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The behaviour of SiOx/SnO thin dielectric 
films in an alternating electric field 

G. A. KHAN, C. A. HOGARTH 
Department of Physics, Brunel University, Uxbridge UB8 3PH, UK 

The a.c. electrical conduction through SiOx/SnO thin films prepared by the co-evaporation 
technique has been investigated. The conductivity shows e)S-type behaviour. The values of 
s lie between 0.75 and 0.41 depending upon the temperature. The conduction may be ex- 
plained by a single polaron hopping process as proposed by Elliott. The dependences of capa- 
citance, tan 5 and loss factor on the frequency of applied field and the temperature are also 
discussed. It is suggested that the centres taking part in both d.c. and a.c. conduction pro- 
cesses are the same. Under similar conditions, the co-evaporated SiOx/SnO films are found to 
be more disordered than those of SiOx/SnO2. 

1. In troduct ion  
Dielectric oxides are extensively used as capacitors in 
microelectronic circuits and also in many other elec- 
tronic and optical devices. Studies of the electronic 
nature of a material give information about its elec- 
trical behaviour and this may be related to structural 
properties. The disorder in atomic configuration 
and/or composition is responsible for the existence of 
localized electronic states or groups of states within 
the material. Because the charge carriers are localized, 
a.c. techniques are often employed to probe their 
behaviour [1, 2]. The a.c. conductivity, o ..... in many 
amorphous solids has been found experimentally to 
obey an equation of the type 

c~,.c.(r T) = Ar s (1) 

where co is the angular frequency of the applied field 
and A and s < 1 are temperature-dependent para- 
meters. Different conduction mechanisms can lead to 
co ~ type of behaviour for a.c. conductivity, but it is 
not easy to decide which of the those mechanisms is 
responsible for the observed conduction properties. 
However, the behaviour of the exponent s with 
temperature can help elucidate various theories 
regarding Equation 1 [3]. 

Many authors have investigated the a.c. conduction 
mechanisms through thin insulating films and have 
explained their results in terms of different theoretical 
approaches [2, 4-7]. Shimakawa [8] proposed single 
polaron hopping (one electron hopping between a 
neutral defect, D ~ and a charged defect, D +, and one 
hole between D o and D- )  as well as bipolaron hop- 
ping (two electrons hopping between D-  and D + 
centres) to account for all the features observed in 
chalcogeuide glass semiconductors. The a.c. conduct- 
ivity in SiOx thin films has been studied by some 
authors [9-11] and observed to be proportional to co s. 
Kondo et al. [12] interpreted the a.c. conductivity in 
evaporated SiO thin films in terms of correlated bar- 
rier hopping (CBH) by a single polaron (i.e. effectively 
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one hole hopping between neutral and negatively 
charged defects). 

Some years ago, Hogarth and Wright [13] thought 
of improving thin-film dielectrics for capacitors by 
using dielectric films in the form of mixed oxides. They 
found an improvement in the dielectric properties of 
composite SiOx/B/O3 with increase in the B 2 0 3  c o n -  

t e n t  compared with the simple SiOx. Rahman et al. 

[14] measured the a.c.  electrical properties of 
SiO/SnO2 thin films and suggested that the films tend 
to be dielectric in character, even though SnO 2 is a 
fairly good conductor. 

In the present paper the a.c. dielectric properties 
of SiOJSnO co-evaporated thin films are reported 
with a view to investigating any differences between 
their properties and those of the SiOx/SnO 2 films 
investigated earlier [14]. 

2. Experimental procedure 
The samples for electrical measurements were depos- 
ited on 3 i n x  l in  (~7 .62cm x2.54cm) Corning 
7059 borosilicate glass slides. In order to prepare 
MIM sandwiches, a metal strip was evaporated as the 
base electrode followed by mixed oxides from separate 
sources as insulator using the co-evaporation tech- 
nique of Hogarth and Wright [13], and finally metal 
was evaporated for the top electrode. The rates of 
evaporation and film thickness could be controlled. 
Six samples, each having an effective area of 0,1 cm 2, 
were made on each substrate. (All compositions are 
given in mol %.) 

