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ABSTRACT 

Electrical measurements have been carried out in Al-SiO-Al 

unformed and Al-SiO-Cu pre-formed devices having insulator 

thicknesses in the range 50 nm - 600 nm at ambient and different 

temperatures and under modest vacum with the appl.ication of DC high 

fields. The DC conductivity has been explained by normal poole

Frenkel model based on localized conduction. 

AC measurements have also been carried out in these devices in 

the frequency range 100 Hz -100 KHz. The measured activation energy 

and the monotonic increase of conductivity suggest that the 

conductions mechanis1n operating in these devices are of multiphonon 

hopping type. 

The electroformed studies such as VCNR, electronic switching 

and electron emission in the Al-SiO-Cu/Al-V
2
05-Cu divices were 

explained by employing the modified filamentary model. 

The structural studes of SiO and V
2
0

5 
suggest that these film 

materials are amorphous in character. 

The information obtained fro1n optical study (UV, Visible and 

JR) and the DC activation energy help to construct the electrical 

band diagram of SiO. 

Becasue of lacking information it was not possible to 

construct an electronic band diagram of V� 5 •
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CHAP'rER I 

INTRODUCTION 

Currently worldwide study of dielectric films has been a 

subject of extensive theoretical and experimental investigations 

because of their many potential applications in science and 

technology and in many varied fields. Electronic use of insulating 

films include field effect transistors, passivating layers, 

capacitors, sweitching elements, electron emitters, 

electroluminescent devices, etc. Other potential non-electronic 

applications include replica and supporting membranes for electron 

microscope and electron diffraction studies, as multilayer 

combinations for increasing and decreasing the reflectance of 

dielectrices and metals in various spectral regions, as heat 

reflecting filter and finally as selective surfaces for 

photothermal conversion of solar energy. 

The widespread and ever-increasing films demand that more 

knowledge is required about their electrical and physical 

properties. Hence, explorations of new dielectric films or the 

dielectric films already investigated need further study for 

obtaining newer and more properties. Having these ideas in mind I 

decided to study the electrical, optical and structural properties 

of the SiO and V 205 de vices. 
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Scope of the Thesis 

A systematic investigation of the electrical, optical and 

structural properties of SiO and V20 5 devices is to be presented. 

Thus the aim of this research is to investigate the followings: 

1. DC transport properties of unformed Al-SiO-Al and Pre-formed 

Al-SiO-Cu sandwich structures under high electric fields. 

2. AC transport properties of unformed Al-SiO-Al and pre-formed 

Al-SiO-Cu sandwich structures. 

3. Electroformed characteristics of Al-Si0-Cu/Al-V205-Cu/Al-V205-Al 

sandwich structures. 

4. Optical measurements such as visible, UV and IR transmission 

spectra in the 350-900 nm and 2.5-50 µm (4000-200 cm-1
) 

wavelength ranges respectively. 

5. X-ray diffract ion study of S iO and V20 5 films 

In chapter II a critical review has been presented concerning 

the various models of electrical conduction in thin insulating 

films. 

Chapter III deals with the substrate cleaning technique, 

experimental apparatus for preparation of specimen for the various 

studies and measuring techniques. 

Experimental results, their analyses and suggested models are 

presented in chapter IV. 

Conclusion and suggestions for further research are presented 

in Chapter V. 
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CHAPTER ll 

A CRITICAL REVIEW OF ELECTRICAL CONDUCTION MECHANISMS IN THIN 

DIELECTRIC FILMS. 

A critical review of electrical conduction mechanisms under 

high field conditions for the following two categories of devices 

has been presented in this chapter 

(i) Unformed and preformed Metal-Insulator-Metal MIM MIN 

devices 

(ii) and formed MIM devices. 

Section 2.1 deals with the conduction processes operating in 

the first category of devices and section 2.2 deals with that of 

the second category of devices. 

2.1 D.C. and A.C. conduction Mechanisms in unformed and Preformed 

MIM Devices. 

2. 1 . 1 D.C. Conduction Mechanisms. 

The systematic study of various charge transport mechanisms 

through thin dielectric films sanwiched between metallic electrodes 

has been contimed since 1960. The probable conduction mechanisms 

operating through such devices in the presence of an electric field 

are illustrated in Fig.2.1. using electronic energy band diagram. 

It is observed from this diagram that electrons can be injected 

from the cathode into the conduction band of the insulator over the 

potential barrier at the metal-insulator interface by thermal 

activation (mechanism-1). This process is called Schottky effect. 
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Process-2 shows that electrons may also be thermally excited into 

the conduction band of the insulator from trapping levels inside 

its forbidden gap. This conduction mechanism is termed the Poole

Frenkel emission (mechanism-2). Electrons may also tunnel directly 

into the conduction band of the insulator either from the cathode 

(mechanism-3) or trapping levels within the insulator (mechanism-4) 

or the valance band of the insulator (mechanism-5). It is also 

possible for electrons to tunnel to the anode from the valence band 

of the insulator (mechanism-6) . If the thickness of the insulator 

is less than 10 nm, electrons may tunnel directly between the metal 

electrodes. The latter mechanism will no be discussed in details 

because this type of film has not been fabricated in the present 

work. 

Furthermore, non-linear current flow through the insulator may 

occur due to the presence of impurities, for example, foreign atoms 

or defects . Schottky or Poole-Frenkel defects may cause either 

impurity or ionic conduction. Impurity conduction involves electron 

transport from one stationary donor to an adjacent donor 

(mechanism-7) as shown in Fig. 2.1) whereas in ionic conduction the 

impurities or defects in the films migrate. Extremely low ionic 

mobi 1 i ty 11 of the carriers (typically µ = 10-12 m2 v-1s-1
) and high 

activation energy (>0 . 6 ev) characterize the ionic conduction. In 

ionic conduction mass transfer occurs through the insulator to an 

electrode. Finally at very low temperatures electronic effects may 

also include tunnelling whilst ions (both types) are unable to 

tunnel. 
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Charge injection into the conduction band, tunnelling or 

impurity conduction in some cases may cause to build up of space

charge within the bulk of the material which limits the charge 

transport. This effect is called space-charge limited conduction. 

A number of the above mentioned conduct ion mechanisms may 

op~rate simultaneously at one particular applied potential 

difference across the device , but generally one mechanism will 

dominate the observed current. Some of the above stated conduction 

mechanisms are discussed in details below 

2.1.1.1 Schottky Emission. 

The Schottky effect is the emission of electrons into the 

conduction band of an insulator from the metal contact electrode 

(the contact electrode may also be a semiconductor) by thermal 

excitation over the field-lowered metal-insulator interfacial 

barrier. This is an electrode-limited conduction process. This 

emission mechanism is shown in (Fig. 2. 2). The lowering of the 

barrier height 6¢8 is caused by the interaction of the electron 

image force with the applied electric field E and is given by 

6¢8 = ( Ee3 
/ 47t:E 0 E) 112 = J38 E1I2 ••••••• •• • ( 2. 1) 

Where 

138 = ( e 3 
/ 41tE0 E ) 

112 
• • , •• ••• • ••••••• • •••• ( 2. 2) 

!38 is called the Schottky field-lowering coefficient. In the 

above expression 

e = electronic change, 

E = dielectric constant of the insulating film 

and E 0 = dielectric constant of free space ( ~ 8.85 x 10-12 p+ m-1). 
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This type of electron emission from the electrode at a 

negative potential would be analogous to the thermionic emission 

except that the applied electric field lowers the barrier height. 

The current density JR for thermionic emission over a potential 

barrier of height¢ would be given by the Richardson equation 

JR = A T2 e X p ( - ¢ / KT ) . . . . . . . . . . . . . . . . . . . ( 2 . 3 ) 

Where T is the absolute temperature of the emitter and A is 

the Richardson constant which is given by 

A = 4nme k2 I h3 • • • • • • • • • • • • • • • • • • • • • • • • ( 2 . 4 ) 

For most metals A is about 60-lOOA cm-11<.-2
• 

In expression (2.4), K is the Boltzmann constant, H is Planck's 

constant and mis the electronic mass. 

Because of the image-force lowering of the potential barrier, 

the electrode limited current does not saturate according to the 

Richardson equation (2.3), but rather obeys the Richardson -

Schottky (law:- The current density under these conditions may be 

identified by the symbol JRs which is given by 

In deriving equation (2.5) Schottky neglected the electron

electron interaction term in calculating the carrier density using 

the Fermi-Dirac statistics. This assumption is practically not true 

because the emission current has a significant magnitude and hence 

there is always the possibility of electron-electron interaction. 

He also assumed a constant value of work function: In practice, 

however, the work function will increase if nn electronic space-
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charge exists 111 the vicinity of the emitter. It also decreases 

with increasing electric field strength. Small amounts of absorbed 

gases like nitrogen and carbon dioxide wi 11 increase the work 

function . In addition the endtting area is not, in general, equal 

to the actual surface area. The presence of these possible sources 

of error suggests that a rigorous fit of theoretical and 

experimental results cannot be expected. 

It has been shown that the effect of an electron having 

differing masses in the metal and insulator implies that an 

effective mass m• must be used in the constant A (equation 2.4) ; 

Simmons (27) has pointed out that equation (2.5) holds only if the 

electron mean free path is of the order of the insulator thickness. 

According to Stuart (34) both Schottkey and the Poole-Frenkel 

emissions give a linear plot of log I against V112• In the case of 

Sch o t t k y em i s s i on , t he f i e 1 d E0 a t t he in t e r fa c e du e t o t he a pp 1 i e d 

voltage is equal to V,jd (d ~ film thickness, V
6 

applied voltage). 

This may cause band bending near the interface and results in a 

non-linear dependence of Eon V. Mahalingam et al (33) stated that 

if the transport of current is due to Schottky emission, the plot 

of log (I/T2
) v .ersus 1/T would be a straight line. In the light of 

above mentioned mode 1. Simmons 

data on the bulk conductivity 

electrical conduction in these 

(27) showed from his experimental 

of Ta20 5 and SiO films that the 

materials were due to Schottky 

emission. Geddes et al (107) analyzed Schottky emission in Al-22-

tricosenioc acid Mg sandwich assuming Schottky barrier height to be 

1. 06 ev . 
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2.1.1.2 Poole-Frenkel Emission and its Modifications 

The Poole-Frenkel effect initially put forward by Frenkel (88) 

is a bulk limited conduction process. Electrons are emitted from 

trapping centers in semiconductors and insulators by the combined 

effect of temperature and electric field. It is also called field

assisted thermal ionization. Fig.2.3 shows the Poole-Frenkel 

effect. The solid line in this diagram represents the normal 

potential energy of the electron as a function of the distance X 

from the positive ion. This potential energy ~PF of the electron at 

a distance X0 would be given by 

. . . ( 2. 6) 

In the presence of an external field Ethe coulomb potential 

is reduced by a factor -eEx 0 • The resultant potential barrier for 

thermal excitation of trapped electrons into the conduction band is 

shown by the dashed curves in (Fig. 2.3). The resultant potential 

at a distance X0 would be given by 

. . . ( 2. 7) 

If X0 is defined as the distance from the ion at which the 

potential energy has its maximum value, then 

Simplification gives X0 = e/47tE 0 EE) 112 . ( 2. 8) 
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Putting value of X0 from (2.8) in (2.7) we obtain 

. (2.9) 

Relation (2.9) is the reduction of the Poole-Frenkel barrier. 

