample bias voltages). This can
be accounted for by the different screening for empty
and filled states, respectively (see below). It is also im-
portant to note that the low temperature STM images
of the Ge(111)-(2x1) surface become completely domi-
nated by the density of surface electronic states for the
range of bias voltages corresponding to the surface band
gap.

We also experimentally probed the local density of
electronic states. The results of scanning tunneling spec-
troscopy (STS) measurements are presented in Fig.3.
The normalized tunneling conductivity spectra were ob-
tained by averaging of the experimental data collected
above a square surface area containing four w-bonded
zigzag rows. The details of the data treatment proce-
dure are described elsewhere [9]. The overall energy
resolution for the present experiments is estimated to
be 20 meV due to our numerical method of differentia-
tion and subsequent averaging. This value is sufficiently
small for reliable tunneling spectroscopy on semiconduc-
tors.

Let us now point out the important features of
the spectroscopic measurements on the Ge(111)-(2x1)
atomically flat surface at low temperature. The pres-
ence of a band gap can be observed in the spectrum with
bottom and top located at —0.07 V and +0.5 V, respec-
tively. The Fermi level (0 V on the V-axis) is positioned
in the spectrum slightly above the valence band maxi-
mum, although our samples are heavily doped and have
n-type bulk conductivity. This can be accounted for by
Fermi level pinning at the surface in case of the Ge(111)-
(2x1) surface (see Fig.1). It is interesting to note that
for the Ge(111)-(2x1) surface the position of the Fermi
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Fig.3. (dI/dV)/(I/V) normalized tunneling conductivity
measured above two different defect free areas of the
Ge(111)-(2x1) surface as a function of the applied bias
voltage. The inset shows the logarithm of the current-
voltage characteristic I(V'). The current set point for the
measurements is I; = 20 pA, while the voltage for the ap-
proach is V; = 0.3V

level in the tunneling spectra remains the same, inde-
pendent of the type of doping of the bulk semiconductor,
i.e, p-type or n-type bulk conductivity [10]. According
to photoemission data the position is independent of the
bulk doping concentration as well [6]. The main source
of the difference in tunneling spectra for the p-type and
n-type Ge(111)-(2x1) surface is the difference in surface
band bending. While for a n-type sample surface band
bending almost exceeds the bulk band gap value (Fig.1),
bands remain nearly flat near a p-type sample surface.

The tunneling current inside the bang gap is not neg-
ligible (see inset in Fig.3). With our choice of the set
point for the tunneling current (I; = 20pA) a com-
parable value of the tunneling current was detected
throughout the band gap, except for a narrow region
(lV] < 0.1V) around the Fermi level. This implies
that the surface states are able to carry a current up
to ~ 10° electrons per second. Hence, the tunneling rate
through surface states is comparable to the relaxation
rate of non-equilibrium electrons due to the electron-
phonon interaction at low temperature (10%s~* [11]). A
local non-equilibrium charge can then be accumulated
on the surface states, causing local band bending. This
bending alters the ratio of the tunneling rates from sur-
face states to the bulk semiconductor and to the metallic
tip, respectively, and consequently alters the measured
tunneling spectrum.

As can be seen from Fig.3, the tunneling conduc-
tivity curve reaches an absolute minimum about 0.2 V
above the Fermi level. Two other local minima followed

by peaks are located on both sides of the surface band
gap. A relatively weak peak is centered at —0.15 V near
the valence band maximum. A strong peak with two
shoulders on the high energy side can be found at 0.6 V,
just below the conduction band minimum. The dips ap-
pearing at the band gap edges are characteristic for our
experiments and are highly reproducible.

In order to understand the obtained experimental re-
sults we rely on a model of resonant tunneling trough
surface states bands. The details of this model can be
found in [12]. When the bias voltage is in the voltage
range corresponding to the band gap, the coupling be-
tween surface and bulk states is very weak. As indicated
in Fig.1, a 250 A wide depletion layer is separating the
surface and bulk states. This depletion layer is formed
because of charging of the surface states, which results
in strong band bending near the surface. For heavy dop-
ing the Ge(111)-(2x1) surface band bending almost ex-
ceeds the band gap value (see Fig.1). Consequently,
a correct modeling of the tunneling processes through
surface states requires to treat the STM junction as a
double barrier structure and tunneling through the de-
pletion layer needs to be taken into account.

Using the non-equilibrium Keldysh Green’s func-
tion formalism the local tunneling current can be de-
termined [12]:

71(€)76(€)
Yi(€) + 1 (e)’

where 7; and 7, are the tunneling rates from the surface
states band to the metallic tip and to the bulk semicon-
ductor, respectively. n{ and n{ are the equilibrium fill-
ing numbers of the metallic tip and the semiconductor,
respectively, and v(g,r) is the local density of surface
states. It is important to note that v(e,r) is not the
density of defect free surface states, but it includes the
contribution from surface defects of all kinds (impurity
atoms, lattice vacancies, etc.).