All electrical measurements were taken in a subsi- 
diary vacuum system capable of producing a vacuum 
of  10 - 6  tort (1.33 x 10 - 4  Pa) and equipped with the 
necessary facilities. The device was firmly attached to 
the base of copper by pressure contacts and electrical 
connections were made with the devices by means of 
copper strips joined with silver paste. A stainless steel 
tank incorporated into the top plate was used for low- 

17 



10 

S= 
t~ 

.=~ 

C 

i~9 

I I I 

3 4 S 6 
10 10 10 10 

Frequency (Hz) 

-10 
10 

1o 6 

Figure 1 Electrical conductivity as a function of frequency for 
80% SiOJ20% SnO (300 nm) thin films at different temperatures: 
(a) 183 K, (b) 228 K, (c) 263 K, (d) 299 K, (e) 318 K and (f) 343 K. 

temperature measurements by pouring liquid nitrogen 
into it. An insulated resistive wire made of molyb- 
denum ribbon was inserted in the holes at the copper 
base and used as a heater element. The temperature 
measurements were made by attaching a chromel/ 
alumel thermocouple to the substrate which was con- 
nected to a Comark electronic thermometer type 
1601 Cr/A. The d.c. voltage-current characteristics 
were measured in a conventional manner. The circu- 
lating current was recorded using a Keithley 610C 
solid state electrometer. 

The capacitance of the sample was measured 
by a Hewlett-Packard impedance analyser (5 Hz to 
13 MHz) type 4192 ALF using an a.c. signal of 
500 mV. 

3. Results and discussion 
The variation of a.c. conductivity for 80% SiOx/20% 
SnO (300 nm) thin films as a function of frequency is 
shown in Fig. 1. The a.c. conduction process follows 
an c0S-type law with s decreasing with increase in 
temperature. The values of s at different temperatures 
in the frequency range 0.1 to 100 kHz lie between 0.75 
and 0.41. For higher frequencies the conductivity 
approaches a quadratic power law. Fig. 2 shows the 
variation of total conductivity (a.c. + d.c.) with the 
inverse of temperature at different frequencies for the 
same sample as in Fig. 1. The values of activation 
energy estimated from the slopes of these plots are 
given in Table I. It is observed that at higher temper- 
atures, the d.c. part of the conductivity approaches the 
a.c. conductivity value. It is also worth noting that at 

TABLE I Values of activation energy for 80% SiO~/20% SnO 
(300 nm) thin films at different frequencies of applied field 

Frequency (kHz) 

0 0.3 3.0 8.0 300 

AE(eV) 0.43 0.15 0.16 0.17 0.19 
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Figure 2 Log conductivity plotted against inverse temperature for 
the same sample as in Fig. 1 at frequencies: (a) d.c., (b) 0.3 kHz, 
(c) 3.0 kHz, (d) 8.0 kHz, (e) 0.3 MHz. 

higher frequencies the activation energy has much 
smaller values, indicating a different conduction pro- 
cess at higher frequencies. 

In order to estimate the activation energy corres- 
ponding to the true a.c. contribution to total conduct- 
ivity of sample, we have plotted log frequency against 
inverse absolute temperature (Fig. 3) for constant 
values of capacitance according to the relation pro- 
posed by Simmons et al. [15] 

co oc exp( -- AE/kT)  (2) 

The above relation is suggested to be valid for con- 
stant capacitance, whether measured in series or in 
parallel [15]. The activation energy calculated from 
the slopes of the curves in Fig. 3 using Equation 2 at 
room temperature is found to be 0.43 eV. 

Theoretically, the total conductivity o(co) measured 
in a.c. fields for semiconductors or insulators can be 
written as 

o(c0) = o (0 )  + o ... .  (co) (3) 

where c(0) is the d.c. conductivity and c~ .... (co) is 
the component of conductivity depending upon the 
frequency of the applied field. 

