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Electrical conduction in thin films of CeOz/Ge02 

Z. T. A L - D H H A N ,  C. A. HOGARTH 
Department of Physics, Brunel University, Uxbridge, Middlesex, UK 

A.c. and d.c. conduction in MIM sandwich structures based on CeO2/GeO2 as a dielectric 
prepared by the co-evaporation technique has been investigated for samples having different 
compositions. A transition of electrical conductivity from amorphous semiconductor to 
metallic behaviour as the temperature increased is reported. The electroformed samples show a 
voltage-controlled negative resistance (VCNR) at high values of bias voltage. 

1. Introduct ion  
The electrical properties of thin oxide films are of 
current interest, partly because some behave as good 
dielectric materials while others make transparent 
conducting electrodes. Recently, A1-Dhhan and 
Hogarth [1] have reported the properties of thin CeO2 
films which show a number of  interesting properties 
when regarded as MIM devices. Khan et al. [2, 3] 
reported properties of thin GeO2 films which show 
electroforming, voltage-controlled differential nega- 
tive resistance, electron emission, switching and 
memory effects, while Hogarth and Rahman [4] 
described the mixed system of SiO/GeO2 made by the 
co-evaporation technique. A1-Ramadhan et al. [5] 
reported the time dependence associated with the 
memory states for the SiO/GeO2 mixed system. 

2. Exper imenta l  w o r k  
The CeO2/GeO2 films were prepared by the co- 
evaporation technique described by Hogarth and 
Wright [6] in a vacuum of  8 x 10 -6  torr in a Balzers 
BA 510 coating unit. A tungsten boat was used for 
CeO2 while GeO2 was evaporated from a molybdenum 
boat, and the Corning 7059 glass substrates were kept 
at a temperature of 100 ° C. Each substrate supported 
several samples each of active area 0.15 cm 2. Electri- 
cal measuring techniques were described in an earlier 
work [1]. 

3, D . c .  c o n d u c t i o n  b e f o r e  
e l e c t r o f o r m i n g  

Typical Vb-1 c characteristics of CeO2/GeO 2 MIM 
structures having different compositions are shown in 
Fig. 1, lib being the applied voltage and Ic the circu- 
lating current. Up to 1 V applied the conduction is 
ohmic and various parameters were derived in this 

region as shown in Table I, where the values are 
typical of amorphous semiconductor materials. 

The analyses of these curves are shown in Fig. 2, 
where log Io is plotted as function of  Vb 1/2 and the 
relation is indicative of either Schottky emission [7] or 
Poole-Frenkel emission [8]. Both phenomena are 
described by 

flEI/2 
Ic oc exp k T  (1) 

where E is the applied field (=  Vb/d ) d being the 
insulator thickness, k is the Boltzmann constant, T is 
the absolute temperature and/~ is the field lowering 
coefficient given by 

( e3 ) 1/2 
,8 = \ ~ /  (2) 

where e0 is the permittivity of free space, c r is the 
relative permittivity of the dielectric, and n is a con- 
stant (n = 1 for Poole-Frenkel and n = 4 for Schottky 
emission). The experimental values for the lowering 
coefficient, /3, and relative permittivity of the dielec- 
tric, er, for a film thickness of 300rim are given 
in Table II. The results are in favour of the Poole-  
Frenkel mechanism which gives more reliable values 
for the dielectric constant. Figs 3a, b and c show log Ic 
plotted against log Vb for 300nm thick A1-CeO2/ 
GeO2-A1 samples at different temperatures. The 
dependence is typical of what have been observed with 
most amorphous semiconductors and insulators. 
These curves may be explained in terms of the Poole-  
Frenkel effect, with a log Ic--Vb ~/2 dependence as shown 
in Figs 4a, b and c. The values of the dielectric con- 
stant, er, and the field lowering coefficient, fl, are 
shown in Table III. Above room temperature a 
decrease in the dielectric constant, er, accompanied by 

TABLE I 

Composition (naol %) Circulating 
current, I c 

CeOz GeOz (A) 

Conductance, G Conductivity, o Resistivity, e 
(f~-l) (f~ ' cm -L ) (f~ cm) 