The resultant barrier would be (¢PF - o¢pf). 

Thus the Poole-Frenkel emission current density Jpf in the 

presence of the field can be expressed by the following relation 

(2.10) 

where 

(2.11) 

In equations (2.10) and (2.11) µ is the electronic mobility 

and nc the effective density of states in the conduction band of 

the insulator. The Poole-Frenkel field-lowering coefficient Bpp is 

the coefficient of E112 on equation (2.9) and it may be given by 

(2.12) 

Equation (2.10) is the original Poole-Frenkel mode 1 . 

Mahalingam et al (33). measured the temperature dependent 

conductivity of LaF3 films in the Al-LaF3-Al sandwich structures in 

6 

the temperature range 300-470K and at high electric field (>10 Vm 

1 ). They obtained the good quantitative agreement with this Poole

Frenkel model Chari et al. (31) carried out D.C. measurements in 

the Al-Al 20 3-Al sandwich devices having Al 203 thickness in the range 
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800-2000 A. The Poole-Frenkel conduction mechanism is operative in 

these devices. Anwar et a 1. ( 4 3) investigated Al-M00 3-Al having 

1000 A thick in the temperature range 193-393K and 

Schottky and Poole-Frenkel models were compared with the 

experimental values of a Measurements of current voltage 

characteristics in SiO, Al 20 3 and Ta20 5 thin films of thickness range 

400-7000 A (8) are found in qualitative agreement with the Poole

Frenkel model (eqn. 2.10). But the . resulting constant a was found 

somewhat smaller than Dpf (eqn. 2.12) and in some cases in near 

agreement with the Schottky a (eqn. 2.2). 

It is apparent from the stated insulator thickness that the 

conduction mechanism would be bulk-limited whilst a favours the 

Schottky value. To explain this anomaly three alternative 

modifications of the Poole-Frenkel model have been proposed. Among 

these three modifications one model is based on the hypothesis of 

the presence of discrete trapping levels, lhe second one is based 

on the compensation within the materials and the 3rd one includes 

the mobile donor concept . 

The first explanation of the anomalous value of the constant 

13 1s due to Simmons (87). He proposed a model based on neutral 

trapping ce11ters and field assisted thermionic emission from donor 

centers. His model is shown in (Fig. 2.4). In his model he firstly 

determined the position of the Fermi level by equating the number 

of electrons missing from donor centers to the number of occupied 

traps assuming the number of electrons in the conduction band to be 

negligibly small. He then estimated the current density given by 



.....,v, .u,,1'-- ,,, 'I J4:ltJ :,cc..:tJ ( 18 

fk•1: u111~nt N .• ... 1)::-j-.J,()J 
Oa 1e .. . Jo. J.<?.·0.8. . 11 

nd, nt, Ed, Et,Ed are the concentrations and energy levels 

respectively of donor and trapping centers. It is seen from 

equation (2.13) that the field lowering coefficient is now Bpp/2 

(Bpp/2), although the conductivity is not electrode-limited. 

This modification of the normal Poole- Frenkel model helps 

to explain the experimental results of several workers (27). 

Stuart (37) has shown that his bulk-limited l 6 -V
6 

characteristics 

could be interpreted in terms of equation (2.13). 

The second explanation of anomalous Bis due to Yeargan and 

Taylor (26). Their model is based on compensation of donors. 

They assumed the presence of acceptors, the concentration of 

which is smaller than that of the donors. The derived current 

density is similar to the expression (2.13). The proposed model 

is displayed in (Fig. 2.5). This model has been used to explain 

the experimental results of Anwar and Hogarth (41) on films of 

The third explanation of the anomalous value of B is due to 

Hill (87) who made a detailed analysis of electrical conduction 

in amorphous solids. The basis of his analysis is the ionization 

of local defects by an appl i ed field. He derived an expression 

of a generalized current J of the form 

J = a 2 Sinha ... . ................... . ... . . (2.14) 

or 

Joo a-1 (a Cosha - Sinha) ................ (2.15) 

Where J is given by 

J = IT-"exp (Ei/KT) .. . ................... ( 2 .16) 
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E1 is the ionization energy of the centre and n is J3E 112/KT. 

Equation (2.14) corresponds to emission from the donor centre 

occurring along the electric field direction with 'n' equal to 4 in 

equation (2.16) whereas equation (2.15) corresponds to spherically 

uniform emission from the centers in which case 'n' is equal to 3 

in equation (2.16). 

To explain the anomalous value of 13, Hill (87) assumed that 

donors and traps co-exist. He also assumed that the density of 

ionized donors is a small fraction of the total density of 

ionizable donors. If this is the case then ionizalion of a donor by 

Poole-Frenkel emission can stimulate further ionization by other 

processes (other than Poole Frenkel emission). The initial ionized 

donor can act as a capture centre for the electron released from 

the second donor giving rise to an effective mobile donor and an 

anomalous value of B. Hill has expressed BAN in terms of the normal 

BPF by the relation 

Where Ve and V
0 

are the velocities respectively of the free 

car r i er and mob i I e cl on or . As t he i on i z at ion of the second donor 

must always be dependent on the availability of the first donor it 

is unlikely that V
0 

Frenkel constant 

> Ve so that the range of the anomalous Poole

is from J3PF to f3PF/2 (:::::B6 ) as observed 

experimentally by Jonscher (87). 
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Jons ch er and Har t k e ( 8 7 ) have ex tend e cl H i 1 1 ' s mode 1 to a 

three- dimensional well over which all emission probabilities have 

to be integrated. Writing eBPFE 112/KT = S, they obtain a modified 

emission probability P given by 

P = p0 S2 (S-1) exp (s) + 1 ........ .. ...... (2.18) 

Where p0 is the probability of escape in Any direction in the 

absence of the electric field, By contrast, the simple Poole

Frenkel model gives 

Ppf = P0 exp(s)/2 ................... . ...... (2.19) 

The modification statement from the concept that the maximum 

barrier lowering Br 11 E
112 occurs in one particular direction only in 

space; other directions present a higher energy barrier to electron 

flow. After release from the uonor centre the change carrier faces 

one of the two possible situations. In one case the carrier may be 

assumed to be trapped by the nearest centre downstream. In this 

case the distance travelled is independent of the applied electric 

field and the current is therefore directly proportional to the 

probability of emission P. i.e., I oo P. For large values of S we 

obtain in this manner 

one would thus expect in the limit of high fields to obtain a 

straight line with the appropriate slope (13rr-/KT) by plotting 

log(IE112 ) versus E112 graphs. 
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The second possible assumption regarding the flow of current 

is to postulate that the liberated carriers travel for a constant 

period of time before being re-trapped. This would lead to a 

relation 

2 I oo EP oo S P 

Thus in this case the plot of IE- 112 versus E112 should have the 

limiting logarithmic slope B. Servini (87) tested both hypotheses 

experimentally and observed f a ir agreement with the former, i.e. 

re-trapping at the nea r est site is the most likely mechanism. 

Another development on previous models in due to Hall (87). 

Hall assumed that an electron can exist in either the ground state 

of the donor centre or states localized at sites in the material. 

These sites are not necessarily centered on atoms , the only 

assumption about them being that they occur at a high density . He 

also ignored effects due to tunnelling. Hall arrived at two 

solutions for the emission current from Poole-Frenkel centers. They 

are 

1, oo exp (2I3E112-¢)/KT ........ . .............. . . (2.21) 

and 

I 2 oo exp (2BE112-¢)/KT .............. . .......... (2 . 22) 

11 is appropriate above room temperature whereas 12 should be 

used below room temperature. This model was applied to the results 

of Anwar and Hogarth (41) on thin films of Mo0 3/In 20 3 materials. It 

has particular success in explaining the variation of 13 with 

temperature. 



15 

2.1.1.3. Distinction Between Schottky and Poole-Frenkel emission. 

Both Poole-Frenkel and Schottky emissions furnish linear 

graphs of log JS versus El/2 over the range of electric fields 

employed experimentally (:::10 6 to 108 vm-1) . The gradient of the 

linear region may be of roughly the same value. Both emission 

processes are likewise exponentially dependent on 1/T . These 

criteria are insufficient, to distinguish the two emission 

processes. However, considering a number of factors simultaneously 

it is possible to discriminate between the two emission processes. 

These are described below: 

i) The height of the barrier at the contact for a wide band gap 

insulator is expected to be above 0.8ev whereas much low 

activation energies are indicated with bulk-limited emission. 

ii) The two emission characteristics have different voltage and 

temperature dependencies. For Schottky emission Js oo T2exp 

(13sE112/KT). A graph of log(J~JT2) versus 1/T may be drawn at 

given electric field E and for a given temperature T, a plot 

of Log J 8 versus E112 can also be drawn. For Pool-Frenkel 

emission JppooE exp (f3ppE112/2KT). The corresponding graph is Log 

Jpp versus 1/T at a given field E and for a given temperature 

T. Log (.JPF/E) versus E112 may be drawn . 

iii) The current characteristics of an MIM device using metals with 

different work functions will be highly asymmet r ic for 

schottky emission and symmetric for Poole-Frenkel emission. 

iv) The bulk resistivity for thin-film(~ 10 to 100 nm) devices 

should be very small in the case of bulk-limited conduction 

and it shou ld be large for very thick film (1000 nm or above) 

devices. 
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2.1.1.4. Space-charge-Limited (SCL) flow. 

A space-charge will be built up within the insulator if there 

is an inexhaustible supply of free carriers in the dielectric near 

the injecting electrode. Current flowing through the insulator will 

then saturate. For low values of potential difference, ohm's law 

will be obeyed if the injected carrier density is lower than the 

thermally generated free carrier density Tjo and the current density 

J ac i s g iv en b Y 

J sc = e n 0 It v / d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2 . 2 3 ) 

Where V is the applied (DC) potential difference across the 

device and 'cl' the insulator thickness. When the injected carrier 

density is greater than the free carrier density the current 

becomes space-charge-limited. The following two conditions need to 

be satisfied in order lo observe SCL current flow of significant 

magnitude : 

(i) at leas.tone of the two electrodes must make an ohmic contact 

with insulator, and (ii) the insulator must be relatively free 

from trapping defects. 

The mechanism of SCLC in solids was first proposed by Mott and 

Gurney (87). They established an expression for the current density 

J 6 c for the simple case of single carrier trap-free SCLC in an 

insulator as 

9 

J6C = ····· · ·········· ·· ·······(2.24) 
8 

Where the symbols have their usual meanings. It 1s seen from 

equation (2.24) that 1
6 

is directly proportional to V2 and inversely 
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proportional to d 3
• Equation (2.24) predicts much high currents 

than are observed in practice and also that SCLC is temperature 

insensitive. 