In order to analyse the results, different existing 
theories for the a.c. conductivity related to co s behavi- 
our must be considered. Austin and Mott [4] im- 
proved the theory of Pollak and Geballe [16] and 
assumed the a.c. conduction process to be the hopping 
of electrons between pairs of localized states at 
the Fermi level. This process can be visualized as 
a phonon-assisted tunnelling process through the 
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Figure 3 Log frequency plotted against inverse temperature for 
the same sample as in Fig. 1 and for given capacitances: (a) 5.5 nF, 
(b) 5.0 nF, (c) 4.0nF, (d) 3.5 nF. (Plotted to test the Simmons 
formula, Equation 2.) 

potential barrier between the localized states. The 
mathematical expression for the conductivity as 
proposed by them can be written as 

.... (o~) oc kco T[ln(vph/O~) ] ~ (4) 

where k is the Boltzmann constant, vph is the 
phonon frequency, T the absolute temperature and 

the frequency of the applied field. They further 
suggested that in the case of polaron formation the 
last term in Equation 4 must be replaced by 
[ln(vph/C0 ) - W n / k T ]  4, where W n is the polaron hop- 
ping energy. So in the case of polaron formation the 
exponent s becomes temperature dependent and 
the mathematical expression for conductivity takes 
the form 

(y .... (to) oc kTco[ln(vph/co) - W n / k T ] *  (5) 

Using Equation 5 the value of s can be calculated as 

s = d [ l n ~  .... (co)]/d(ln~o) ~ {1 - 4/[ln(vph/c0) 

- W H / k T ] }  

and the variation of s with temperature is given by 
expression 

d s / d T  = 4 W H / { k T 2 [ l n ( v p h / m ) -  W n / k T ]  2} (6) 

Equation 6 shows that the value of d s / d T  is always 
positive which indicates that s should increase with 
the increase in temperature. Also Equation 4 shows 
that (y .... (co) is directly proportional to the absolute 
temperature of the device. If the present samples 
are considered, however, it can be observed that in 
this case: 

(i) ~ .... (co) is not proportional to absolute tem- 
perature; 

(ii) s decreases with the increase in temperature. 

So the theory of Austin and Mott [4] is unable to 
explain the behaviour of the present samples. 

Elliott [6] extended the earlier Pike [2] theory to 
the case of the chalcogenide glasses. He suggested a 
process of conduction whereby the simultaneous hop- 
ping of two electrons occurs between neighbouring 
defect centres over the barrier separating the centres 
(bipolaron hopping). The expression for (~ .... (co) as 
proposed by Elliott [6] can be written as 

(Y . . . .  (CO) = (~2NZE/24)(SeZ/eWm)6(o)s/'c l-s) (7) 

where 
s = 1 - 6 k T / W m  (8) 

Wm is the optical band gap, Co the characteristic 
relaxation time, N the density of defect states per unit 
volume and c the dielectric constant of the material. 
According to this model in the case of bipolaron 
hopping, the two electrons of a D -  state take an 
energy W m to reach the conduction band in the 
absence of a neighbouring D + centre. 

Elliott [6] further suggested that in the case of a 
very high concentration of intimate-valence alterna- 
tion pairs (IVAP, the states whose separation is com- 
parable with the radius of their wave-functions), in 
very close proximity to D + and D -  centres, ensures at 
least some overlap of the wave-functions, giving rise to 
the centre having some D o character, which should be 
detectable by electron spin resonance techniques. The 
hopping species in this situation would be a single 
polaron (D ~ and the energy required to remove an 
electron from a D o centre would be approximately 
Wm/4. In other words in the case of bipolaron hopping 
the quantity Wm in Equation 6 is the optical band gap 
of the material and for a single polaron hopping 
species, D ~ the value of Wm would be reduced by a 
factor of 4 as compared to the optical band gap, i.e. 
for single polaron hopping the quantity W m would 
be related to the optical band gap by the relation 
Wm= (optical band gap)/4. 

The optical band gap in the present case for 80% 
SiOx/20% SnO (300 nm) thin films at room tem- 
perature is 1.72 eV (already reported elsewhere). The 
value of a.c. activation energy estimated previously for 
the same sample from the slope of the curves in Fig. 3 
is 0.43 eV and this value is exactly one-fourth of 
the optical band gap. Furthermore, a value of Wm 
= 0.43 eV is put into Equation 8 in order to calculate 

a theoretical value of the exponent s for the same 
sample at room temperature, a value for s of 0.64 
is found, which is in very good agreement with 
the experimental value found for s (0.64) at room 
temperature (Fig. 1). 

