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Surface states on Ge(ll l)c(2x8) are detected using ellipsometry, fidd effect and surface 
conductivity measurements. Optical transitions at 1.7, 1.9, 2,3, and 3.0 eV are observed. Surface 
states in the gap are detected with DC field effect measurements. We found a relationship between 
the surface conductivity and the ellipsometric parameter ~k at the optical transitions during 
oxygen adsorption. A maximum in the surface conductivity is found for a coverage of 0.15 
monolayer oxygen, at the same point Surnev detected (with work function measurements) a 
change of the elementary dipole moment. 

1. Introduction 

The electronic structure of group IV semiconductor surfaces has been the 
subject of numerous studies, however, most of these studies are devoted to 
silicon and not to germanium surfaces. This subject has been and continues to 
be a controversial subject [1,2]. Recently, surface state distributions have been 
measured directly by angle-resolved photoem_ission experiments [3-5]. These 
authors observed in their emission spectra at 0.8 and 1.4 eV bindingoenergy 
features (referred to the Fermi level) for Go(Ill)c(2 × 8) surfaces. Optical 
measurements, which detect optical transitions from filled to unoccupied 
surface state bands, arc reported by Meyer et at. [6-10] and by Nannarone et 
at. [11] for Ge(111)c(2 × 8) and Ge( l l l )2  × 1 surfaces. The last authors used 
optical reflectometry and the first one spectroscopic ellipsometry. Despite all 
these measurements the surface state distribution on Ge(111) is still far t rom 
being understood. 

in this paper we investigate eiiipsometric and electrical measurements of 
clean and oxidized Ge(l ! !) surfaces. Optical measurements give both informa- 
tion on the thickness and the complex dielectric constant of the adsorbed layer 
on Ge surfaces and about optical transitions from filled to empty electron 
energy bands [12]. From our measurements the existence of surface states both 
in, and outside, the gap are shown. The combination of spectroscopic el- 

0039-6028/88/$03.50 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 



H.J. W. Zandvliet, A. van SiIJhout / Surface states on clean Ge( l l l ) 139 

lipsometry and electrical measurements makes it possible to follow "in situ" 
and nondestructively the adsorption process of oxygen on Ge(111) surfaces. 

2. Experimental 

The experiment: were performed in a stainless steel UHV system equipped 
with a single-pass ~ylindrical mirror analyzer (Riber CMA OPC 105) for 
Auger electron spectroscopy, a quadrupole mass spectrometer (Riber QMM 16 
quadrupole), a spectroscopic PSA(rot) ellipsometer and an arrangement for 
field effect and surface conductance measurements. The UHV system is 
pumped by a turbomolecular pump (Pfeiffer TSU 200) and a 400 g/s 
ion-getter pump integrated with a titanium sublimator (Riber UNI-7). The 
base pressure obtained was 1 × 10 -1° Torr. A detailed description of the 
measuring system is given in ref. [13]. 

The Ge( l l l )  samples, dimensions 30 x 10 × 0.3 mm a and resistivity 23 ~2 
cm p-type., were pofished mirror-like and cleaned prior to deposition of the 
electrical contacts. For the conductivity measurements four titanium contacts 
were evaporated on the sample through a tantalum mask [14,15]. The cleaning 
procedure for obtaining a clean Ge(111)c(2 × 8) consisted of several cycles of 
Ar + bombardment (45 °, 800 eV, 2 /~A cm -2) and annealing at 850 K 
[3,4,16-18]. Following this procedure, the intensity of the carbon Auger peak 
was within the noise level of the Auger spectrometer. For field effect measure- 
ments a chopped constant 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. Use of an alternating current aveTages out any thermo- 
or photovoltage resulting from a nonuniform sample temperature or illumina- 
tion [15]. 

The field-electrode consisted of a Si plate (8 x 8 mm 2) with a SiO 2 toplayer 
which could be placed in front of the sample. Typical values for the capaci- 
tance between sample and field-electrode are about 10-100 pF cm -2. The 
parallelism of this assembly with respect to the sample surface was adjusted by 
three springs located at posit;ons around the sample. 

The ellipsometric measurements were performed with a rotating analyzer in 
the photon-energy range from 1.5 to 3.5 eV as described in ref. [13]. The 
.11; . . . . .  , ,4 . . . .  a,~*;);,~c A ar~rl 4' ( P  = t a n  ~, ovr~ A~ v a o r e  c l ~ t o r o a l n e d  lay t h e  

two-zone mcth~d. We have used a tetrasil window which is transparant for 
wavelengths in the region of 150 nm to 3 ~m. Typical window corrections are 
negligible in ~ and small for A, in the worst case 0.3 ° [13]. The experimental 
errors in 8A and 8~k are 0.02 ° a:.d 0.01 ° respectively, corresponding to an 
error in the magnitude of the Ira(% - ~b) curve of about 1 [9]. 
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The Auger spectra were recorded using a primary beam energy of 2 keV, 
primary current density of - 0.5 ,aA cm -2, modulation voltage of the energy 
analyser 3 Vpp, a sweep rate of I e V / s  and a lock-in time constant < 1 s. 