These predictions are contrary to observation. These 

deviations from the simple trap free theory are readily accounted 

for when a more realistic insulator, that is, one which contains 

traps is considered. Rose (87) enunciated the theory of SCLC in 

defect insulators. In the presence of traps, a large fraction of 

the injected space charge will condense therein which means that 

the free-carrier density will be much lower than in a perfect 

insulator. furthermore, since the occupancy of traps is a function 

of temperature, the SCL current will be temperature dependent. 

If the insulator contains nt shallow traps, all assumed to be 

at the same energy level Et below the bottom of the conduction band, 

the ratio 8 of the free charge to the trapped charge is given by 

8 = ( nc/ nt.) exp ( - Et/ KT) ................... ( 2 . 2 5 ) 

Including the effects of shallow traps, the current density 

J (SC) T 

is given by 

9 
J(SC)r-- ................................. ( 2. 26) 

8 

As 8 

inclusion 

is a very small temperature - dependent 

of shallow traps in the insulator is 

quantity the 

capable of 

accounting the experimental observations. The traps will be filled 
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up if sufficient charge is injected into the dielectric and the 

current density in the device will again be given by the Mott

Gurney equation. The voltage at which this occurs is called the 

trap-filled-limited (TFL) voltage VTFL expressed by 

Vrn = entd2 /2e 0 e ...................... ( 2. 27) 

Fig. 2.6 presents the SCL I-V characteristics for an insulator 

containing shallow traps. It is seen from this figure, that there 

are four distir1ct zones. These are : Zone-A ohmic, Zone-S governed 

by a modified Mottand Gurney law Zone-C a trap-filled-limited 

region and finally Zone-D governed by the trap-free Mott and Gurney 

law. 

Normally the traps are not localized in shallow levels as 

considered above and the form of the space-charge law will depend 

on the nature of the trap distribution. For a trap distribution 

whose density decreases exponentially as the energy from the band 

edge increases, the current density for the applied potential 

difference Vis given by (87): 

Where x is a parameter which characterizes the particular 

distributing of traps and Tx is the temperature used to 

characterize the trap distribution. 

Single-Carrier-Space-Charge-limited-Currents have been 

observed in many insulators and semi-conductors. Nazar (28) has 

reported space-charge-limited conduction in Si 3N4 , Arya et al.(29) 

i n Bi 20 3 Ch a r i e t a J. ( 3 1 ) in A 1 20 3 , S i g 11 er ski et a 1. ( 3 2 ) in 
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tetrcene, Herdt et al.(36) in SiO, Wiktorczyk et a/.(35) in Yb20, 

Moreno et al. (44) rn tetrafluore-ethylene-hexz-fluoropropylene 

copolymer (Tef Ion FEP), Gould et al. (45) in cdTe, Subbarayan et 

al. (45) in Perylene and Shafai et al. (46) 1n lead phthalocyanine 

(pbpc) thin films. 

2.1.1.5 n.c. Hopping. 

In the earlier discussion it has been observed that depending 

on the energy electron transport can occur from the valence band 

into the conduction band of an ideal insulator. But in practice 

most of tile insulators contain certain amounts of traps. Hence it 

is not necessary to raise the electron into conduction band of the 

insulator for electrical conduction, rather electron can hop from 

one trap to another giving hopping conduction. There are two types 

of hopping conduction: (i) D.C. hopping conduction and (ii) A.C. 

hopping conduction. 

In this section D.C. hopping conduction will be treated. Both 

theoretical and experimental investigations of D.C. hopping 

conductivity began in 1950. Hopping probabi 1 i ty Phop· may be 

expressed as the product of a tunnelling term and a phonon term as 

P110P 00 exp (-2aR-W/KT) ....................... (2.29) 

Where R is the average transition distance independent of the 

energy difference W between the inital and the final states. The 

two types of D.C. hopping are; (i) nearest neighbour hopping (also 

called thermally activated hopping) and (ii) variable range 

hopping. 
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The expression for the nearest-neighbour D.C. hopping 

conductivity o 0 at higher temperatures (30-J00K) is given by 

Oo = A exp(-W/KT) ....................... (2.30) 

Where A is a constant and the relevant density of states at 

the Fermi level is given by 

N(WF) = (12R3w)-1 
........................... (2.31) 

Several workers observed this effect in antimony films of 

thickness 170-14000 A in the temperature range 30-160K. Efendiene 

et aJ.(39) and Knotek et aJ.(48) studied D.C. hopping in Bi 2o3 and 

a-Ge films respectively. Anwar et al.(41) discussed D.C. hopping in 

Mo03- I n 20 3 f i 1 ms . 

At sufficiently low temperatures, variable-range_ hopping is 

always to be expected. The variable-range hopping conductivity o 

is given by 

oi oo exp (-B/T114
) ....................... (2.32) 

Where B is a constant dependent on the density of states and 

degree of localization of the states through which hopping occurs. 

A number of observations of variable-range having in amorphous 

semi-conductors have been reported in Lhe literature since Mott's 

enunciation of the model (equation 2.32). 

Hill (49) discussed variable-range hopping in amorphous semi

conductors. According to Wiktorczyk et al.(38), the activation 

energy oE for Yb 20 3 was 0. 53eV in the temperature range 300-390K and 

0.98eV in the temperature range 440-S00K. The variation 0.53-0.98 

ev in the activation energy indicates the existence of variable

range hopping in Yb20 3 • 
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2. 1. 2 A.C. Conduction Mechanism. 

Measurements of A.C. Characteristics such as impedance, Z, 

phase angle ¢, conductance G, capacitance C and dielectric loss 

factor tan6 as a function of frequency and temperature determine 

the conduction mechanism in MIM structures in both the planar and 

sandwich configurations. 

Frequency dependent barrier resistance Rb is split into two 

parallel re:c.istances i one is Ro.c independent of frequency and the 

other is (AW)"-
1 clepenclent of frequency. R

1
> ( the phonon assisted 

hopping resistance), r (the resistance clue to the dielectric loss) 

and CP (capacitance of the intergranular barrier). Two equivalent 

circuits (one 1s in series mode and the other in parallel mode) 

containing Rm (resistance of the metal-oxide particles), RP , R, R 

ancl CP are shown in Figures 2.?(a) and (b). 

i) RPand Rb In Series Mode. 

From Fig. 2.?(a) we get the circuit impedance as 

Z = Z1+Z 23 •••.•••••••••••••••••••• • •••.. (2 . 33) 

Where 

z1 =.4-+-J- .. , .. . . (2 . 31· ) 
23 t::., 2 6 3 

and 
j 

(2.35) 



r 

c a l 

Fig.2.7 (a) RP and Rb are in series mode (b) RP and Rb 
are in parallel mode. 
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At very low frequency, the term Rm/r2\v2cp 2 being of the order 

of 1019 and is very much larger than Rm . Thus the ~eries mode 

impedance is given by 

=Rm+------------------
[ l + ( R p + Rb ) r W 

2C p 2 
] + ( R P + R b ) 

2w 2C / 

+ ( 2. 6) 

The conducting particles in the sample get aligned in specific 

patterns depending on the firing time, temperature and pattern. 

These patterns form the capacitor, Hence depending on t he type of 

capacitor formed due to these conducting particles, the impedance 

and hence tl1e capacitance of the sample can be studied elaborately 

as a function of frequency. Assuming zero correlation, the 

capacitance of a parallel plate capacitor 

CP = EE 0 A/Df . .............................. (2 . 37) 

Where e is the dielectric constant of the material. e0 is the 

permittivity, A the area of the plate, D the distance between the 

plates and f the size factor. Therefor, for thick films, 

CP = KEEtJ\ / Df . .. .. . .. .. ...... . .. .. .. . ..... (2.38) 

Where K is a correlation constant. Then 

c'P = K'e
0
A/Df ........... . . . .. . ... . . . ...... . ( 2. 39) 

Where 

K
1 = KE .............•.•.... . • ... .... ... •.. . . ( 2 . 40) 
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On the other hand, for a spherical capacitor formed by the 

conducting particles of the sample the capacitor will be 

CP = 4n:nee0 d 2(t+d)/2t+d) .... .. .............. (2 . 41) 

Therefore for thick films 

c'P = 4n:nKee0 d 2(t+d)/2t+d) ............. . .. .. (2.42) 

or c'P = K'cP ..........•.....•.......... . ... (2.43) 

Where n is the number of particles per unit volume, t is the 

average site of the particles and d is the thickness of the 

barrier. 

We can also derive an expression for the cylindrical 

capacitor. In this case the capacitance is given by 

41!EE0 0 
cp = [n1/ln{2(t+d)/d}+n2/ln[{4(t+d)+21}/l]] (2.44) 

2K 

' 
4n:E Eol) 

and cp = [ n1 / 1 n { 2 ( t +d) / d} +n2/ l n [ { 4 ( t +d) + 21 } /1 } ] (2.45) 
2K 

or 

' ' (2.46) cp = K CP 

Where l is the average length of the cylinders, n1 and n2 are 

the concentration of cylinders, type! and type 2 respectively . 

ii) RPand Rb In Parallel Mode. 

The equivalent circuit diagra~ for RP and Rb in the parallel 

mode is shown in Fig.2.7(b). The impedance of the circuit can be 

written as 

Z = Z1 + Z23 . . . • • . · · · · · · . • . • • • • . ( 2. 4 7) 
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Where 

1 l 
= (2.48) 

j 
(2.49) 

Then 

·R2 J pwcp 
-------------+-7'.. 5 0 

As before in this case as well three possibilities will rise 

for the formation of types of capacitors . 

Same theories and models could be used for the dielectric 

materials as well as ferro-and para-electric materials. 

Kannan et al. (61) defined the temperature coefficient of 

capacitance (TCC) and temperature coefficient of permittivity (TCP) 

as follows : 

and 

1 
TCC = 

cp dt 

1 de 
TCP = 

E dT 

The lin ear expansion coefficient can be evaluated from 

a.= TCC-TCP 

TCC can also be calculated using the relation 

TCC = A tan6-a.E 

Wh e re A is a constant (A= 0.05 ± 0.01/K) 

(2.51) 

(2.52) 

(2.53) 

(2.54) 
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Kannan et al. found the values of TCC and TCP to be 646 ppm/K 

and 623 ppm/K respectjvely for Nd 20 3 films in the Al-Nd 20 3-Al 

sandwich structures at lkHz and at room temperature. e is the 

dielectric constant. The value of cr is 23 ppm/K. 

Models proposed by Halder et al.(54) for the calculation of 

impedances are rather lengthy. The following approximations were 

made. RP= 20Q, Rm= 30KQ, r = lKQ and CP = IF, Rb(w)mt/w, c(w)=1/w 

and ¢=1/w. The sudden rise of Rand Cat about 105 Hz could not be 

explained with this model. In some cermets including some 

commercial resistors. This type of behavior means presence of some 

large voids in the sample. 

The phase angle according to Halder et al. can be defined as 

¢ = tan-1(Im Z/ReZ) . . . . (2.55) 

Thus¢ is frequency dependent. 

The A.C. conductivity can be expressed as 

(2 . 56) 

Where the true A.C. part of the conductivity should be 

on.c,( w) ~ w" (2.57) 

Where n is close to unity. 

