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Evaluation of the composition of reactively 
evaporated GeOx thin films from optical 
transmission and XPS data 

J. BEYNON*,  M. M. E L - S A M A N O U D Y * ,  E. L. SHORTS 
Departments of * Physics and ~ Chemistry, Brunel University, Uxbridge, Middlesex, UK 

Computer simulations of germanium 3d core spectra obtained with reactively evaporated GeOx 
thin films (0 ~< x ~< 2) have been developed using a modified Sanderson approach, in which 
five basic sub-units are produced by the conversion of germanium atoms in the primary 
coordination sphere into either -GeOx groups or -OGeOx groups on oxidation. The relative 
proportion of the five sub-units are adjusted until the best agreement with the experimental 
XPS spectra is obtained. The volume fraction of germanium in GeOx obtained using an optical 
transmittance model is compared with the number fraction obtained from XPS data over a 
range of oxygen partial pressures. 

1. I n t r o d u c t i o n  
GeO x thin films have been prepared by reactively 
evaporating germanium in oxygen at various partial 
pressures. This preparation technique seems to have 
been pioneered by Birey [1] and used later by Demiryont 
and Tezey [2], amongst others, to study the electrical 
properties of AlxOy thin films. Two approaches may 
be adopted for the depositions - either vary the 
partial pressure of oxygen whilst keeping the depo- 
sition rate constant or vary the deposition rate whilst 
keeping the oxygen partial pressure constant. In the 
present investigation the former method was always 
employed. 

When characterizing the electrical and optical 
properties of thin films it is obviously essential for 
their composition to be determined. One method of 
achieving this aim is based on Birey's optical absorp- 
tion model [1] which allows the volume percentage 
fraction of the metallic component in the thin film to 
be estimated. The second method, due to Takano 
et al. [3], models the XPS core spectra by first decom- 
posing them into five components using a modified 
Sanderson electronegativity technique [4, 5] in order 
to obtain their binding energies. They used this tech- 
nique with -GeO,- thin films, prepared by RF sputter- 
ing of a sintered GeO2 target in an argon-hydrogen 
gas mixture. 

The purpose of the present investigation was three- 
fold: to determine whether the XPS modelling pro- 
cedure could also be applied to reactively evaporated 
thin films; to use a Basic program for use with a BBC 
Master microcomputer, to perform the calculations, 
in order to obtain optimal agreement between the 
experimental and simulated results; to correlate the 
results of the optical and XPS techniques. 

2. Background 
The optical model is based on the equivalence of a 
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metal-oxide thin film, containing uniformly distri- 
buted metal particles, with a pure metallic thin film 
having the same optical absorption characteristics. 
The as-evaporated film, deposited on a substrate of 
refractive index n~ is illustrated in Fig. 1. It is assumed 
that the optically equivalent structure consists of a 
pure metallic film of reflectivity Om and transmissivity 
Tm covered with pure metal-oxide which has a refrac- 
tive index equal to the substrate. 

If the interferometrically measured thickness of the 
deposited film is dc and that of the equivalent metallic 
film is din, then the concentration of the metallic par- 
ticles within the oxide is given by dm/dc. 

The computer simulation procedure uses a modified 
Sanderson approach to follow the process by which 
germanium is oxidized to GeO2. Metallic germanium 
has a primary coordination sphere consisting of four 
other germanium atoms, but as oxidation proceeds 
these atoms are converted into either -GeOx groups 
with retention of a Ge-Ge bond or -OGeOx groups 
into which an oxygen atom is inserted after a Ge-Ge 
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Figure 1 The evaporated thin film (a) with its optically equivalent 
structure (b). 
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Figure 2 The five sub-units arising from oxidation of germanium 
atoms in the primary coordination sphere: (i) Ge-Ge4, (ii) Ge-Ge 30, 
(iii) Ge-Ge202, (iv) Ge-GeO~, (v) Ge-O 4. 