3. Results 

3.1. Electronic structure of the clean Ge(l 11) surface 

Field effect measurements indicate the presence of a p-type surface layer on 
the cleaned Ge samples (see fig. 1), in agreement with literature data [19-24]. 

The absolute value of the field effect mobility ,aft, defined as 

,ate = - d o s / d Q i n d  , (i) 

where o s is the surface conductivity and Qi.a the total induced charge per refit 
area, is about - 10 cm2/V . s for our cleaned crystals. The field effect is given 
by Q~o and the relative change of conductivity AG/G (see fig. 1), e.g. for 
V= 1000 V, Qi.a is 1.4 x 10 -s  C / c m  2 and Ao~ is 1.4 × 10 -7 f l - l .  
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The semiconductor plate is connected to earth and after the application of a 
potential difference V, the charge Qi~o on the semiconductor surface is equal 
to CV, where C is the capacitance. We can write: 

dQi d -- c v =  + dQ , (2) 

where Qss is the amount of charge, located in surface states, and Q~ is that 
located in the space charge. 

Assuming k types of acceptor states, state density of the ith state Nsa~, 
Fermi factor fsa~ and r types of donor states, state density of the j t h  state N~ay 
and Fermi factor fsdy, then dQ~, the change of the charge in the surface states 
as a result of the application of the transverse field, is given by: 

dQ = -e2dVJkT[ N if  (1 +  NsdJ  (1 -Adj)], (3) 
where dVs, the change in band bending, is immediately given by the fietO eIfect 
[20,24] (dQs~ --- 1.4 × 10 -8 C / c m  2 and dV s = 3.2 × 10 -s  V). The term in 
square brackets can be calculated and has a value of about 7 × 1013 per cm 2 in 
good agreement with Boonstra [19,24]. The only statement that can be made is 
that, when plotting f ~ d ( 1  --fsa.sd) against ( E l : -  E~,~d ), there is a maximum 
of 1/4  at Er: = E ~ .  Therefore, the value of the bracketed part of eq. (3) is 
only an indication of the minimum value of EN~a + EN~a. This minimum has a 
value of about 3 × 1014 per cm 2. 

The dQs ~ versus dV~ curve appears to be a straight line for both pesitive 
and negative values of these parameters. This gives an a poste~.ori argument in 
favour of the statement that the charge carriers in the surface states are 
immobilized [20], so measured changes in the the surface conductivity can only 
be attributed to space charge effects. 

By definition the surface conductivity o s is given by 

Os = e(#nsAN +/~psAP), (4) 

where e is the elementary charge, #as and #p~ are the effective cartier 
mobilities at the surface and AN, AP the excess electron and hole concentra- 
tions per unit surface area [20-22]. The values of Os//(Obd ) Can be calculated 
as a function of the band bending at the surface V~, where d is the sample 
thickness and o,. the bulk conddctivitv. The results of these calculations are 
shown in fig. 2 for intrinsic and 23 f~ cm p-type Ge at 300 K; for a p-type 
surface there is no great difference between intrinsic and p-type Ge, so 
intrinsic formulas can be used without large errors. 

]f at room temperature and at a constant oxygen pressure (2 × i0 -s tort), 
molecular oxygen was added, the p-type surface conductivity first increased 
then decreased after increased oxygen exposure to a saturation value (fig. 3). 
Oxygen exposures of a few Ton" seconds give a somewhat lower value. If we 
assume that the saturation value corresponds to the flat band situation (this is 
not completely correct see e.g. ref. [19]) we can calculate the band bending a~ 
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the cleaned Gc surface. The surface is considered to be nondegenerate, no fast 
holes and fast electrons are assumed, AN is neglected, the sample is consid- 
ered intrinsic, and #ps is replaced by the known value #p. The last assumption 
introduces errors of about 20%, see for example refs. [21,25]. Then it follows 
that the value is at least -280  mV (uncertainty about 10 mV), in good 
accordance with Boonstra et at. [19,23,24], Gobeli and Allen [26], Handler and 
Eisenhour [27] and yon Wienskovsld and M/Snch [28]. 