A.C. hopping conductivities have been discussed in details in 

the literatures (47-50) Hossain ( 51 ) discussed dielectric 

properties in~ Mgo and Gd/Mgo films. Jayaraj et al.(52) observed 

A.C. properties in Eu 20 3 films, Dharmadhikari et aJ.(53) in Nd20 

Mishra et al.(56) in tourmaline, Arora et aJ.(57) in CuWo4 , 

Parkhutik et aJ.(58) in Al 20 3 • Shabalov et aJ.(59) in SiOx, 

Sathyamoorthy et aJ.(60) in YF3 , 
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Kannan et al. (61) in Nc12O3 , Lhotska et al. (62) in 

ferroelectric, TGS-type crystals, Salam (63) in Indium-Tin-Oxide 

films, Sawaby et al . (65) in sodium accetylacetonate compound, 

Heidinger (65) in ceramic materials, Nadkarni et al.(66) in 

MoO3 films, Khurana et a.l. (89) in a-Ge 17Te 83 and Dutta et al. (90) in 

Yb 2o 5 f i l ms , A l - D ha ha n e t a 1. ( 9 7 ) i n Ce O 2/ Sn O 2 f i l ms , De s p u j o l s ( 1 0 5 ) 

i n A l 20 3 f i l ms , E t t a i k e t a 1. ( 1 0 6 ) i n po l y par a p hen y l en e , Geddes e t 

al.(107) in 22-tricosenoic acid, Islam et a.1.(108) in Sio/B2O3 , 

Soukup et al.(128) analysed A.C. properties of SIC films, 

Wiktorczyk (129) in Dy2O3 films and Bhosale (132) in V2O5 films. 

2.2 Electroforming In MlN Structures 

MIM structures in both planar and sandwich forms exhibit 

anomalous electrical properties. By the application of a D . C. bias 

in the range 2-lSV, an MIM device under certain conditions 

undergoes a forming process during which the electrical 

conductivity of the device is increased by a few orders of 

magnitude and its current voltage (1
6
-Vs) characteristic shows a 

maximum in the Is-Vs graph. A formed MIM device exhibits VCNR and 

CCNR, electron emission (EE), electro luminescence (EL), Switching 

and memory phenomena. Several models have been suggested for 

explaining these features. These models are broadly classified into 

two categories. They are : 

(i) Models on homogeneous penetration of the current carrier 

(ii) Models on filaments formation. 
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2.2.1 Models Oased on llomogeneous Penetration. 

2.2.1.1 llickmott's Model. 

Hickmott was the Pioneer in interpretJ11g the anomalous 

behavior of MIM devices . His model is a qualit a tive one . He assumed 

that the anoclical1y formed insulator layers contained considerable 

impurity so that the impurity band appears approximately at the 

Fermi level in the insulator gap. The forming process involved 

ionisation of the impurity thereby enabling an electrical current 

to flow throu g h the impurity band. For the particular case of 

A l 20 3 i t has be e n ex p e r i 111 en t a I 1 y cl e r i v e d t ha t t he g a p w i d t h E g = 8 . 2 e v 

and Ec-EF =4.lev, Er-E11=2.3eV, E 11-Ev =l .8 eV, Ep-Ev=4.Jev, where 

Ee, Ev are the botlom of the conduction band and top of valence band 

resp e c t i v e l Y and Er- i s po s tu l a t e cl as an a cc e p tor l eve l E11 i s the 

Fermi leave. The lar gest port of Vs applied to the sample is 

probably situated at the negative el e ctrode and the remaining 

insulator layer is almost without an electric field. When 

Vs reaches a value of 1.8V (the threshold for electroluminescence 

and electron e111ission), in the high field region, free holes are 

created at the top of lite valence band by electrons tunnel ling to 

the E11 acceptor level. Free holes reco111bine with electrons from the 

impurity band. This can cause light emission (clectroluminescence) 

or excite e le c trons to the conduction band by Auger processes. When 

Vr; reaches a value or 2 .JV th e electrons start lunnellin g from the 

acceptor level to the impurity band a nd the conductivity decreases 

as a r e s u I t . A t Vs= 2 . 8 V t h e pro c e s s e s o f i on i z a l i on and 

ne utralization in th e impurity band are equal and a ma ximum in the 

Ji<-vs c lwrac terisl ic appears rot lowed by the VCNR region if V
6 

is 
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further increased. Electron emission arises from electrons passing 

through the top electrode on obtainjng an energy of 4.leV in the 

Au g e r p r o c e s s . 11 i c k 1110 l l cl i cl II o t be I i e v e t ha l e l e c t r on a r o s e by 

photoemission from the top Au electrode caused by 

electrolumi11escence but some photo-excitation from Al electrode is 

possible. Hickmott did not consider the influence of the 

surrounding atmosphere and temperature. No information about 

switching is available in his model. 

2.2.1.2 Simmons, Verderber and Ealcs Model. 

Simmons et al.(3) have suggested that the forming process is 

caused by the homogeneous introduction of the ions of 

electrode (from nobel metal =Ag. Au, Cu, Pt, etc.) 

lhe upper 

into the 

dielectric where the impurity band originates because of great 

disorder or amorphous structure of the dielectric. In order to 

satisfy overall charge neutrality in the insulator, the ions 

(assuming them to be singly ionized) must drag into the insulator 

an equal number of electrons from the apposite electrode. Noble 

metal atoms act as donor centers and hence are neutral or 

positively charged depending on whether they are positioned 

energetically below or above the Fermi level of the insulator. 

The noble metal 'donors' in an insulator having a crystalline 

structure would provide a discreate energy level in the forbidden 

band of the insulator. This would not be the case for an amorphous 

insulator for two reasons. First, because of the amorphous nature 

of the insulator, a noble metal ion does not have a uniquely 

defined environment. There will be found no consistency in nearest 
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neighbour ancl next nearest neighbour configuration etc. with the 

result that the potential energy of the ion within the lattice is 

not well defined. Secondly an amorphous insulator would be expected 

to contain a number of traps; some of these below a certain energy 

(fermi level) will be occupied giving a net negative charge. The 

coulombic interaction between the negatively charged trap and the 

positively charged donor centre perturbs the potential energy of 

the donor centre. The overall result of these two effects produces 

a broad band of localized states within the forbidden energy gap of 

insulator as shown in Fig.2.8(a). This energy band extends within 

ljl.-8. of the bottom of the conduction band where tp. and "'
1
- are the I I J VJ 

energies of the bottom of the conduction ba nd and top of the 

localized levels respectively measured from the Fermi level. At the 

electrodes there are depleted layers of Al-insulator and insulator

noble metal (~Ag, Au, Cu, Pt, etc.), the barrier of the first one 

is denoted by ¢
0

• It is further assumed that the impurity density 

is so high that electrons penetrating the barrier rt,0 can tunnel 

from one cenlre to another on lev e ls at the same energy. The 

electrons for V
6
<¢i coming from the bottom metal electrode pass 

through the dielectric on the anergy level equal to the Fermi level 

in the bottom electrode. 

When electrons with an energy V6 >r/ii cannot pass through the 

dielectric they reach only tl1e point near the bottom electrode on 

the level~ from which they can be excited to the conduction band 

of the dielectric by an interaction with phonons Fig.2.8(c). Only 

electrons on level (a) cre a te the conduction current and the 

maximum in the l 6 - V6 characteristic appears for V8 =r/ii . The electron 
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Fig.2.8. Energy diagram of formed MIM devices for various 

voltages. (a) V = O, (b) V L... Y\ ; (c) V )~\. 
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emission for Y6 less than that correspondi11g to the work function 

of the top electrode is explained by electrons obtaining excess 

energy from the Lattice of at least leV. Electrons corning to the 

top polycrystalline electrode undergo a scattering process on the 

planes of the noble metal crystallites. Electrons for V6 <8V are 

scattered back towards the insulator and must undergo further 

scattering events (e <--->e, e <--->p) before they are able to 

enter the vacuum through the edge of a pinhole. The process is 

accompanied by energy losses and is insufficient in directing 

e 1 e c t r on s t ow a r cl s t he p i II ho l e e d g e . For t he con d i t i on s V 6 > 8 V an 

electron is scattered within the distance of the mean free path 

from the edge of the pinhole and then it enters into the vacuum 

without loss of energy. This is in agreement with the rapid rise in 

emission current above 8V in the l 6 -V6 characteristics. 

A hystersis in the l 6 -V8 characteristics is called the memory 

state. Fig.2.9 {a,b,c) presents the electron storage mechanisms in 

the memory state. Fig.2.l0{a) illustrates the energy diagram for 

the system operating with an induced memory. 

2.2.1.3 Darriac et al. Model. 

narriac et al. (6) suggested that for Al-Al 2O3 -Au sandwich 

structure under an increasing bias V6 at some value of the 

electrical field in the oxide breakdown will occur at the thinnest 

film region. The perforation of the lop electrode is caused by 

local melting which results evaporation in the breakdown areas. 

Ions of the top electrode enter the cracks in the oxide. For bias 

V
6

, O<V
6
<Vm the current 16 is determined by the motion of ions 
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towards the negative electrode along the surface of the cracks. In 

the vicinity of the negative electrode space charge of variable 

thickness is formed. At Vs=Vm the space charge thickness reaches a 

minimum value and electron tunnel emission starts from the negative 

electrode followed by recombination -of electrons with positive ions 

(neutralization of space charge). The charge recombination results 

in a decrease in the total current which is the difference between 

the ion and electron current. This causes the VCNR character i stics 

to appear in the I s-Vs characteristic curve. The effect of 0 2 is 

considered to arise from its penetration into pores and cracks, 

where it chemically reacts with ions of the upper electrode. 

2.2.1.4 Greene, Bush and Raw I i ngs' Model. 

Greene et al. (8) proposed that the forming mechanism is a 

high-field electrolytic process in which anion vacancies are 

injected into the insulator. These vacancies give rise to localized 

conduction paths through the insulator . The model is presented for 

a hypothetical insulator MX consisting of M+ and x- ions. 

Under low-field conditions the reactions at the anode and 

cathode {both assumed inert) are respectively 

x---> x+e 

with the amion after newtraliztion is given off as gas. 

(2.58) 

(2.59) 

Under high electric field conditions a further cathode 

reaction is given by 

(X vacancy)+e- --> (X vacancy with trapped electron) (2.60) 

More vacancies are produced by the discharge of x- ions at the 
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anode . The diffusion of vacancies under the influence of the 

electric field establishes chains of defect centers across the 

insulator. 

Subsequently, the conduct ion occurs by the tun11e 11 ing of electrons 

through such chains of centers. The observed evolution of fluorine 

gas in devices with fluoride insulators can now be understood using 

reaction (2.58). Since atomic transport is involved the forming 

rate should decrease with temperature, as observed. 

In the presence of an oxygen environment a third possible 

cathode reaction is 

YO - 02- . 2 2 + ze --> (2.61) 

At sufficiently high pressures, reaction (2.61) is dominant 

over (2 . 60) and electroforming cannot occur. If the anode metal M 

is chemically reactive an alternative to reaction (2.58) may occur 

at the anode. viz. 