bond is broken. There are, therefore, five possible 
sub-units present in different proportions after the 
inception of oxidation. These are illustrated in Fig. 2. 
A germanium 3d core spectrum can be simulated if 
it is assumed that the spectrum is formed by the 
overlapping of five sub-peaks arising from the units (i) 
to (v) in Fig. 2. The binding energies of the sub-peaks 
can be calculated from electronegativity theory and 
their intensities by using the distribution probabilities 
for random bonding to form the five tetrahedra 
Ge-Ge,.O4 ..... where x equals 4 in germanium and zero 
in GeO 2. 
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3. Experimental technique 
Germanium and GeOx thin films for optical study 
were deposited into Corning glass substrates, cleaned 
using conventional technique by reactive evaporation 
from a tungsten spiral basket in various partial pres- 
sures of oxygen (1.3-92.0 mPa). GeO2 films were 
prepared by evaporation of GeO2 powder from a 
molybdenum boat in vacuo at about 1.0 mPa. A range 
of thicknesses from 10 to 500 nm was used. Optical 
transmission spectra were obtained for a wavelength 
of 600 nm using a Perkin-Elmer Lambda 3 visible-UV 
spectrophotometer. 

All specimens for the XPS investigation were 
prepared on mica substrates, and covered the same 
range of oxygen partial pressures as in the optical 
study. The spectrometer (Kratos Analytical Instruments 
Ltd, Model ES300) used A1Kc~ radiation in vacuo at 
about 0.1 mPa and had a resolution of 0.95eV. All 
measurements were carried out at " room" tempera- 
ture, i.e. 298 K. The binding energy of the carbon C 1 s 
state, namely 284.6eV, was used as a reference for 
calibration purposes. A program (in Basic), written 
for the BBC Master microcomputer, enabled the bind- 
ing energy of each of the five units shown in Fig. 2, as 
well as their relative amounts, to be calculated in 0.05 
unit steps for values of x in the range 0 ~< x ~< 2. The 
simulated XPS spectrum, drawn to the same scale as 
the XPS spectra, was obtained on a Watanabe A3 
plotter. After comparing the experimental and simu- 
lated spectra, the parameters were varied until the 
optimum agreement was obtained. 

4. Results 
4.1. Optical 
Fig. 3 shows the variation of the optical transmittance 
as a function of film thickness for a range of oxygen 
partial pressures, dm is taken to be the thickness of the 
germanium film deposited at about 1.0mPa, which 
has a transmittance of 45%. This is the minimum 
transmittance of the GeO2 film. Similarly, dc is the 
thickness of the GeO x films deposited at the higher 
oxygen partial pressures. Hence Table I gives the 
values of the dm/dc ratios, and, hence, the metallic 
concentration V(Ge). It can be seen that as the oxygen 
pressure increases V(Ge) decreases, as is expected. 

4.2. XPS 
Fig. 4 depicts the XPS spectrum for a film deposited 
in vacuo at about 1.0 mPa. It can be seen that there is 
a residual oxygen peak. Hence the assumption made 
with the optical model cannot be fully justified. The 
germanium 3d peak consists primarily of an unresolved 

T A B L E  1 Concentration of germanium in GeO,. thin films 
prepared at different oxygen paLtial pressures 

0 I00 200 ,50O 400 500 l.O 
Thickne-ss (~m) 8.0 

Figure 3 Variation of the optical transmittance with film thickness 25.0 
at various oxygen partial pressures for a wavelength of 600nm: 50.0 
(A) 1.0mPa, (O) 6.0mPa, ( I )  20mPa, (e) 40mPa, (x) 70mPa, 90.0 
(*) GeO2. GeO2 

Oxygen partial d m (nm) d~ (nm) V(Ge) (%) 
pressure (mPa) 

12.0 - 100 
12.0 18.0 66.7 
12.0 20.0 50.0 
12.0 42.0 29.0 
12.0 88.0 13.7 
12.0 270 4.5 
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Figure 4 XPS spectrum of a GeO~ thin film depos'ited 
in vacuo at about 1.0mPa. 