We now turn in more detail to specific features of
the tunneling current in the vicinity of a defect or in-
dividual impurity atom for small positive sample bias
voltages. Because the empty surface states w5 band
is partially filled, the impurity potential is screened by
surface electrons:

I(V,r) = / de v(e,r) [nd(€) — n()]

Wo(a)
Wimp(q) - é:(q, 0)’
where £(q, 0) is the dielectric function of the semiconduc-
tor surface states band. The density of empty surface
states is changed by this screened potential. £(q,0) has
a logarithmic singularity at ¢ = 2kp. When the Fermi
level falls inside the empty surface states band =g,
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the screening effects become more pronounced within
the range of positive sample bias when compared to the
cases of low doped n-type and p-type surfaces for which
the 7}, p band is completely empty. Consequently, the
empty states STM images of highly doped n-type sam-
ples reveal details caused by local screening in contrast
to STM images of p-type samples, where empty states
STM images are less informative than filled states im-
ages.

Because of the spatial localization of surface states
in the m-bonded chains, the screening occurs in the di-
rection of m-bonded atomic rows, and consequently it is
a quasi 1D process. The additional contribution to the
local surface density of states due to screening of the
impurity potential can be expressed as

2
5v = 1?’7”“,0% sin(2k(e) -t + 8),

where vq is the unperturbed density of surface states, §
is the phase shift determined by the exact shape of the
potential and k(e) is the quasi 1D wave vector corre-
sponding to the energy value €. The additional term for
the tunneling current at small positive bias voltage can
then be written as

I(V,r) = éV WVg Ye(er)ye(er) cos(2kpr + 6)

h 1—Wuy(er) + v(er) ker

7

where e is the electron charge and # is Plank’s constant.
In the effective mass approximation the Fermi level
position is determined by the expression

_
2 Mg

EF

As can be inferred from the experimental observations
presented in Fig.2, the typical spatial extent of the area
with enhanced tunneling current near a defect is about
50 A. We suppose that it is reasonable to use the bulk
value of electron effective mass: meg = 0.063 m with m
the free electron mass. In this case the degree of occupa-
tion for the empty surface states band can be estimated
from the value of the Fermi wavelength k;l ~ 100 A,
and we then find that the Fermi level g is approximately
4 meV above the bottom of the 7, 5 band, which is close
to the value of 0.5% band filling obtained in [13].

We argue that specific features of the surface elec-
tronic structure do not dramatically affect the general
shape of the tunneling spectrum. E.g., our experimental
tunneling conductivity spectrum for the Ge(111)-(2x1)
surface is very similar to the tunneling spectrum for
the Ge(111)-c(2x8) surface [14], i.e, the exact type of
surface reconstruction does not dominate the tunneling
spectrum. When the applied bias voltage approaches
IIucema B AT Tom 82
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the conduction band from the bottom, the tunneling
rate from surface states to semiconductor bulk states in-
creases (Fig.1) due to a decrease of the depletion layer
width. At a certain voltage this tunneling rate becomes
comparable to the tunneling rate from surface states to
the metallic tip. The weakest link of the STM junc-
tion, which is caused by tunneling from surface states to
the bulk semiconductor, will then disappear. One may
expect in this specific range of bias voltages the appear-
ance of a peak in the tunneling conductivity versus bias
voltage dependence [15]. Because the onset of the peak
is located inside the surface band gap, the value of the
surface band gap measured by tunneling spectroscopy is
smaller than its real value.

The difference between tunneling spectroscopy on
Ge(111)-(2x1) and Ge(111)-¢(2x8) surfaces is due to
the difference in the physics of the depletion layer for-
mation. In case of n-type Ge(111)-(2x1) strong band
bending is present at the surface due to charging of the
surface states. On the other hand, tip induced band
bending is responsible for the creation of the depletion
layer at the Ge(111)-c(2x8) surface [14].

The bulk band gap value for the Ge(111)-(2x1) sur-
face is 0.74 eV [8]. Due to the gap narrowing de-
scribed above, the surface band gap value derived from
our experimental tunneling conductivity spectra is about
0.6 eV (see Fig.1). This value corresponds to the re-
duced bulk band gap value, and not to the separation
between the surface states related bands. We would like
to point out once more that, in spite of the dominating
role of surface states in low temperature STM imaging of
the (111) surface of elemental semiconductors, the STS
spectra always reflect the electronic structure of bulk
states.

The intense peak appearing in the tunneling conduc-
tivity spectra near the conduction band edge is a char-
acteristic feature of spectroscopy on the (111) surface of
Ge and Si that is not strongly affected by the exact type
of reconstruction (2x1, 2x8) [14, 16].

In conclusion, the Ge(111)-(2x1) surface obtained
by in situ sample cleavage was investigated by means
of low temperature STM and STS. The dominating in-
fluence of surface states on the STM image formation
was revealed. It was shown that perturbations of the
local density of states around surface defects are con-
fined along the m-bonded chain rows, directly reflecting
the quasi 1D spatial distribution of the surface states.
The surface band structure for the heavily doped n-type
Ge(111)-(2x1) surface was clarified and the degree of
occupation of the empty surface states band 75 p was
estimated from the typical spatial extent of the area with
enhanced tunneling current. It was demonstrated that
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the tunneling spectrum is determined not only by the
local density of states, but also by the non-equilibrium
kinetics of the tunneling processes.
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