In eUipsometry two parameters are measured corresponding to the relative 
phase change (A) and the relative amplitude ratio chan~e (~b) of the two 
components of the polarized light wave, parallel with and perpendicular to the 
plane of incidence, upon reflection from a surface. The optical constants of Ge 

two-zone method in the photon-energy range from 1.5 to 3.5 eV. In fig. 4 they 
are compared with data from the literature [6,29]. The changes in thc~e 
parameters (fig. 5 8q~ and fig. 6 ~ )  upon oxygen adsorption were recorded as 
a function of the photon-energy at which the ellipsometric measurements were 
performed, see also refs. [6-10,30-32]. We found optical transitions at 1.9, 2.3 
and 3.0 eV after cne monolayer of oxygen. At an oxygen coverage of 0.15 
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mono]ayer (m~dmum surface conductivity) we found opdcM transitions at 
1.7, 2.3 and 3.0 eV° 

3.2. Adsorption of oxygen on clean Ge(l l 1) surfaces 

At different stages during oxygen adsorption subsequent pumping did not 
lead to significant changes in conductivity [19,23,24,33,34], optical properties 
or oxygen coverage (Auger). Therefore the effect of oxygen adsorption may be 
called aa irreversible effect. On the basis of Sinner's calculations [16] we 
postulate that monolayer oxygen coverage (one oxygen atom per germanium 
surface atom) corresponds to ,/(02 510 eV)/J(Ge 11.47 eV) = 0.67, where J is 
the Auger peak to peak height. 

M a x i m u m  surface conductivity is found for an oxygen coverage of 0.1S 
monolayer,  at the same point  Surnev [16] found a change in the elementary 
dipole moment  with work function measurements.  

A coverage of  one monolayer oxygen was reached after an exposure of  
1 × 106-3 X 106 L in good accordance with Green and Liberman [35] and 
Boonstra [19]. According to Surnev [16] and Frantsuzov [36] the sticking 
coefficient decreases rapidly with the initially increasing oxygen coverage. We 
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observed the same, but after several cleaning procedures and oxidations of the 
germanium surface we found a lower initial sticking coefficient compared with 
Surnev [16]. 

Ellipsometric measurements as a function of the photon energy at an 
oxygen coverage of 0.15 monolayer compared with one monolayer coverage 
measurements show no great difference in structure (see fig. 5) at 0.15 
monolayer a peak at 1.7 eV is shown and for monolayer coverage a peak at 1.9 
eV is dominant. Due to overlap of the 1.7 and 1.9 eV peaks, kinetic measure- 
ments give no extra information on absence of the 1.9 eV peak below 0.15 
monolayer. 

During oxygen adsorption both 8q, and the surface conductivity are fo:- 
lowed continuously on the peaks at 1.7, 1.9, 2.3 and 3.0 eV. Plotting of 8~k 
versus the change in surface conductivity restdts in a straight line with one 
kink occurring at an oxygen coverage of 0.15 monolayer (fig. 7). Within the 
limit of accuracy of the measurements all the peaks show the same behaviour, 
only the effect is most pronounced for the peak at 1.9 eV. 

4. Discussion 

The changes in surface conductivity are attributed to changes in the surface 
space charge layer, i.e. in the density of surface states. Because the condi,ion 
of electrical neutrality must be satisfied we have: 

E ~ e ~ , L , ,  :-EeN, d, I1 -L~ , )  = e [ A N - ~ P ] .  (5) 

Field effect measurements have shown that IVy, and Nsd have values near the 
Fermi level in the order of at least 1013-1014 per cm 2. However the term in 
square brackets in eq. (5) has a value of about 7 × 10 a~ per cm 2 for a clean 
surface ~t~ana ~ending - 2 8 0  ink/) and decreasing tu aimost zelo during 
oxygen adsorption [19]. We must therefore conclude that both acceptor and 
donor surface states are present in very high densities on the G e ( l l l )  surface. 

We can only understand fig. 7 in our simple model if we assume that firstly 
more donor surface states disappear than acceptor surface states (this means 
~ is lowering and % is raising, see eq. (5)), followed by a second stage (after 
0.15 monolayer of oxygen) where just more acceptor surface states disappear 
than donor surface states (this means o~ and 8+ are both lowering). It n'fight 
be possible that the peaks at i.7 and i.9 eV are correlated to donor and 
acceptor surface states respectively. STM measurements of Ge(111)c(2 >< 8) 
[43] indicate the presence of 1//4 mono~ayer cvt" adatoms. Ttfis may well explain 
any anomalies fo~ ,.,xygen coverages in tbds r:p, ge, perhaps ~ fractior~ of those 
adatoms are responsible for the first stage in the oxidation process. 