doublet (3d 3; 3d ~) at a binding energy of 29 eV with 
a small shoulder at 31 eV; the half-width is 1.7 eV. The 
effect of  evaporating germanium at higher oxygen 
partial pressures can be observed in Fig. 5 in which 
the germanium 3d peak is shifted to smaller kinetic 
energies (or higher binding energies). Numerical 
values are presented in Table II, where, for example, 
at a partial pressure of  50mPa,  the germanium 3d 
main peak is centred at a binding energy of  31.1 eV, 
with the shoulder at 29.9 eV and the half-width covers 
a range of 3.6 eV. Also shown in Fig. 5 is the XPS 
spectrum of  GeO2. It consists of  a single peak with a 
binding energy of 33.2 eV (Table II) which is in good 
agreement with the standard value of 33 eV [6]. 

5. Procedure for analysis  of  XPS data 
The core energy levels of  the units depicted in Fig. 2 
are different, each being dependent on the degree of  
oxidation x. In order to relate these core level shifts 
with the environment of  the a tom an analysis based on 
electronegativity considerations is employed. There 
are several quantitative electronegativity scales but the 
one used here is due to Sanderson [7], as this technique 
provides a comparatively simple means of estimating 
atomic charges and calculating core level shifts. 

The binding energies of  the 3d electrons in the 
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Figure 5 XPS spectra of  the Ge 3d peak in GeO~ thin films prepared 
at two oxygen partial pressures compared with GeO z. 

germanium atoms at the centres of  the five different 
units illustrated in Fig. 1 were calculated in terms of  
the amount  of  oxygen x in the non-stoichiometric 
formula -OGeOx.  Denoting a -GeOx sub-unit by A, a 
-Ge(GeOx)i  sub-unit by B and an -OGeOx sub-unit 
by C, it is possible to calculate the electronegativities 
of  the five sub-units in the following manner. The 
electronegativity of  sub-unit A is given by 

E A -= (EGeEo) 1/(l+x) (1) 

where Ece and Eo are the electronegativities of  ger- 
manium and oxygen on the Sanderson scale (EGe = 
3.59; E0 = 5.21). Similarly 

EB = (EGeE~) 1/4 and Er = (EGeE~+X) 1/(2+'~ 

(2) 

EA, EB and Ec are, therefore, functions of  x and vary 
monotonically as x varies from 0 to 2. The electro- 
negativities of  the five sub-units in Fig. 2 were cal- 
culated next using 

F ~,5--ipi--I 
Ei = --Ge~C "~B i = 1,2 . . . .  , 5  (3) 

and the binding energy o f a  3d electron in a germanium 
atom, in eV, at the centre of  any of the five sub-units 
is finally given by 

BE(Ge j) = 28.94 + 4.65 (E6e -- E~e ) (4) 

where the term in parentheses is the electronegativity 
difference between the ith germanium-containing unit 
and a germanium atom in the metallic state. Values of  
BE(Ge ~) are shown in Fig. 6 as a function of x. 

In order to simulate the XPS data: (i) it is assumed 
that the experimental germanium 3d peak is formed 

TABLE |I The shift in the 0 ls and Ge3d binding energies as 
a function of oxygen partial pressure 

Oxygen partial Oxygen binding Germanium 3d 
pressure (mPa) energy (eV) 

Binding Base width 
energy (eV) (eV) 

1.0 529.0 29.0 1.7 
10.0 530.6 29.4 1.8 
50.0 531.6 31.1; 29.9 3.5 
90.0 - 31.9 4.5 
GeO 2 532.1 33.2 2.55 
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Figure 6 Calculated binding energies of  the Ge 3d electron in the five 
sub-units as a function of the number  fraction. 

by the overlapping of the five subpeaks arising from 
each of the units in Fig. 2; (ii) the relative amounts of 
each of the five units as a function of x is known. 
Following Takano et al. [3] and Hiibner [8] the prob- 
ability of occurrence C,. of the five units may be 
expressed as 

Ci 

C2 

C~ 

c. 