Therefore, it is suggested that the a.c. conduction 
mechanism in our samples is in excellent agreement 
with Elliott's [6] model for single polaron hopping. 
Elliott [6] justified the experimental results of Street 
and Yoffe [17] using a similar type of argument. The 
existence of single polaron species, D o (paramagnetic 
centres), in the present samples has already been 
observed using the e.s.r, technique and reported else- 
where. It is interesting to note that in the present 
samples the a.c. activation energy (0.43 eV, Fig. 3) is 
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Figure 4 Capacitance plotted against frequency for the same 
sample as in Fig. 1 under similar conditions. 
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equal to the d.c. activation energy (0.43 eV, Fig. 2). 
This indicates that the same defect sites are respon- 
sible for both the a.c. and d.c. conductivity. A similar 
behaviour has also been observed by Jourdain and 
Despujols [16] in evaporated silicon monoxide thin 
films. The high-frequency region conductivity behavi- 
our of our samples may be attributed to two-centre 
hopping between similar pairs of centres as proposed 
by Jonscher [19]. 

Fig. 4 shows the variation of capacitance with the 
variation of frequency at different temperatures for 
80% SiOx/20% SnO (300 nm) thin films. The capaci- 
tance is observed to decrease with the frequency and 
this decrease in the capacitance becomes less promin- 
ent for lower temperatures. It is also observed that the 
change in the capacitance with frequency in the low- 
frequency region is very much temperature dependent 
(it increases with the temperature) whereas it is less 
temperature dependent for the higher frequency re- 
gion as shown in Fig. 5. The variations of the tangent 
of the loss angle and the loss factor with frequency are 
given in Fig. 6 and 7, respectively. It is observed that 
tan ~ has a minimum which shifts to higher frequency 
for higher temperatures. Such behaviour shown by 
our samples may be explained following the model 
proposed by Goswami and Goswami [20]. According 
to them a capacitor can be considered to consist of 
(i) an inherent capacity C, which is independent of 
temperature and frequency, (ii) a resistance R due 
to the dielectric film in parallel with C, and (iii) a series 
resistance, r, related to the leads. From these two 
resistances, the component R (given by the expression 
R = Roexp(-AE/kT)  where AE is an activation 
energy) will decrease with increasing temperature and 
r can be considered as temperature independent. 

The expression for tan g can be written as 

tan~ = 1/mRC + corC (9) 

In the low-frequency region, 1/mRc >> corC so we 
can write 

tan5 = 1/mRC (10) 

Figure 5 Capacitance plotted against temperature for the same 
sample as in Fig. 1 at frequencies: (a) 10.5 kHz, (b) 10.0 kHz, 
(c) 1.0 kHz, (d) 0.3 kHz, (e) 0.2 kHz. 

Similarly, in the high-frequency region 1/mRC ~ mrC, 
so in this case 

tan~ = mrC (11) 

According to Equation 10 tan6 decreases with in- 
crease in frequency (in the low-frequency region) 
whereas Equation 11 shows that tan 6 increases with 
the frequency (in the high-frequency region). 

The shift in the minimum of tan 5 with the increase 
in temperature can be explained using the relation 

COmi n = (rRC2) 1/2 (12) 

As the temperature is increased R will decrease, so 
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Figure 6 Tan8 plotted against frequency for the same sample as in 
Fig. 1 under similar conditions. 
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Figure 7 Loss factor plotted against frequency for the same sample 
as in Fig. 1 under similar conditions. 

com~ (the frequency corresponding to the minimum 
value of tan 5) will increase. 

Similarly, the dependence of capacitance on the 
temperature can be represented by the equation 

Cs = (1/o~2R2C) + C (13) 

where Cs is equivalent capacitance. As the temper- 
ature is increased, R in Equation 13 will decrease 
resulting in an increase in Cs. Also as c0 is decreased, 
Cs will increase. 

The behaviour of the present samples with change 
in composition as shown in Figs 8 and 9 may be 
explained in a similar manner. 