94 6 1.70 X 10 -7 
75 25 6.20 x 10 -7 
60 40 1.85 x 10 6 
40 60 1.40 x l0 s 

1.7 x 10 -7 3.4 x 10 -u 2.9 x 10 t° 
6.2 x 10 -7 1.2 x 10 -1° 8.1 X 109 
1.9 x 10 _6 3.7 x 10 -1° 2.7 X 109 
1.4 x 10 -s 2.8 X 10 -9 3.6 x 108 
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Figure 1 Voltage-current characteristics of  300 nm thick films of 
AI-CeO2/GeO2-AI: (1) 94mo1% COO2, (2) 75mo1% COO2, (3) 
60 tool % CeO2, (4) 40 tool % CoO 2. 

an increase in the lowering coefficient,/~, is observed 
and below room temperature the values ofs~ are found 
to be increased and accompanied by a decrease in/3. 

4. Transition from hopping conductivity 
to free band conductivity 

Some electrons will gain sufficient energy to move into 
the states in the conduction band when the tempera- 
ture increased. As the free band mobility is much 
greater than the hopping mobility, this process is 
accompanied by a sharp rise in the conductivity. This 
transition from localized state to free band conduction 
is illustrated in Fig. 5a for 25 tool % CEO2/75 mol % 
GeO2 and in Fig. 5b for 40mo1% CeO2/60mol% 
GeO2. At low temperature the hopping conduction is 
dominant with an activation energy AE ~ 0.07 and 
0.015 eV, respectively, the same values being obtained 
at different applied voltages. A gradual transition 
occurs to a free band conduction as the temperature is 
raised and this may be due to some overlapping of the 
localized level and conduction band, as would be 
the case if the Fermi level fell in the vicinity of the 
transition from free band to the localized tail. The 
associated free band activation energy is 0.54eV 
for 25 mol % CEO2/75 tool % GeO2 and 0.32 eV for 
40 mol % CEO2/60 mol % GeO2. 

It is noted that when the germanium oxide con- 
centration is greater than 25mo1% and less than 
75mo1%, a decrease of the slope d In I o / d ( 1 / T )  is 
observed at high temperature, i.e. a levelling off of the 
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Figure 2 1 c- Vb I/~ characteristics for different compositions of  CeO~/ 
GeO 2 thin films: (1) 94/6, (2) 75/25, (3) 60/40, (4) 40/60. 

current as shown in Figs 6a, b and c. This suggests a 
gradual transition from amorphous to metallic type of 
behaviour as the temperature is raised. 

A film of 45mol % CeO2/55mol % GeO 2, 10nrn 
thick, deposited on to carbon-coated mica, was used 
for study by transmission electron microscopy. A 
typical micrograph with the surface seen to be smooth 
is shown in Fig. 7a but when the sample was heated up 
to 120 ° C, the surface appearance is changed as shown 
in Fig. 7b where metallic particles appear. 

As the temperature increases, the conductivity 
would be changed as the Fermi level sweeps past the 
mobility edge. There will be sharp change in the con- 
ductivity only if the free band mobility is much greater 
than the hopping mobility as indicated previously. 
The general form of this process is expressed by the 
formula 

= ~r o e -~e / k r  (3) 

where AE is the activation energy. The expression for 
the mobility, #, in localized states is given by Mott [9] 

# = t~' e - ~ e / ~ r  (4) 

which indicates that # increases as T increases. For 
conduction in the extended states the corresponding 
theoretical expression (Rose e t  al.  [10]) is of the form 

# = const. T -3[z (5) 

which leads to # decreasing as T increases. 
Transmission electron microscopy and the d.c. 

results (Fig. 6) show that the properties of the samples 

T A B L E  II 

Composition (tool %) 

CoO 2 GeO2 

~exp 
(10 -4 eVcm m V -1/2) 

Relative permittivity, e r (estimated) 

(n = 4, Schottky) (n = I, Poole-Frenkel) 

94 6 2.0 
75 25 2.7 
60 40 3.7 
40 60 6.1 

3,6 
2,0 
1,0 
0.4 

14.4 
8.0 
4.2 
1.6 
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Figure 3 Voltage-current characteristics of 300 nm thick thin films 
at different temperatures: (a) 94mo1% CeO2/6mol% GeO2, 
(b) 55 tool % CeO 2/45 mol % GeO2, (c) 30 tool % CeO 2/70 tool % 
GeO2. 