C5 

= p4(Ge-O) 

= 4P~ (Ge-Ge) p3 (Ge-O) 

= 6p2(Ge-Ge) PZ(Ge-O) (5) 

= 4p3(Ge-Ge) P~(Ge-O) 

= p4(Ge-Ge) 

in which the probability of a Ge-O band in GeO x is 

e (Ge-O)  = 2x/(2 + x) (6) 

and of a Ge-Ge  bond is 

P(Ge-Ge)  = (2 - x)/(2 + x) (7) 

Fig. 7 illustrates the results obtained for each of the 
units as a function of x, from which their distribution 
at different oxygen partial pressures can be obtained, 
see Table III. 

XPS peaks, in general, may be modelled using 
appropriate admixtures of Gaussian and Lorentzian 
lineshape functions. The Gaussian parameter rep- 
resents the combined resolution of the monochromator 
and the electron analyser of the spectrometer whereas 
the Lorentzian parameter depends on the lifetime of 
the hole generated when a 3d electron has been ejected 
by an incoming photon. Both parameters were varied 
until optimal agreement between experiment and 
theory was obtained. Using Fig. 7, sub-peaks corre- 
sponding to each of the units may now be determined 
and summed to yield the simulated XPS peak. In a|i 

T A B L E  I I l  Distribution of the five sub-units at various oxy- 
gen partial pressures 

Oxygen partial pressures (mPa) 

Possible units 1.0 10.0 20.0 40.0 70.0 GeO 2 

Ge-O4 0 0 0 0.05 0.32 1.00 
Ge-GeO 3 0 0 0.02 0.21 0.42 0 
Ge-Ge202 0 0.04 0.13 0.37 0.21 0 
Ge-G%O 0 0.28 0.40 0.29 0.05 0 
Ge-Ge  4 1.00 0.67 0.45 0.08 0 0 
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Figure 7 Calculated concentrations of the five sub-units as a 
function of the number  fraction. 

cases the experimental line-shapes were found to be 
Gaussian. 

Fig. 8 depicts the peak value of the measured 
binding energy as a function of x. The total range of 
the chemical shift is 4.5 eV, which compares favourably 
with 4.7eV [3] and 4.3eV, the theoretical value 
obtained from Fig. 6. Fig. 9 illustrates representative 
plots of the five component Gaussians, together with 
their resultant, for x equal to 0.6. 

6.  D i s c u s s i o n  
It must be noted that the optical and XPS techniques 
measure different quantities. The former measures the 
metallic volume fraction in the thin film and the latter 
the number fraction. These can be related, to some 
extent, if the volumes of  the germanium and GeO2 
units in the cermet film are known. Complete agree- 
ment cannot be obtained because the calculations 
employed in the optical method is based on a two- 
component model whereas those in the XPS model are 
based on a five-component model. Table III indicates 
that moderate agreement is obtained for x nearly 
equal to 0 and 2. Large differences are present when x 
is about 1 for then the fundamental difference between 
the two techniques is at its greatest. 
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Figure 8 Peak value of  the measured binding energy as a function 
of  the number  fraction. 

4366  



I0 

J 
~ e  

Z ~ 4 -  

~J 
' ~ z  

0 
38 

- - ( i i i )  

(i) (il) 
( 

36 ~ 32 30 2e 26 
6 i n d i ~  ener3~ (eV) 

T A B L E  V Comparison of germanium volume fraction with 
germanium number fraction at various oxygen partial pressures 

Oxygen partial Germanium volume Germanium number 
pressure (mPa) fraction (optical) fraction (XPS) 

1.0 1.00 1.00 
8.O 0.67 O.95 

13.0 0.60 0.90 
26.0 0.50 
50.0 0.29 0.70 
90.0 0.14 0.50 
GeO 2 0.04 0.00 

Figure 9 Simulated Ge 3d XPS peak for a GeO0. 6 thin film and the 
individual XPS curves for the five sub-units. 