An approximate comparison can be made of our 
results for 90% SiOx/10% SnO (300 nm) thin films 
with those of 89% SiOx/11% SnOz (330 rim) thin films 
given by Rahman et al. [14]. The conductivity of these 
compositions as a function of frequency at room 
temperature can be seen in Fig. 10. From the com- 
position and thickness it can be assumed that the ratio 
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Figure 9 Capacitance plotted against frequency for the same 
sample as in Fig. 8 under similar conditions. 

of silicon to tin contents in both films is approximately 
the same, whereas SiOx/SnO films will be deficient in 
oxygen compared to the SiOx/SnO 2 films. The experi- 
mental value of the exponent s measured at room 
temperature is ~ 0.64 whereas that reported by 
Rahman et al. [14] is 0.9. The present results were 
found to be in excellent agreement with Elliott's 
theory of single polaron hopping [6], whereas 
Rahman et al. [14] interpreted their results according 
to the general model of Elliott [6], i.e. bipolaron 
hopping. A comparison of these results leads to a very 
interesting conclusion. 

The bipolaron hopping occurs in the case of non- 
intimate valence alternation pairs (NVAP), i.e. the 
states with the distance separating them greater than 
the radius of the localized wavefunction on each site. 
On the other hand, intimate valence alternation pairs 
(IVAP) are responsible for the single polaron hopping 
process. Elliott [6] suggested that in the case of very 
close proximity of D + and D-  centres, at least some 
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Figure 8 Conductivity plotted against frequency at room temper- 
ature for SiO:,/SnO (300 nm) thin films of different compositions: 
(a) 90% SiO~, (b) 80% SiO~, (c) 30% SiO~. 
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Figure 10 Conductivity plotted against frequency for (a) 89% 
SiOx/ll% SnO2 (330 nm) thin films after Rahman et aL 1-14] and 
(b) 90% SiOx/10% SnO (300 nm) thin films (present studies). 
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T A B L E  II  The values of the exponent s~ after Rahman  et al. [14] 

Frequency range (Hz) s at 

163 K 210 K 293 K 338 K 

3 x 103-6 x 10 a 0.63 0.58 0.51 0.45 
4 x 10'*-6 x 104 0.74 0.65 0.63 0.59 

overlap of wavefunctions occurs and in that case D + 
and D-  centres can act as IVAPs, otherwise they will 
act as NVAPs. This suggests that in the case of a 
higher degree of disorder, the D + and D-  centres will 
act as IVAPs and for lower level of disorder these 
centres will act as NVAPs. 

Rahman et al. [14] considered W n equal to the 
measured optical energy gap (1.92 eV) for their sam- 
ples and obtained a theoretical value of the exponent s 
equal to 0.92 at room temperature using Equation 8. 
They compared the theoretical value of s with their 
experimental value 0.90 calculated in the frequency 
range above 105 Hz. Their interpretation can be justi- 
fied in terms of NVAPs because of less disorder in 
their samples (SiO~/SnO2) as compared to our sam- 
ples (SiO~/SnO). But according to Table II after 
Rahman et al. [14], the value ofs for 89% SiO~/11% 
SnO 2 (330 nm) films at room temperature in the fre- 
quency range 4 x I04 to 6 x 104 Hz (a more suitable 
frequency range) is 0.63. Now if the value of W H in 
their case is taken as one-quarter of the measured 
optical energy gap (1.92 eV) then the theoretical value 
of s according to Equation 8 is found to be 0.68, which 
is more comparable to the experimental value 0.63. So 
it is proposed that the results of Rahman et al. 1-14] 
could better be explained on the basis of the Elliott [6] 
theory of single polaron hopping. It may be concluded 
that in both cases of co-evaporated (SiOx/SnO and 
SiO~/SnO2) thin films the a.c. conduction mechan- 
ism follows the Elliott [6] model of single polaron 
hopping. 