(2.62)) 

If material enters the insulator by reactions (2.61) and (2.62) at 

a greater rate than being discharged by reactions (2.58) and 

(2.59), the insulator thickness will increase. This means that 

through (2.60) the forming process is weakened. Hence a less 

reactive anode material and very low ambient pressure are 

recommended for optimum forming. 

Negative resistance and memory may be explained in terms of 

trapped space charge produced when the applied potential difference 

across the device is sufficient to give some of the electrons 

enough energy to leave the conducting path and enter the 

surrounding unformed dielectric. 
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This model accounts well for the forming in ionic crystals. It 

is not clear whether the mechanism can be adapted to other 

insulators such as Si02 • 

2.2.2 Filamentary Model. 

2.2.2.1 Dearnaley, Morgan and Stoneham Model. 

Dearnaley et aJ.(S) postulated that electroforming creates 

filamentary paths between the electrodes, the conduction being 

essentially ohmic. The filaments are considered to be not perfectly 

uniform but to have weak spots which determine their resistance. 

These filaments become heated by the flow of electrons since 

conduction must arise due to unusual inleratomic spacing, interbond 

angles or clefect configuration. In other words electrons will 

suffer phonon scattering particularly at the weak, hot spots of the 

filaments and the conducting chain may actually be ruptured. This 

is the novel aspect of the filamentary model that will account for 

negative resistance and memory properties of the formed layers. 

According to Pagnia (24) switching 'off' and 'on' states correspond 

to rapture of filaments c.lue to Joule heating and re-growth of the 

filaments within a clead time respectively. 

Once each filament bridges the gap between the electrodes, 

electronic conduction begins and Joule heating will occur. A local 

lattice temperature T is considered with each filament and assume 

t hat r up tu re w i I 1 occur i f T ex c e e tl s T max. Thus t he 1 o ca l 

temperature Tis given by 

d T / c1 t = a. 2v 2 
( t ) / P - ( T-T O ) / • c (2.63) 

Where a. mea::iures the heating, •c characterizes the cooling and pis 
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the resistivity of each filament. From the steady state solutions 

of (2.63) at V only filaments with resistance ·greater than 

remain unfracttured. The total current is 

I = JadpV P(f))/p 
Pmin 

(2 . 64} 

(2.65) 

Where P(f)) gives tile probability distribution of the various 

resistances and 

(2.66) 

Two features of P(f)) are immediately apparent. First, there 

are very few filaments with resistance below 

(2.67) 

Since the devices can be cycled below VT without showing signs of 

filaments breaking. Secondly there are very few filaments with 

(2.68) 

Where Vu is the voltage at which I(V) is a minimum. Above Vu the 

current is close to that of the unformed device and extra 

conduction mechanisms ca11 be ignored. P(p) can be derived from l(V) 

as 

(2.69) 

This distribution is shown in Fig. 2.ll(a). The apparently negative 

value of P(p) for small p simply neflects the contribution of 

tunnelling at small voltages. Dearnaley et al.also showed a simple 

triangular distribution in Fig. 2.ll(b) and in Fig. 2.12. They 
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showed that the I(V) characteristics for the two distributions are 

strikingly similar. The distribution of resistances in Fig. 2.11 is 

merely qualitative unless we can estimate N, the number of 

filaments per unit area. N was estimated roughly assuming that all 

filaments have the same resistance p. The initial resistance of the 

device per unit area is PIN, apart from small tunnelling effects 

and the filaments all burn out when v~ Vmax· Thus from equation 

(2.63) we obtain the following relation 

(2 . 70) 

The cooling time ~c is estimated by considering each filament as a 

cylinder of radius 'd' and temperature T cooling to a cylindrical 

link of radius D and temperature T
0

• D is taken to be the mean 

filament separation defined by ND2=l but could be smaller than 

this. It is then easy to show that 

(2.71) 

Where K is thermal conductivity of the insulator and L is the 

length of the filaments. 

Deacnaley et al. postulated that electron emission is due to 

the generation of hot carriers by the high electric fielclf. which 

exist at high-resistance spots in the filaments. Across some of 

these spots, the potential drop may very nearly equal the whole 

bias voltage. If the weak spot is close to the anode, electrons may 

be accelerated to nearly the full applied potential difference . 

This approach suggests, therefore, that emission should become 

particularly strong for potential differences close to the 

threshold voltage VT, at which value filaments are beginning to 

rupture. 
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Fig.2.11(a) The c0lculo.ted distribution of filament resis
tance deduced from experimental current-voltage 
behHviour. Negative values near the origin arise 
because tunnelling at the electrodes has been 
neglected (b) the simple triangular distribution 
of filament resistances assumed as an approxima
tion in fitting the current-voltage characteristic 
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2.2.2.2 Ralph and Woodcock's Model. 

Ralph et al.(10) assume with Dearnaley et al.(5) that there 

exists an array of filamentary paths extending from one contact to 

the other of the MTM slructure. Ralph et al. proposed that each 

filament contains an impurity band, which with the Fermi level is 

assumed to lie approximately in the centre of the forbidden gap of 

the insulator. They also proposed that due to non-uniformities in 

the initial layer, before forming this impurity band contains 

large variations in the density of centers. Due to this and to 

local fluctuations in the random excess potential V
0 

there will be 

large variations 1n the mobility bandwidth and the density of 

states bandwidth. Regions of narrow mobi I ity bandwidth are referred 

to as constrictions. 

Each filament is considered to contain one dominant 

constriction. This represented in Fig. 2.13 as a symmetrical 

increase in the density of states bandwidth (Erl and a corresponding 

decrease in mobility bandwidth (EM). These dominant constrictions 

are assumed to be randomly distributed in position between the 

electrodes. Trapping in such a system may occur both within the 

filament in the localized levels and outside the filament in the 

surrounding unformed material. Those outside are spatially 

separated from the conducting non-localized levels in the impurity 

band and should behave differently from those within the filament. 

Under small bias the current flow in a given filament is 

e11tirely determined by !so-energetic tunnelling through the 

unrestricted centre region of the impurity band of Fig.2.13. This 

gives rise to an l 6 -V6 relationship of the form 
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l
6

cx Sinhk Vs (2.72) 

Where K is a constant. 

As the bias voltage is increased further ti It ing of the bands 

occurs as shown in Fig. 2.14. As a result some electrons become 

trapped in localized states of the impurity band, as shown by arrow 

a. Over a limited range of potential differences a given filament 

may continue to conduct via these trapping states by either 

recombination, thermal clegraclalio11 or field emission as shown, 

respectively, by arrows b,c and d until the filaments are switched 

off. 

The VCNR in the Is-Vs characteristic is explained in the 

fol lowing manner. Two types of trc1ps have been indicated earlier

t hose w i t h in t he f i 1 amen t and t hose o u ts id e i t. There are a 1 so two 

ways in which these traps might be expected to cause a filament to 

stop conduction. 

In the first process, when e 1 ec trans, become trapped in the 

material surrounding the filament, a negative space charge is 

produced. This will induce a positive charge in the conducting part 

of the filament. If this occurs in a region where the mobility band 

is narrow (the constriction of fig. 2 . 13), then this depletion of 

electrons can lower the Fermi level into the region of the 

localized states at the bottom of the band and the filament ceases 

to conduct. This situation is shown in Fig. 2.15 . 

In the second process the electrons may be trapped in the 

localized states within the constriction. This causes an increases 

in the random potential V0 experienced by the states in this region 

and V
0

/13 is increased. llerc B is the wicllh of the energy band. If 
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this ratio rises above a critical value the mobility band will 

disappear as all the states in this region become localized. This 

situation is represented by Fig. 2.16. On increasing the bias 

potential difference further the electrons acquire sufficient 

energy to enter deep lying traps which are considered to have 

longer relaxation times. The negative space-charge region will 

induce positive space-charge within the filament as the ends of the 

constriction to preserve charge neutrality. 

Electron emission is interpreted in the following manner. Many 

small weak spots exist on the anode. In some of these spots, the 

potential drop mny be nearly equal to the whole bias voltage. As 

a result electrons from the constrictions lying in the vicinity of 

the anode will be accelerated to a high kinetic energy favorable 

for emission . 

2.2.2.J Rakhshani, Hogarth and Abidi Model. 

This model is also filamentary in origin (9). If was put 

forward to explain certain experimental observations. In this model 

i.t is postulated that a high-field solid state electrolytic process 

takes place within the filaments. The potential drop across the 

formed de v i c es i s cons i cl ere d to be non - u n i form w i t h mos t of i t 

being dropped across a relatively thin region. The effective 

electric field across this region is likely to be of the order of 

10 10vm- 1
, Fi. 2.17 illustrates this process. 

In such a high field region electrolysis can occur in which an 

excess of 0 2- ions drift towards the positive electrode and metal 

ions (positive ions) towards the negative electrode. The metal ions 

lead to an increased local congestion of material, as observed, but 
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the oxygen ions will dissociate into oxygen gas and electrons. The 

increased oxygen pressure will cause electrode peeling and 

formation of holes, as has also been observed. 

At low electric fields, Ohm's law is obeyed but as the applied 

potential difference is increased, negative space charge builds up 

near the anode until, at some stage, recombination takes place. 

This corresponds to the potential difference at which 

electroluminescence is observed. Electron emission may also occur 

but generally significant emission results when, with further 

increase in potential difference, a positive space charge is 

established near the cathode; diffusion of metal ions into the 

cathode causes the thickness of the insulating part of the filament 

to increase. This is the region of high electric field strength. 

The potential drop across this insulating region thereby increases 

and the magnitude of the circulating current decreases. This, then, 

explains VCNR in the I 6-V8 characteristics of the formed device. 

With dielectrics of greater thickness a higher forming voltage 

is necessary. In addition there is also the possibility of 

dissociated positive ions being trapped by dangling bonds carrying 

unpaired electrons. Ion migration and the consequent electroforming 

are, therefore, diminished. 

2.2.2.4 Sutherland Modification for the Filamentary Model. 

Sutherland's modification of filamentary model accounts the 

current flowing through the MIM devices according to the following 

mathematical relation 

(2.73) 

Where k, Kare constants. 
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2.2.2.5 Our modification to the Filamentary Model. 

The following two relation for currents have been used for 

fitting the complete l 6 -V6 characteristic curves of different sizes 

of the electroformed MIM devices :-

(2.74) 

(2.75) 

Where l 0 ,K,K' are the fitting parameters, V0 and 1
6 

are the sample 

voltage and current respectively and VF is the forming voltage. The 

v a 1 u e o f K = 0 . 5 v-• was u s e d for f i t t i n g a 1 l t he cu r v es o f F i g . 

4.13 and Fig. 4.16 of chapter IV. 
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Cl-IAPTER I I I 

EXPERIMENTAL EQUIPMENTS AND TECHNIQUES 

3.1 Preparation of Samples In Vacuo. 

Thin film specimens for all experimental investigations 

(electrical/optical/structural) were prepared in vacuo by using 

Edwards E306A coating plant having resistive heating and Edwards 

~306 coater with electron bean heating techniques. The main parts 

of the coating plants are shown schematically in Fig.3.1 The 

general layout of the plants E306A and E306 are shown in Fig.3.2 

and Fig.3.3 respectively. Each of the coating plants consists of 

three principal parts: 

1. the deposition chamber, 

2. the pumping system and 

3. the electrical sources. 