For simplicity, consider a binary system consisting 
of a mixture of  germanium and GeO2. The number 
fraction n of GeO2 in GeOx for XPS measurements is 
given by 

n(GeO2) = (x/2)/[(1 - x/Z) + x/Z] = x /2  (8) 

and the number fraction of  germanium in GeO2 is 
given by 

n(Ge) = 1 - x /2  (9) 

The corresponding volume fractions V for the optical 
measurements are 

V(GeOx) = (x12)/[(1 - X/2)Voe/V~eo 2 + (x/Z)] 

(10) 

and  

is obtained. It is now possible to relate V(Ge) to n(Ge) 
b} comparing Tables I and IV. It can be seen, for 
example, that a V(Ge) of 0.29 corresponds to a n(Ge) 
of  0.7 when x is 0.6. Hence, we arrive at Table V for 
the complete range of oxygen partial pressures studied. 

An estimate of  the effective volume of germanium in 
the cermet may be obtained as follows: GeO2 can exist 
either as a futile structure of  density 6.239 g cm -3 with 
two GeO2 units per unit cell or as a structure of lower 
density equal to 4.228 gcm -3. Using this data, with 
the relative molar mass of GeO2 we calculate the 
volume of  the GeO2 unit to be 2.78 x 10 2 nm 3 in the 
futile form and 4.12 x 10 -2 nm 3 in the less dense 
form. If  the effective volume ratio of germanium to 
GeO2 is taken to be 0.18, then the effective radius of  
germanium is obtained as 0.074nm and 0.121nm, 
respectively. The first value does not agree with that 
quoted in the literature [9], namely 0.122 nm, whereas 
the second value does. 

V(Ge) = 1 - V(GeO2) (11) 

Here, VCeO2 and V~,, respectively, are the effective 
volumes of the GeO 2 and germanium units in the 
cermet film. 

If the ratio V~e/VGe02 is taken to be 0.18 then Table IV 

T A B L E  IV Comparison of V(Ge) and V(GeO2) with n(Ge) 
and n(GeO2) for various values of x in GeO,. (assuming a binary 
system of germanium and GeO2). 

Number fraction x Optical XPS 

V(Ge) V(GeO2) n(Ge) n(GeO2) 

0.100 0.774 0.226 0.950 0.050 
0.200 0.382 0.618 0.900 0.100 
0.300 0.505 0.495 0.850 0.150 
0.400 0.419 0.581 0.800 0.200 
0.500 0.351 0.649 0.750 0.250 
0.600 0.296 0.704 0.700 0.300 
0.700 0.251 0.749 0.650 0.350 
0.800 0.213 0.787 0.600 0.400 
0.900 0.180 0.820 0.550 0.450 
1.000 0.153 0.847 0.500 0.500 
1.100 0.128 0.872 0.450 0.550 
1.200 0.107 0.893 0.400 0.600 
1.300 0.088 0.912 0.350 0.650 
t .400 0.072 0.928 0.300 0.700 
1.500 0.057 0.943 0.250 0.750 
1.600 0.043 0.957 0.200 0.800 
1.700 0.031 0.969 0.150 0.850 
1.800 0.020 0.980 0.100 0.900 
1.900 0.009 0.991 0.050 0.950 
2.000 0 1,000 0 1.000 

7. C o n c l u s i o n s  
Data obtained from optical transmission and XPS 
measurements have been used to determine the com- 
position of GeO x thin films. Although these tech- 
niques measure different quantities - the former the 
volume ratio of Ge:GeO2 in GeOx thin films and 
the latter the number fraction - it has been shown 
that the two sets of  data can be correlated if: (a) an 
empirical value of 0.18 is used for the effective volume 
ratio of Ge:  GeO2; (b) the germanium dioxide is in its 
low density form. Such a result is not inconsistent with 
the amorphous nature of the thin films and the physi- 
cal properties of germanium and GeO2. 

N o t e  
A listing of the program in BBC Basic may be 
obtained from Dr E. L. Short. 
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