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This paper describes a study concerning the interaction of oxygen with clean Ge(O01)2 x 1 

surfaces in ultrahigh vacuum at 300 K. Surface conductance measurements, differential ellipsome- 

try in the photon energy range of 1.5-4 eV and Auger electron spectroscopy have been used to 

monitor this solid-gas reaction. We observed in the joint density of states. as derived from 

ellipsometry. a peak at about 3.3 eV in addition to the optical transition at 1.8 eV reported earlier 

by Meyer. From the optical spectrum we show that the clean Ge(001) surface has at least three 

distinct surface states. Our results are essentially consistent with recent STM measurements and 

theoretical predictions. Moreover, we show that the distinct feature at 2.6 eV below the Fermi 

level as found with STM can be attributed to a surface state. 

1. Introduction 

The (001) surfaces of germanium and silicon are prototypical examples of 
systems possessing both a strong short-range reconstruction and a moderate- 
range, energetically weaker one. The basic (2 x 1) reconstruction is generally 
accepted to entail the formation of dimers, created through pairing of nearest- 
neighbour surface atoms [4]. Hence, the energy involved is due to chemical 
bond formation. If this was the only ordering mechanism, a (2 x 1) surface 
unit cell would result. Larger unit cells reported (~(2 x 2), c(2 x 2) and 
c(4 x 2)) have usually been explained in terms of a longer-range, energetically 
weaker ordering of neighbouring dimers [5,6]. Symmetrical dimerization re- 
sults in an odd number of unpaired electrons per surface atom, forming a 
half-filled band corresponding to a metallic surface. 

High resolution angle-resolved photoemission studies of the Ge(OO1) surface 
show the existence of a metallic surface state near the centre of the surface. 
Brillouin zone [6,16,17]. The state slowly disappears as the temperature is 
lowered from room temperature to 77 K. This metal-insulator transition is 
coincident with a recently predicted and observed transition from a disordered 
to an ordered c(4 x 2) structure [6]. However, asymmetric dimers are found as 
the main building blocks of the reconstruction at the surface [7,15,17]. First- 
principles electronic structure calculations by Kruger et al. [3] are in very good 
agreement with scanning tunneling measurements (STM) of Kubby et al. 121. 
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Using a local-density-functional formalism in a self-consistent scattering theo- 
retical method, Kruger et al. determined the surface band structure for the 
Ge(OO1) surface consisting of asymmetric buckled dimers. Angle-resolved 
photoelectron spectroscopy investigations of surface states on the Ge recon- 
structed (001) surface [14,18,25] showed features at - 0.5 eV (-0.6 eV), - 1.3 

eV [14,18] and -2.4 eV [25]. Our ellipsometric measurements are essentially 
consistent with STM measurements [2,11], angle-resolved photoelectron spec- 
troscopy measurements [14,18,25] and theoretical calculations [3]. 

2. Experimental 

The germanium sample (30 X 10 X 0.52 mm3) was made out of a 20 Q cm, 
n-type crystal in the (001) orientation, purchased from Hoboken. Prior to 

mounting the crystal was ultrasonically cleaned in ethanol. The sample could 
be resistively heated by the passage of a DC current. For the conductance 
measurements four titanium contacts were evaporated through a tantalum 
mask [12,13]. A current was sent through the outer pair of contacts of the 
sample, while the resulting potential was measured between the inner pair of 
contacts. In this way nonlinear behaviour of the metal-semiconductor contact 
is eliminated [12,13]. All experiments were performed in a stainless steel UHV 
system described previously [12]. The base pressure of this system was below 
l.lO- lo Torr. The ellipsometric measurements were performed with a rotating 

analyzer in the photon energy range 1.554 eV as described in refs. [12,19]. The 
Auger spectra were recorded using a primary current density of - 1 PA cm-*, 
a modulation voltage of the energy analyzer 3-5 Vpp, a sweep rate of 1 eV/s, a 
lock-in time constant < 1 s and a primary energy of 2 keV. 

A clean surface was obtained by cycles of sputtering (800 eV Ar+ ions, 2 
PA cm-*, 30 min, angle of incidence 45”) and annealing (850 K, 60 min) [6]. 
Also during sputtering the crystal was heated to - 700 K for about 15 min, 
followed by slow cooling. Auger spectra showed only a small residual carbon 
contamination of the surface [6,8]. We believe that this cleaning procedure 
results in a clean Ge(001)2 x 1 surface with a low density of defects; Alonso et 
al. [9] applied a similar surface cleaning treatment, called SIBA (simultaneous 
ion bombardment and annealing), to GaAs surfaces. Using the SIBA treat- 
ment Si surfaces reproducibly showed the best possible degree of perfection 

[101. 

3. Results and discussion 

The changes in the ellipsometric parameters SJi and 6A upon oxygen 
adsorption were recorded as a function of photon energy. The results are given 
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Fig. 1. S$ = $(O,)- $(clean) as a function of photon energy 

in fig. 1 and 2. The S$ and SA versus E curves showed a significant structure. 
This structure was interpreted as due to a substrate change upon chemical 
adsorption, i.e., the saturation of the dangling bonds of the surface atoms. 

Chemisorption on clean germanium surfaces might cause a change in the 
(bulk) optical constants due to the Franz-Keldysh effect [27]. Nannarone et 

al. [28] mentioned that the change in reflectivity brought about by the oxide 
layer, cannot in principle be neglected. They say that such a term is very small 
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Fig. 2. 6A = A(O,)- A(clean) as a function of photon energy 
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Fig. 3. The imaginary part of the difference in complex dielectric constant Im(?,, ~ Ch) between 
the surface states layer and the bulk substrate for the clean Ge(001) surface as a function of the 

photon energy. (+) Without oxygen correction: (0) influence of an oxygen layer with a thickness 
of 1 A,. 

except near critical points of the bulk structure and in germanium it is 
negligible below 3.5 eV [28]. 