The conductivity for our 90% SiO~/10% SnO 
(300nm) thin films compared to 89% SiO~/SnO2 
(330 nm) films reported by Rahman et al. [14] can be 
explained in the following way. For comparable molar 
content and thickness, the co-evaporated thin films of 
SiOJSnO will be deficient in oxygen content com- 
pared to those of SiOx/SnO2. Because of the defi- 
ciency of oxygen, the co-evaporated thin films of 
SiOJSnO will be more disordered and the band edges 
will penetrate further into the forbidden band gap. In 
this way the effective band gap of SiO~/SnO films 
will be less, compared to those of s i o X / S n 0 2 ,  so 
SiO~/SnO films will be moreconductive. From these 
observations it is concluded that under similar condi- 
tions, the co-evaporated thin films of SiOx/SnO will 
be more disordered compared to those of co-evapor- 
ated films of SiOJSnO 2. A similar argument has 

already been given by us while comparing the optical 
band gap of co-evaporated thin films of SiOx/SnO 
and SiOJSnO 2 1-21]. 

4. Conclusion 
The conductivity in the present samples under an 
alternating electric field is observed to be proportional 
to co s where the exponent s decreases with the increase 
in temperature. This behaviour is found to be con- 
sistent with the Elliott 1-6] model of single polaron 
hopping. The same sites in the sample structure are 
found to be involved in the a.c. as well as the d.c. 
conduction mechanisms. The dependences of capaci- 
tance, tan ~ and loss factor on frequency and temper- 
ature agree with the model of Goswami and Goswami 
[20]. By comparison of our results with those of 
Rahman et al. [14], we conclude that under similar 
conditions, the co-evaporated SiOx/SnO thin films 
will be more disordered as compared to those of 
SiOx/SnOz. 

References 
1. A. RAHMAN and P. C. MAHANTA,  Thin Solid Films 66 

(1979) 125. 
2. G .E .  PIKE,  Phys. Rev. B6 (1972) 1572. 
3. A .K .  JONSCHER,  Nature 267 (1977) 673. 
4. I .G .  AUSTIN and N, F. MOTT,  Adv. Phys. 18 (1969) 14. 
5. M. POLLAK,  Phil. Mag. 23 (1976) 519. 
6. S .R.  ELLIOTT,  ibid. 36 (1977) 1291. 
7. Idem, ibid. 37 (1978) 553. 
8. K. SHIMAKAWA, ibid. 1346 (1982) 123. 
9. F. ARGALL and A. K. JONSCHER,  Thin Solid Films 2 (1968) 

185. 
M. S. FROST and A. K. JONSCHER,  ibid. 29 (1978) 7. 
H. ADACHI,  I. HONDA,  T. HARIU and Y. SHIBATA, 
J. Phys. D 11 (1978) 1211. 
A. K O N D O ,  K. SHIMAKAWA and V. INAGAKI ,  J. Phys. 
C 16 (1983) 5211. 

13. C. A. HOGARTH and L. A. WRIGHT,  in "Proceedings of 
the 9th International Conference on the Physics of Semi- 
conductors", Moscow, 1968, edited by S. M. Ryvkin (Nauka, 
Leningrad, 1968)p. 1274. 
A. S. MD. RAHMAN, M. H. ISLAM and C. A. HOGARTH,  
Int. J. Electron. 62 (1987) 167. 
J. G. SIMMONS,  G. S. N A D K A R N I  and M. C. 
LANCASTER,  J. Appl. Phys. 14 (1970) 539. 
M, POLLAK and T. H. GEBALLE,  Phys. Rev. 122 (1961) 
1742. 
R. A. STREET and A. D. YOFFE,  J. Non-Cryst. Solids 8-10 
(1972) 745. 
M. J O U R D A I N  and J. DESPUJOLS,  J. Phys. C 13 (1980) 
1593. 
A. K. JONSCHER,  3. Vac. Sci. Technol. 8 (1971) 137. 
A. GOSWAMI and A. P. GOSWAMI,  Thin Solid Films 16 
(1972) 175. 
G. A. KHAN and C. A. HOGARTH,  J. Mater. Sci. 25 (1990) 
in press. 

10. 
11. 

12. 

14. 

15. 

16. 

17. 

18. 

19. 
20. 

21. 

Received 23 October 
and accepted 8 November 1989 

22 