In case of resistjve heating technique, electrical sources are 

fixed with the coater while in the latter case electrical sources 

are fed by Edwards EBS power supply unit (model - D325). 

Deposition chamber of the coater is covered with a domed type 

bellar. Evaporation sources with the evaporant chamber placed in 

the deposition are which is evacuated to the desired pressure 

level. After obtaining the desired vacuum, the sample is evaporated 

on the substrates held by the substrate holder. Metallic masks 

mainly aluminium (Al) sheets were used for device fabrication 

purposes. The masking system used for the fabrication of devices is 

shown in Fig. 3.4. and the complete metal-insulator-metal (MIM) 

sandwich struclure is depicted in Fig.3.5. A mechanical shutter 
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• Fig.3.1 SchemAtic representation of a vacuum coating unit. 



Fig.3.2 E306A thermal heating coating unit. 
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operated from outside was used for isolating the substrate from the 

evaporants at desired time. 

The chamber is evacuated with a rotary- diffusion pumps group. 

Rotary pumps of E306A and E306 coaters are Edwards model E2B8 and 

ESZ00A respectively. The above mentioned -series pumps comprise 

single and two stage direct drive, oil sealed outfits designed for 

a wide range of basic vacuum pumping duties. The diffusion pumps 

employed in E306A and E306 coaters are Edwards model E04K. The E04K 

series oil vapour diffusion pumps are fully fractiorating 3-stage 

units with final ejector stage. This pump is connected to the 

coating plant chamber via a high vacuum isolating valve which 

permits the diffusion pump to be kept evacuated at any time and in 

conjunction with a stainless-steel liquid nitrogen trap which 

prevents back streaming and back migration of oil vapour into the 

coating plant thereby reducing the chances of any oil 

contamination. Fore line traps fitted with activated alumina (Al~3 ) 

are used to minimize the contamination of the system resulting from 

oil vapour released from rotatory pump oil during normal operation. 

The pressure in the vacuum system was monitored with a pirani guage 

(Edwards model PR10K) and a penning gauge (Edwards model Penning 

8,07-DO43-14-000). Pirani and Penning guages associated with the 

coaters are capable of recording pressure in the ranges 5-10-3 and 

10-2-10-7 torr respectively. 

3.2 Boats and Filaments. 

Boats and helices used for the evaporation of sample materials 

(Cu, Al, SiO, V2O5 ) are shown in Fig. 3.6. Boat material was 
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molybdenum foil and helix material was tungsten wire . Molybdenum 

boa t s we r e u s e d f o r t he e vapor a t i on o f Cu i S i o an cl V 20 5 and t u n gs t e n 

helix was used for Al deposition purposes . 

3.J Electron Heam Source. 

Fig. 3 . 7 shows the filament made of tungsten wire used as a 

source of e.lectron in the EBS sources. Accelerating voltage and 

filament current ranges are respectively 0-6 KeV and 0-500 mA. 

Fig.3.8 shows the source of electrons and the accelerating voltage 

of electrons. Tungsten filament emits electrons when it is heated 

by supply AC current. These electrons are accelerated towards the 

cermet support (which is called hearth) by applying accelerating 

voltage between filament and cermet support. By raising the cermet 

support by a spacer, the electron beam can be focussed on the 

cermet containing sample material for evaporation. 

3.4 Substrate Cleaning Procedure. 

The substrate cleaning is very important in thin film 

technology. The following technique was adopted for cleaning the 

substrate in the present work: Corning glass substrate were cleaned 

firstly with boiled soda water and dried. After this they were 

dipped into a solution of distilled water containing 40% nitric 

acid. The substrate were them transferred to a container having a 

chromic acid solution. Just before fabricating the sample, the 

s~bstrate was taken out of the solution and washed with distilled 

water. It was finally cleaned with acetone and dried with hot air 

blower and placed in the deposition chamber. 
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3.5 Deposition Parameters. 

The parameters which have strong influence on the electrical 

conductivity of the thin film devices are the film-thickness, 

deposition rate and the residual pressure. The substrate was held 

at room temperature (- 28°C). In the present study, the electrode 

thickness was maintained at nearly 3000 A for Al and 24000 A for 

cu. The insulator (SiO) 

device fabrication, the 

thickness was in the range Prior to the 

chamber was we 11 cleaned to avoid any 

contamination affecting the fabricating device. 

3.6 Sample Fabrication. 

The device materials were SiO powder (Aldrich Chemical 

Company, Inc. , USA) , V 20 5 powder (Mat hes on Coleman and Be 11, USA) , 

Aluminium and Copper of 99 . 9% pu r ity (Koch-Light Laboratories 

Ltd.). The chamber was loaded with clean substrate and evaporating 

sources. When the chamber pressure is about 10-5 torr. evaporation 

of sample had begun. The steps adopted in the fabrication of MIM 

sandwich structures were as follows: Firstly device fabrication 

procedure by resistive heating technique is described. Keeping 

shutter in place, the LT supply was increased slowly in order to 

outgas the filament. The shutter was removed when the residual 

pressure was reached 10-5 torr and the bottom aluminium electrode 

was deposited. After an interval when the pressure was again 

stabilized at 10-5 torr, Si0/V20 5 (as desired) was deposited. Finally 

the top electrode was deposited. In this way fabrication of MIM 

devices was completed. In the same run samples for optical and 

structural studies were prepared using different mask i ng system. 

the same manner using EBS source device were fabricated. 
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3.7 Sample Thickness Measurement 

The thickness of a film is a very important parameter and 

hence its measurements are of great importance in thin film 

investigation. The sample thickness was measured using multiple 

beam interferometric technique. The fringe pattern observed in the 

interferometer is shown in Fig.3.9. The Lhickness 'd' of the 

specimen is related to wavelenglh (1) by the formula: 

d = (S/D_ x (A/2) ( 3 . 1 ) 

where 1 is the wavelength of sodium light employed to illuminate 

the film surface. The distances S and D are the step height and 

interfringe separation respectively as shown in the diagram 

(Fig.3.9). 

3.8 Electrical Measurement Systems. 

All the electrical measurements were carried out inside a 

vacuum system at normal as well as under reduced pressure and in 

the temperature range 300-600 K. The electrical 1neasurements were 

classified into two divisions DC measurements and AC measurements. 

3.8.1 DC Measurement. 

The unformed, preformed and switching behaviour of the samples 

were investigated using the circuitry depicted in Fig. 3.10. 

The formed and electron emission characteristic of the devices 

were investigated employing the circuitry depicted in Fig. 3.11. 

3.8.2 AC Measurement. 

AC measurements were carreid out by employing AC . Wayne Kerr 

bridge (4250). 
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3.9 Optical Measurements. 

For studying optical properties in the visible range of the 

optical spectra, SiO ancl v2o5 films were deposited on well cleaned 

corr1ing glass substrate as discussed in section 3.6. The specimens 

were investigated using Shirnadzu UV-180 double beam 

spectrophotometer. For JR invesUgation SiO and V20 5 films were 

deposited on monocrystal I ine silicon watfer (n-type, (100)). These 

specimens were studied using Pye Unicam SPJ-300 infrared 

spectrophotometer. 

3.10 Structural Study. 

The structural studies of SiO and V2O5 films were made using 

a X-ray diffractometer (model JDX-8P . .JEOL, JAPAN). The samples for 

these studies were deposited on microscope slides. 



47 

CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

In this chapter the experimental results of electrical, 

optical and structural measurements and their detailed analyses 

have been presented. 

4.1 Electrical Measurements: 

The MIM devices for electrical measurements were of two 

categories: (1) unformed and pre-formed devices (2) Electroformed 

devices. 

Firstly, experimental results and analyses of unformed and 

pre-formed devices are described below: 

4.1.1 DC Measurements. 

Current-Voltage (1 6 -Vs} characteristics of unformed Al-SiO-Al 

and pre-formed Al-SiO-Cu sandwich devices for different SiO film 

thicknesses are shown in Figs. 4.l(a) and 4.l(b) respectively.The 

above measurements were carried out at normal temperature and 

pressure. It is also found that under vacuum the Al-SiO-Al devices 

displayed unformed characteristics. The A 1-S iO-Cu devices were 

found to show preformed characteristics under pressure> 10~ torr. 

It is seen from these graphs that the lower the insulator thickness 

higher the current flowing through the devices. 

In Figs. 4.l(c) and 4.l(d) the effect of temperatures on the 

Is-Vs characteristics of unformed and pre-formed devices are 

exhibited. It is observed from the graphs that higher the 

temperature higher the current flowing through the devices. 
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It is evident from the J
6
-V

6 
graphs of Figs. 4.l(a) -4.l(d) 

that the electrical conduction is non-ohmic under the electric 

field > 10
6
V-

1
• This non-ohmic behavior of MJM unformed and 

preformed devices under high field conditions may be explained 

normally by employing one of the following models. 

1. electron tunnelling; 

2. space-charge limited current (SCLC) conduction; 

3. Schottky emission and 

4. Poole-Frenkel emission. 

It is the purpose to find out the suitable high field 

conduct ion model for the present unformed and pre-formed MIM 

devices. 

Electron Tunnelling. 

Electron tunnelling mechanism is inapplicable in the present 

case because of the SiO film thickness (>> 100 A) and strongly 

temperature dependent conductivity observed in the devices. 

Space-Charge-Limited-Current (SCLC) Conductivity . 

Secondly, SCLC conduction model is employed to test the high 

field experimental results . Each of the graphs of Figs. 4.l(a)-

4 . l(d) were examined by the SCLC relation l 6=av;. The values of the 

exponent in the I~V 6 were found to be 2. 

Fig. 4.2(a) shows the variation of current with SiO film 

thickness for Iv, 8V, 16V applied bias. The experimental data were 

tested using the relation 16 
00 d-". The maximum value of the 

exponent was found to be J. Therefore, the combination of these two 

results support Mott-Gurney SCLC model (1 6 oo v/ / d3 ). 
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For a surer test of M-G SCLC model a further test is carried 

out showing the variation of 1
6
/d with V,/d2 for the IV, 4V, 8V 

applied bias (Fig. 4.2(b)). Each of the curves fol lows the relation 

16 /d = constant (V9 /d
2)". The estimated value of the exponent was 

found to be 2. This test confirms the Mott-Gurney SCLC model. It is 

seen from Figs. 4.1.(d) that the device current increases with 

temperature. Temperature dependent I6 -V6 characteristics are 

generally explained using the concept of traps. Trap filled model 

has been employed in the present devices . It is seen apparently 

that trap filled SCLC model is in good agreement with the 

experimental result s. 

Arya and Singh ( 

Bip3 and SiO 2 , chari and Mathur ( 1981) in Al 203 , Wiktorczyk and 

wesolowska (1982) in Yb 20 3 , Gould (1983) in Nd 2O3 , Dharmadhikari 

(1983) 1n Nd 2O3 , Efendiev et al. (1989) in Bi 2O3 , Gould and Ismail 

(1990) in Cd Te. All of them explained their high field results in 

terms of trap filled SCLC model. 