The substrate effect has been described phenomenologically as the effective 
disappearance of a transition layer present at the clean surface [1,12,13]. This 
transition layer with an arbitrary chosen thickness of 5 A (this value has no 
influence on the model) has optical constants (Z,,) different from the bulk 
(C,,), due to the difference in electronic structure between the surface layer 

(dangling bonds) and the bulk (sp4-type bonds). The effect of the thin oxide 
layer on the surface has been taken into account in both S$ and &A. We have 0 
chosen an arbitrary thickness in our calculations of 1 A. The relevant parame- 
ter for the transitions involving surface states is the difference between the 
imaginary part of the dielectric function of the surface layer and that of the 
bulk at corresponding photon energies, i.e. Im( C,, - T,,). The Im( T,, - Th) curve 
for Ge(OO1) covered with one monolayer oxygen as a function of photon 
energy E is given in fig. 3; optical transitions at 1.8 eV and 3.3 eV are 
observed. These transitions would correspond to promotion of electrons from 

the filled surface states at - 2.6 eV and - 1 eV to the empty surface state at 
+0.9 eV (see STM measurements [2]). The difference in the transitions 
measured with the tunneling microscope and that measured by ellipsometry 
may arise from the difference in k space emphasized by these techniques; the 
1.8 and 3.3 eV transitions are a threshold energy difference that needs not 
occur at the T point of the surface Brillouin zone, which is emphasized in the 
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tunneling spectrum. The filled state features have been determined by photo- 
emission [8,14,18,25]. The difference could also arise from the different ranges 

of k ,, sampled by these different techniques. Nevertheless, the agreement is 
reasonable. We have assumed that the absorption in figs. 1 and 2 is mainly 

caused by transition between two subbands of surface states, although bulk 
state to surface state and vice versa may also contribute. The number of 

electrons contributing to the absorption should therefore be of the order of 
one electron per surface atom. In order to check the consistency of our data 
with this assumption we consider the f-sum rule 

/ 
cow Im(C) dw = awr$‘2, 

0 
(1) 

where c$, = 4re2N/m is the plasmon frequency and N the number of 
electrons per unit volume. The effective number of electrons per surface atom 
involved in the surface absorption is given by 

nell = ( m/2r2e2N )/mu Im( TSb - C,) dw, (2) 
0 

with N = %rrace/dss where Ns,,,race is the density of surface atoms and d,, the 
thickness of the transition layer (5 A). The effective number of electrons 
involved in the surface absorption (calculated from fig. 3) is somewhat greater 
than one. This value decreases when the influence of the oxide layer is taken 

into account. If at room temperature and at constant pressure (5 x 10PK-3 x 
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Fig. 4. Conductance changes and variation of the ellipsometric parameter $ at the optical 

transition at 1.8 eV versus oxygen exposure. 
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Fig. 5. Conductance changes and variation of the ellipsometric parameter + at the optical 
transition at 1.8 eV versus oxygen exposure. 

lo-’ Torr) molecular oxygen was added, the p-type conductance decreased to 
a saturation value (figs. 4 and 5). Margoninski et al, [20,21], however, reported 
an initial increase of the surface conductance followed by a decrease. This type 
of result is also found by us after mild sputtering of the surface with Ar” ions 
(800 eV, 45”, 1 PA/cm*), 5 min) without annealing (see fig. 6). They further 
[ZO] report the presence of a unordered structure, i.e. an amorphous layer on 
the surface. The adsorption of oxygen on Ge(OO1) surfaces is both a pressure 
and an exposure dependent process (figs. 4 and 5). If we assume that the 
saturation value corresponds to the flat band situation (this is not completely 
correct, see e.g. ref. [22]) we can calculate the band bending at the cleaned 
Ge(OO1) surface. By definition the surface conductance a, is given by 

e,=+ns AN+pps A.p), (3) 

where e is the elementary charge, pns and ppS are the effective carrier 
mobilities at the surface and AN, AP the excess electron and hole concentra- 
tions per unit surface area. The surface is considered to be nondegenerate, no 
fast holes and fast electrons are assumed, AN is neglected, the sample is 
considered intrinsic, and ppS (surface mobility of holes) is replaced by the 
known value IL, (bulk mobility of holes). The last assumption introduces 
errors of about 20%, see for example refs. [23,24]. Then it follows that the 
band bending is at least - 340 mV (uncertainty about 10 mV), in good 
accordance with Margoninski et al. 120,211. From the conductance measure- 
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Fig. 6. Conductance changes of lightly amorphous Ge surface versus oxygen exposure 

ments we can conclude that at first mainly acceptor surface states disappear 
followed by a stage were both acceptor and donor surface states are quenched. 
The final stage is characterized by the removal of mainly acceptor surface 
states. During the second stage of oxygen adsorption, the surface conductance 
is nearly constant but the Auger peak-to-peak height (O(510 eV)/Ge(1147 
eV)) rises from 0.08 to 0.15. This means that the oxygen coverage increases 
from approximately 0.1 monolayer to 0.2 monolayer [26]. The changes in 4 
and A measured at the optical transition at 1.8 eV also indicate an uptake of 
oxygen (figs. 4 and 5). 

4. Conclusions 

There appears to be a strong correlation between results obtained by 
ellipsometry and by STM measurements pertaining to the surface-states distri- 
bution on Ge(001) surfaces. The combination of surface conductance measure- 
ments and ellipsometry has proved to be a very powerful tool for investigation 
of gas adsorption on semiconductor surfaces. 
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