10 

change f rom amorphous  to metallic behaviour  and 
the conductivi ty will decrease as the temperature is 
increased because the charge carrier concentra t ion 
remains constant  and the mobili ty decreases with 
increasing temperature.  

5. D.c. c o n d u c t i o n  a f ter  e l e c t r o f o r m i n g  
Fig. 8 curve (a) shows the Vb-To characteristics of  a 
300 nm thick Cu-60  tool % CEO2/40 tool % GeO2-Cu  
sample which has been electroformed by applying a 
minimum forming voltage across it for a definite period 
o f  time. The result can be explained on a fi lamentary 
model  o f  electrical conduct ion  [11]. Conduct ing  fila- 
ments made of  chains o f  metal a toms alternating with 
anion vacancies develop across the insulating layer 
and bridge the electrode [12]. Conduc t ion  after 

TABLE I I I  

Composition 
of CeO2/GeO2 
(tool %) 

Temperature flexp Relative permittivity, 
(K) (10 4 eWcmt/2 V I/2) (gr)PF 

94/6 243 1.6 22.0 
293 2.0 14.4 
318 2.0 14.3 
336 2.1 13.6 

55/45 244 2.1 13.5 
293 2.8 7.6 
347 3.6 4.6 
406 5.1 2.3 

30/70 236 4.7 2.6 
293 4.9 2.4 
336 6.0 1.6 
363 7.3 1.1 
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Figure 4 I c- gb 112 characteristics at different temperature for the sam- 
ples in Fig.3. 

e lectroforming takes place with the assistance o f  these 
filaments and hence the conduct ivi ty level increases. 
Because of  large power  dissipation at  the m a x i m u m  
current,  Im, some of  the fi laments start  ruptur ing  at  
weak points  resulting in a decrease of  It and  in the 
manifes ta t ion of  V C N R .  The fi laments can regrow by 
some kind o f  ionic migra t ion resulting in reproducible  
Vb-Io characteristics. Fig. 8 curve (b) shows voltage 
m e m o r y  exhibited by the sample at r o o m  temperature .  
It  was found that  a high resistance m e m o r y  state could 
be induced if the voltage were lowered rapidly f rom 
any point  on the V C N R  trace to zero, fogowed by 
switching off the power  supply for  a very short  time. 
When  the vol tage was re-applied the original high- 
resistance state was regenerated up to a par t icular  
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Figure 5 Temperature dependence of I c as a function of inverse temperature for samples of thickness 300 nm (bias voltages shown). (a) 
25 mol % CEO2/75 mol % GeO 2, (b) 40 tool % CEO2/60 tool % GeO 2. 
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threshold voltage, where the current increased sharply 
to join up the previous high-conductivity state in the 
V C N R  region. Voltage memory effects have been 
explained by Simmons and Verderber [13] and by 
Ralph and Woodcock [14]. 

Figure 7 Transmission electron micrograph of samples, (a) at room 
temperature, (b) at 120 ° C. 
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Figure 6 1 c-I / T plots for films of thickness 300 nm for different bias 
voltages. (a) 60 mol % CEO2/40 tool % GeO 2, (b) 55 mol % CeO;/ 
45 tool % GeO2, (c) 30tool % CeO2/70mol % GeO 2. 

6. A.c. conduct ion 
A,c. conduction measurements were taken in the 
frequency range 102 to 106Hz and different ranges 
of  temperature for thin films of  AI-CeO2/GeO2-A1 as 
shown in Figs 9a, b and c for different compositions. 
The a.c. conductivity variation with frequency can be 
approximated as 

o .... : O-tot- ~d.c. (6) 