Schottky and Poole-Frenkel Emission. 

Although it is found that ~pparently SCLC model does fit our 

high field experimental results of MIM devices, it is our interest 

to find out an exact model for MIM devices . 

Schottky model is invoked for explaining our high field DC 

res u 1 ts . Fi g . 4 . 3 ( a ) i s a t y pi ca 1 Is - Vs ch a r act er is t i cs w h i ch sh ow s 

the variations of log l 6 with E12
6 for an unformed Al-SiO-Al sandwich 

device with insulator thickness 1600 A and Fig. 4.3(b) shows that 

for a pre-formed Al-SiO-Cu sandwich device having insulator 

thickness 2000 A for different temperature . The curves of Figs. 4.3 
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(a) and 4.3 (b) are linear in the field region~ 4 x 107 vm-1
• This 

I ineari ty reveals that the conduction mechanism may be due to 

schottky emission or due to the Poole-Ferenkel emission. The I~V 

characteristics of Figs. 4.3(a) and 4.3(b) may be redrawn in terms 

of Schottky or Poole-Frenkel where 

13=(e/nneeo)
112

- Theoretical values of 13sch· and l3pp are 1.90 x 10-5 and 

3.6x10-
5 

respectively. The experimental values of /3exp• were 

calculated from the slopes of curves of Figs. 4.3(a) and 4.3(b). 

Values of the dielectric constant e were calculated from the 

experimental values of 13exp• for Schottky and Poole-Frenkel emission 

cases (13pp) = (e1eEE0 )
112

• The values of l3exp and dielectric constants 

are listed in the following tables: 

Table 1: Measured Schottky and Poole-Frenkel Parameters at 
different temperatures for an unformed Al-SiO-Al device. 

Temperature Experimental Dielectric Dielectric 
( K) Values of constant (n=4, constant ( n= 1, 

13exp, ( 10-s) Schottky) Poole-Frenkel) 
estimated estimated) 

300 0.97 15.30 60. 10 

50 1. 29 8.70 34 . 30 

425 2. 16 3.30 12.30 

475 2.53 2.30 8.90 



-8 
10 

-9 
1 O 

-10 
1 0 

-12 

'v 

o 1 300~ 

D 1600 ~ 0 

'v 2 800A 

1QL--------- _._ _ _ _ _ ____ _,_ _ _ _ ____ ---J 

- 1 
1 O 

V5 I vo It 

0 
10 

1 
1 0 

Fig.4.1(a) Is-Vs characteristics of unformed Al-SiO-Al devices. 



-
{ 

VI 

-6 
10 

-7 
10 

-8 
lo 

-9 
10 

-10 
10 

I o1 

o Ii 00 ~ 

A 6 000 ~ 

t:,. 

10° I o1 

~ ( V ) 

-'1 
l 0 

-5 
10 

-6 
I 0 

-r-7 
10 

-1 
I ij 

0 
o 1 '3 00 A 

a 

I OO 

,: 

• 
• 

,: 

• •• 

• , 
• 

l 
1 (') 

Fig.4.1(b) I -V · characteristics of pre-formed Al-SiO-Cu devices. 
s s 

:2 
16 



-8 
10 

f 
- -H 
< 10 
.._,VI 

-12 
10 

-1 
1 0 

Fig.4.1(c) 

o 300 K o 350,1( □ ~25K t. 4 7 5 K 

l 
' 1() 

2 
10 

I -V characteristics of an unformed Al-SiO-Al s s 
device at different temperatures. 



r 
~ 

_Ill 

s 
10 

6 
10 

7 
10 -

8 
IO -

9 
10 O 

10 
1-

10 

0 

0 

o 300K 

o 3 50 K 

D l.75JK 

2 
10 

Fig.4.1(d): I -V characteristics of a pre-formed Al-SiO-Cu 
s s 

device. 



l ...... 
a. 
E 
<t 

V) ..... 

10
11 

1012 

-13 10 L ________ _,___ ________ ___._:;----------
103 104 10

5 
0 

Thickness (A)_... 

Fig.4.2(a) Current YS thickness curves of unformed Al-SiO-Al 
devices at different voltages. 



-13 
10 

-
o<t:.-15 ~,o -
E 
< -

-7~ 
10 10 

-6 
10 

-5 
10 

v
5

/d2 ( v/'t 2 
) ~ 

Fig.4.2(b) 
2 I/d versus V /d curve,s of unformed devices. s 



I 
<( 

_Vl 

:;-

-9 
10 

~1 
1 0 

-11 
1 0 

-12 
10 

,, ,, 
I I 
I , 

1/ I 
11 I 
ff I f 

I/ I I 
// I I 
I I I 
I I 
I I 
I 

0 

Fig.4.3(a) 

0 300K □ 3501< 'ii i7 5 K 

2 I. 6 8 10 

/E_ X 
3 l]v/m ) 10 ~ 

s 

I l'"'-"E~ curves of -an unformed Al-SiO-Al device 
s s 

at different temperatures. 



I 
_y. 

-5 
1 0 

-€ 
10 

-7 
10 

-9 
IO· 

/ 

0 

o 300K 

a 3 SOK 

I:!. L. 2 SK 

e> ~75K 

/ 
/ 

/ 

/ ,,... 
/ 

/ 

----
2 

-
4 6 

~x1a2 

0 

s 1 0 12 1i 16 
(/Vjm 

Fig.4.3(b) I --/2 curves of a pre-formed Al-SiO-Cu device with 
S S O 

insulator thickness 2000A at four different tempera
tures. 



51 

Table 2: Measured Schottky and 
different temperatures 
Sandwich device. 

Poole-Frenkel parameters at 
for a pre-formed Al-SjO-Cu 

Temperature Experimental Dielectric Dielectric 
( K) Values of constant ( fl=4' constant (11=1, 

13exp. ( 1 o-s) Schottky) Poole-Frenkel) 
estjmated estimated) 

300 1. 57 5.90 23.20 

50 3.75 1.02 4. 10 

425 5.35 0.50 2.00 

475 6.93 0.30 1. 20 

From tables 1 and 2 we see that some experimental values of 

13exp• are in close agreement with the theoretical values of .f38 c 

Suggesting lhul lhe electrical conduct.ion is governed by Schottky 

emission mechanism. 

The values of the dielectric constant e found from the 

capacitance measurements of Al-SiO-Al/Al-SiO-Cu in the frequency 

range 102-105 Hzs lie in the range 1.30-4.30 and the values of the 

dielectric constant e estimated from the optical measurements lie 

in the range 4.20-6.00 . The values of the dielectric constant e 

found from Schottky model lie in the range 2.30-5.90. It is 

observed that the values of dielectric constant obtained from 

different measurements have some agreement favoring schottky 

emission. 

But the activation energy estimated from Figs. 4.4(a) and 

4.4(b) for unformed device is found to lie in the range 0.12-0.20 

eV and for pre-formed devices, the activation energy is 0.1 eV 

only. But for schottky emission, the activation energy should be 

0.85 eV. so it is evident that schottky emission is not possible in 

the present devices. 
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Furthermore, the device current haa pronounad thickness 

depe ndency, Hence the conduction mechanism cannot be schottky 

emission. Therefore there is possibility of operating Poole-frunkel 

emission mechanisim. 

Table 3. Estimated Activation Energy from experimental data for 
unformed Al-SiO-Al device. 

Applied voltage Thermal activation energy, Eu, (eV) 
in volts 

300-400K 400-4SSK 

0.4 0. 19 0. 19 

1.0 0. 14 0. 14 

1 . S 0. 14 0. 15 

2 . 5 0. 13 0. 14 

s.o 0. 16 0 . 1 S 

7.S 0. 13 0. 13 

10.0 0. 12 0. 12 

Table 4. Estimated Activation Energy from experimental data for 
pre-formed Al-SiO-Cu device. 

Applied voltage Thermal activation energy, Eth ( ev) 
in volts 

300-440K 440-62SK 

1 0.09 0. 10 

4 0. 10 0. 11 

10 0. 11 0. 11 

Poole-Frenkel Emission 

In the previous section log1 6 versus E/12 graphs are discussed 

(Figs. 4.3(a) and 4.3(b) which were common to both Schottky and 

Poole-Frenkel emission models. For confirmation of Poole-Fernkel 

model log (J 5 /T2
) versus T-1 graphs for unformed and pre-formed 



53 

devices are drawn. These graphs are depicted in the Figs. 4.5(a) 

a nd 4 .S(b) respectively. It is seen from the above figures that all 

the curves are non-linear. The non-linearity of these curves 

confirms the Poole-Frenkel conduction mechanism operating in the 

present case. 

From tables 3 and 4 we see that the thermal activation energy 

of SiO film was fond in the range 0.09-0.19 eV. 

Ignoring - the anomalous values of e obtained from different 

measurements (De, AC and optical measurements) and taking into 

T-1 , f3 ( from DC 

measurements) and activation energy (0.l-0.2 ev) it is seen that 

the concluc·tion mecha11ism operating in the unformed AI-SiO-Al and 

preformed AI-SiO-Cu devices are of Poole-Frenkel type. 

For further confirmation of Poole-Frenkel model operating in 

the present devices Hill's generalized model (l
6
T-3 exp Ei/KT) 

E/12 T-1
) has been employed using three different activation energies 

0.12eV, 0.16eV, 0.19eV for the unformed Al-SiO-Al and 0 . 09eV, 

0.l0eV, 0., lleV for the pre-formed Al-SiO-Cu sandwich device. The 

best fits for the unformed/pre-formed MIM devices were obtained for 

the energies 0.12eV, 0.09eV respectively. F i gs. 4.6(a 1 , a 2 , a 3 ) 

indicate plots for Hill's generali z ed model for the unformed and 

Figs. 4.6(b 1 , b2 , b3 ,) indicate plots for the same model for the 

pre-formed MIM devices respectively. From the graphs of Figs. 

Value of f3PF were estimated which show an 

excellent agreement with the Poole - Frenkel model. The above graphs 

are shown in Fig.4.6(a1-a3 ) and 4.6(b1-b3 ) . 
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Table 5. Values of 13.e for the MIM devices. 

MIM device Minimum Value of Values of the Values of the 
v1Jue of 13 (l0-5) dielectric dielectric 
E 2.(1 constant E (n=4, constant E (n=l 

s 
Schottky) Poole-Frenkel) 
estimated estimated 

Unformed 3 .00 2.88 2.00 7.00 
Al-SiO-Al 
sandwich 
structure. 

Preformed 3.60 2.44 2.50 10.00 
Al-SiO-Cu 
sandwich 
structure 

4.1.2 AC Measurements In Unformed and Pre-formed MIM Devices 

Ac measurements i n thin insulating f i lms provide precise 

information about the film materials. AC measu r ements have been 

carried out in unformed Al-SiO-Al as well as pre-formed Al-SiO-Cu 

sandwich devices. The AC results and their interpretation are 

presented below. 