The ellipsometric data gives only information on the energy gap between 
fit~ed and unfilled states, we found optical transitions at 1.7, t.9, 2.3 and 3.0 
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eV above the energy gap of Go(Ill)c(2 x 8). Nannarone etal.  [11] measured 
the change in optical reflectivity for the Ge( l l l )2  x 1 surface upon oxygen 
adsorption, the shape of their A R/R curve is almost the same as the shape of 
our 8~k curve, they found transitions at 1.8 and 3.1 eV. 

A Franz-Keldysh effect will appear in our experiments because of the 
change in surface electric field occurring during oxidation. Nannarone et aL 
[11,37] 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 
except near the critical points of the bulk structure and in Ge it is negligible 
below 3.5 eV. 

Meyer et aL [6,8] interpreted the change of ~k for chemically adsorbed 
layers as being due to a substrate change upon chemical adsorption, i.e., the 
compensation of dan£1ing bonds of the surface atoms. The substrate effect ,vas 
described phenomenologically as the effective disappearance of a transition 
layer present at the clean surface. It was shown that the substrate effect 
increased linearly with the number of adsorbed :aolecules [6] up to the 
saturation coverage where all dangling bonds had been compensated. The 
clean semiconductor surface is considered to consist of a bulk substrate 
covered with a surface states layer with thickness of 5 ]k with optical constants 
different from the b~A~ (i~ c~'= be shown that the choice of the layer thickness 
has no influence on the interpretation [8]). The effect of the thin oxide layer on 
the surface has been taken into account in both 8g, and ~ ,  we have chosen an 
abritary thickness in our calculations of 1-3 A. The relevant parameter for the 
transitions involving surface states i~ the differcncc between the i m a g i n ~  
part of the dielectric function of the surface states layer and tha~ of the bulk at 
corresponding photon energies, i.e. Im(e,~- eb)- The Ira(%,- oh) curve for 
Ge(111) as a function of the photon energy :~, is given in fig. 8. 

Bagchi, Barrera and Rajagopal [38,39] considered the problem of reflection 
;~om a metal surfa,;e allowing for the nonloeality of the dielectric function in 
the direction normal to the surface, while assuming infinite periodicity pm-a!M 
to the surface. The only assumption of their work was that the dielectric tensor 
of the material be diagonal for kll << k(Fermi), and isotropic in the bu!k. This 
work has becn extended to semiconductor surfaces including off-diagonal 
components of the surface dielectric function by Del Sole e t a l .  [40,41]. 
Following the work of Bagchi etal. we introdu:e: 

_ 0 h%,=%.~ %. , ,  ~ = x , y , z ,  (6) 

fa:fd:'iz o,}, (7) 

where eo is the Fresnel solution. 
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The elfipsometfic effect induced by the removal of the surface states and 
oxide layer is contained in the expressions (7) and (8). From our measure- 
ments we can derive (%A. + Ax) as a function of the photon energy (surface 
dielectric response). The imaginary part of c s = ¢bA. + A x exhibits the same 
peaks as in 8q,, only the peak at 1.9 eV is more pronounced (see fig. 9). 

Our eUipsometfic measurements as a function of the oxygen exposure (see 
fig. 5) indicated that there is no pronounced difference in the optical spectra 
between oxygen coverages below and above 0.15 mor~olayer. So i* is unlikely 
that the significant difference in the adsorption at oxygen coverages lower and 
higher than 0.15 monolayer can be a:tfibuted to the influence of the surface 
defects on the adsorption process. 

l,~,,-,,,o,,.,,,,., photoemission measurements f" ~' '- - -' l~,~] snoweu the e:,dstence oL 
two nondispersive peaks at energies of 0.8 eV and 1.4 eV below the Fermi 
level. The two Features nearly disappeared upon hydrogenatic,n of the recon- 
structed surface~ On the basis of this information, Bringans and H0chst [4] 
assigned these features to surface state enfission. Inverse photoerrfission 
(Bremsstrahlung spectroscopy) would yield the energetic position of the empty 
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dangling bond surface states, but the.~c data are not present at the moment. 
The surface band s~:ucture of the Ge( l l l ) c ( "  × 8) has not been calculated 
because of its large tn i t  cell 

On the basis of ~ ur ,~ptical measurements and the ph~tocm]ssion resuRs 
[3-5] we suggest a possible surface state distribution around the Fermi level. If 
we assume an unfilled surface slate lying about 0.9 eV above the Fermi level, 
our peaks at 1.7 and 2.3 eV can be explained. A surface state just below the 
Fermi level is recently found by Aarts et al. [42], this surface state would 
explain the high density of surface states near the Fermi level (field effect 
measurements). 2"he peaks at 1.q and 3.0 eV can be attribmed to optical 
transitions from the kaaown filled surface stz~es to unfilled surface states in the 
conduction band. 
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