where o- .... is the a.c. electrical conductivity, Otot is the 
total conductivity and o-a.c, is the d.c. conductivity. 
Figs lOa, b and c show conductivity o-(~o) plotted 
against l I T  for the above samples. The results can be 
explained as follows. The electrical conductivity in an 
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Figure 8 Voltage-current characteristics of Cu-40mol% CeO2/ 
60 tool % GeO2-Cu sample, (a) after forming, (b) voltage memory, 
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fixed frequencies for the samples in Fig.9. 
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Figure 9 Variation of a.c. conductivity with frequency at differ- 
ent temperature for 300nm thick thin films. (a) 60mo1% 
CeO2/40mol% GeO2, (b) 40mo1% CeO2/60mol% GeO2, (c) 
30 tool % CEO2/70 tool % GeO 2. 
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Figure 1 ! Schematic diagram of the frequency dependence of hop- 
ping conductivity; a0 is the d.c. conductivity. 

alternating field may be due to two basically different 
causes, (1) a rotational motion of molecular dipoles 
with frictional losses, and (2) a translational motion of 
free electric charges. The former cannot give rise to 
d.c. conductivity, a0, while the latter can. Debye 
[16] has applLied the concept of rotating dipoles to 
explain the dispersion of a.c. properties with fre- 
quency. An alternative approach to explain the a.c. 
conductivity is by considering the motion of free 
charges in a dielectric. The charges are considered to 
move by discontinuous hopping jumps between well- 
defined localized sites, spending most of the time at 
rest on these sites. This hopping conductivity should 
be clearly distinguished from free-band conduction 
and its frequency dependence can be summarized with 
reference to Fig. 11 at sufficiently low frequencies and 
down to d.c. there is a constant level, G0, which may 
or may not be accessible experimentally within the 
limitions of low-field conditions in which conductivity 

may really be defined. There follows a region in which 
the conductivity is a monotonically increasing function 
of frequency. 

oc co x (7) 

where s takes typical values in the range 0.5 < s < 1. 
This region is relatively well documented experimen- 
tally for a wide range of materials in which conduction 
occurs by hopping [17-19], as distinct from free band 
conduction. The estimated values for s at a frequency 
of 2 × 104Hz are shown in Figs 9a, b and c for 
different compositions. Pollak and Geballe [20] have 
studied the a.c. properties of compensated silicon 
at very low tempertures - a classic example of a hop- 
ping system. Since then many more disordered and 
amorphous or glassy materials have been found to 
exhibit the same type of behaviour. It is noted that the 
exponent s in the power-law Equation 7 is tempera- 
ture dependent at low frequencies and varies between 
zero, i.e.d.c, conduction at high temperatures, through 
0.5 at intermediate temperatures to 1 at low tempera- 
tures, and s varies between 1 and 2 at high frequencies. 
The second significant point is that there is no well- 
defined activation energy in these results (Figs 10a, b 
and c), rather as for d.c. conduction through traps 
[21]. 

Figs 12a and b show the variations of capacitance 
with temperature and frequency for two samples of 
different compositions. The total measured capaci- 
tance, Ctot(~o), can be decomposed into two com- 
ponents, a dispersive term, C(co), and a non-dispersive 
term, Coo, 

C,o,(~ ) = C(~ )  + Coo (8) 

These two components arise from different processes, 
C~ being due to high-frequency atomic and dipolar 
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Figure 12 Variation of capacitance with frequency at different temperatures. (a) 60mol % CeO2/40mol % GeO2, (b) 40tool % CeO2/ 
60mol % GeO 2. 
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Figure 13 Variation of dC/d (In f )  with frequency for the samples 

vibrational transitions, whereas C(~o) is determined 
by the loss mechanisms. Different methods used for 
eliminating the non-dispersive component exist, e.g. 
measurement at high frequencies (where C~((~) 
Coo), adjustment of Coo until the resulting C(e)) obeys 
a power-law dependence, or numerical differentiation 
of the capacitance data, whereupon the constant terms 
involving Coo drop out. Thus, if the dispersive part of 
the capacitance obeys the power law 

C(co) ~ ~o"-' (9) 

(where s' is not equal to s, the frequency exponent for 
the real part of the conductivity), a plot of log (d C/d 
In f )  against log f should yield a straight line of  slope 
s' - 1 as shown in Figs 13a and b. It is noted that the 
slope s" - 1 decreases as the temperature decreases 
(i.e. s' and  s behave in a qualitatively similar manner). 
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