4.1.2.1 Analysis and Discussion of conductance G. 

Fig. 4.7(a) repre s ents the typical variation s of conductanc e 

G with frequency for SiO films of different thicknesses in the 

unformed Al - SiO-Al sandwich devices whilst Fig. 4.7(b) represents 

the variations of conductance with frequency f or SiO f ilms of 

various thickness in the pre-formed Al-SiO-Cu sandwich devices. 

Fig.4.7(c)-4 . 7(f) repre sent the variation of ca pacitances with 

thickne sses a nd temperatures for unformed pre - fortned MIM devices. 
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It is seen from the 
graphs that the measured conductance obeys the 

following relation: 

G = AW8 

. . . . . . ( 1 ) 

where W is the angular f · 1 A · a requency of the applied AC s1gna , 1s 

con st ant (complex in nature) which is weakl y temperature dependent 

a nd tlie exponents is temperature dependent. fig. 4.B(a) shows the 

variations of S with temperature for unformed Al-SiO-Al device 

while Fig.4.B(b) shows the variations of s with temperature for 

pre-formed Al-SiO-Cu device. From the graphs it can be shown that 

S = (dlogG/dlogf) = -BT+C ( 2 ) 

where B and C are constants, f is signal frequency and T is the 

absolute temperature. Using equation 2 in equation 1 the following 

relation is obtained 

• ( 3 ) 

Values of the parameters T, B, C & Sare listed below in Table 5 

for unformed and Table 6 for pre-for med MIM device s . 

Table 5. Measured Values of the parameters T.S. B and C for an 
unformed MIM device. 

Temperature(K) Values of s Value of B Value of C 

300 0.95 

400 0 . 90 1 . 65xl0-3 
1. 45 

475 0.58 

530 0.57 
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Table 6 · Measured Values of the parameters T.S. Band C for a pre
formed MIM device. 

Temperature(K) Values of s Value of B Value of C 
300 0.71 
400 0.47 1. 18x10-3 1.06 

540 0.43 

580 0.38 

Fig.4.9(a) shows the variations of conductance with frequency 

at different temperatures for the unformed device and the Fig. 
' 

4.9(b) shows the similar variations for the pre-formed device. 

Figs. 4.l0(a) and 4.l0(b) show the logG versus T-1 graphs at 

different fixed frequencies for the unformed and pre-formed devices 

respectively. Values of activation energy in different ranges of 

temperatures were calculated from the above figures and they are 

recorded in the tables 7 and 8. 

Table 7. Values of the measured activation energy for the unformed 
devices. 

Frequency Thermal activation energy, Eth(eV) 

300-450K 450-550K 

100 Hz 0.070 0. 170 

lKHz 0.040 0. 160 

10 KHz 0 . 030 0.056 

100 KHz 0.010 0.080 
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Table 8. 

Frequency 

100 Hz 

lKHz 

10 KHz 

100 KHz 
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Values of the measured activation energy for the pre
formed devices. 

Thermal activation energy, Eth ( eV) 

300 450K 450 550K 

0.020 0.090 

0.020 0.070 

0.006 0.046 

0.002 0.029 

From tables 7 and 8 we see that in the low temperature regions 

the activation energies lies in the range 0.002-0.080 ev. This low 

values of activation energy may be attributed to electronic hopping 

conduction operating in the devices . In the highr temperature 

regions the values of the activation energy lie in the range 0.16-0 

17 ev. The conduction at higher temperatures is seemingly a process 

and so a transition from hooping to free band conduction takes 

place. The gradual transition from hoping to free band conduction 

may be due to a overtopping of localized levels and the free band 

(Anwar and Hogarth, 1989). 

It can be seen from the logG-Logf graphs of Figs. 4.9(a) and 

4.9(b) that at low values of frequency the logG-Logf relation is 

found to be truly linear. The values of S evaluated from Fig.4.9(a) 

lie in the range 0.60 - 0.95 (Table 5) and the values of S found 

from Fig. 4.9(b) lie in the range 0.40 -0.70 (Table-6). It is seen 

that the values of S are nearly unity and are temperature 

sensitive. 

It is also seen from Fig . 4.9(a)-4.9(b) and 4.l0(a)-4.lO(b) 

that the values of the conductivity increase with decreasing 
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frequency and i 1 · 1 ncrease with increasing temperature. The mu tip e 

hops will result in a decrease frequency 

temperature dependence (Pallak, June 14, 

dependence and increasing 

1965). Thus we should say 

that th e multiple hopping processes are responsible for the AC 

conductivity in our samples. 

Similar Ac behavior has also been observed in dielectric films 

by many investigators () 

Balasubramanian et al. 

Elliott, 1977, Nadkarni et al. 1982, 

), Kannan et al 1990, Jayaraj et al, 

1989, Dutta et al 1982. They have explained their results on the 

basis of rapid transitions between localized vacancy states. 

The oxygen vacancies in the oxide compounds capture electrons 

from tl1e donors and the captured electrons are transformed to the 

conduction band thereby increasing the conductivity. Oxygen 

deficiency results in the formation of dipoles which contribute to 

the conductivity of SiO films. The observed behavior of the AC 

conductivity may also be attributed to defects in SiO films caused 

by composition during the evaporation process and by movement of 

the dipoles under the influence of the external field. 

4. 1. 3 VCNR, Swichings and electron emission in the Al-SiO-

F ·g 4 11 sl1ows t 11e l 6 -V6 characteristics of pre-formed and 1 • • I 

formed Al-SiO-Cu sandwich device for oxide thickness 1800A. The 

impedance of a pre-formed sample measured at ambient is very high 

as observed in Fig.4.12. But the sample placed in a modest vacuum 

a few micron pressure or less) showed conductivity having magnitude 

three orde rs (minimum) higher than that of th preformed value for 
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the same applied bia 1 s. n addition to this effect a pronounced VCNR 
region is also observed 1·n both 1 · f forward and reverse eye 1 ng o 

voltages shown 1·n h 
t e Figs. 4.12-4.15 Switching and electron 

emission phenomena were also found in these devices. 

There are various models to explain these anomalous behavior. 

In the present devices modified filamentary model of Hogarth et al. 

has been employed. The changes in conductivity is permanent. This 

is termed electroforming. According to this model the forming 

process can be readily shown to be due to ion injection into the 

insulator. The source of these ions being the positively biased 

copper electrode. The filaments are formed due to the migration of 

copper ions from the positive copper electrode. 

The forming process brings about the growth of conducting 

filamentary paths between the two electrodes.These conducting paths 

are ohmic i.e., with a negligible activation energy for migration 

of carriers. The peak values of the current in the graphs of Figs. 

4.12-4 . 15 which appear at the bias 4.SV correspond to the growth of 

filaments across tl1e electrodes while the current on right side of 

the peak current values correspond to the rupturing of filaments 

due to Jaule heating effect. The humps on the I~Vs characteristics 

as shown in the Figs. 4.12-4.15 appear due to growth, rupturing 

regrowth of filaments. From the above figures we see that the value 

of the forming current depends on the value of the film thickness. 

Fig.4.16 shows the variation of forming voltage and current 

with temperature. The forming voltage is approximately temperature 

independent and the pattern of the variation of forming current 

with temperature is still unknown .. 
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The experimental results (figs. 4.12 ncl 4.15) were tested with 

the model expressed by the expressions (2.74) and (2.75). These are 

shown in Figs. 4.17-4.20. 

Figs. 4.21-4.23 show the electrical switching measured at 

about 10-3 torr pressure and normal temperature in the Al-SiO-Cu/Al

V20s-Cu/Al-V205-Al sandwich structures respectjvety. Figs. 4.21-4.22 

show switching from "On" state to "off" state while Fig. 4. 23 shows 

switching from "Off" state to "On" state. Appearance of switching 

can be explained in the following way using the same model. the 

reasons for appearing the switching "off" and "on" are due to 

rupture of filaments due to Joule heating effect and regrowth of 

filaments within the dead time. 

Figs. 4 . 24 and 4.25 represent Lhe emissions of electrons in 

t he J\ I - S i 0-Cu and A l - V 20 5- Cu sand w i ch s t r u c t u res resp e c t i v e 1 y • 

Emission from the surface of the devices will be due to the 

generation of hot carriers by the high electric fjelds which exist 

at high resistance spots of the filaments. It is possible in the 

case of a filament with a weak spot near to the anodes for 

electrons to be accelerated through a large potential difference 

just below the anode laye r. Emitted electron energies to spread 

almost upto thal correspondjng to the full applied potential 

difference. One can further understand why electron emission should 

first be detectable near to the voltage VF at which filaments begin 

to rupture. 

4.1.4 Optical Measurements. 

Optical measurements (UV, visible and Infrared) were made on 

S i O and v 2o 5 f i 1 ms o f f i v e d i f f e r en t t h i c kn e s s e s . The p r i n c i pa l 
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objectives of this study were to obtain an estimate of the valence 

conduction band gap the extent of ally band-tailing (from UV and 

Visible Measurements) the values of the refractive indices and to 

determine the presence anct extent of absorption peaks (from IR 

measurements). 

4.1.4.1 UV and Visible Measurements 

The UV and visible absorption spectra for SiO and V~s films 

of different thickness a r e shown in Figs. 4.26(a) and (b). The 

values of the absorption coefficient a { = (2.303/d) log (1/T)} 

using transmission coefficient T in the straight portions of the 

graphs in the shorl waveleng th region of the spectra (figs.4.26(a) 

nd (b)] were calculated. The gr a phs of la(w) w) 112 versus w were 

plotted [ Figs.4.26(a) and (b)]. The graphs of [ a(w) w) 112 versus 

w have well defined linea r regions conforming the relation 

ahw = B ( w- Eopt) 2 
• (4) 

where rf.(w) is absorption coefficient, w is the photon frequency. 

Eapt is the optical bandgap energy and Bis a constant equal to 

4 7t 6 ° / c n Ee , here 6 ° i s t he e 1 e c t r i ca 1 con cl u c t i v i t y ex t rap o l at e d t o 

ab s olute zero, Ee is th e width of the t a ils of localized states in 

the bandgap re g ion n is the refractive index and c is the speed of 

light. The v alues of Eopt found from Figs . 4. 2 7( a ) and (b) are in 

the ran g e 1.90-2.10 ev for SiO film s and 1.30-1.80 ev for V20 5 films 

respectively.' 

The b a n cl t a i 1 i n g Ee was ob t a i n e d f r om the u r b a ch r u l e ; a ( w ) 

a0 exp ( hw/ ee) ( 5) 

Graphs of Fi gs . 4.28 {a) and (b) r e pr e s e nt In a versus w plots for 
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SiO and V2Os films respectively. 

The values of band tailing Ee from graphs of Figs. 4.27(a) and 

(b) f . f SiO were ound in the ranges 0.20-0 . 24eV and 0.13-0.27 eV or 

and V 20 s f i l III s r e s p e c t i v e 1 y . 

Fig.4.29 represents the spectra of glass (graph 1) SiO (graph 

2) and ViOs (graph 3) respectively. ln this figure , the dotted lines 

represent the average transmission spectra of SiO and V20 5 films. 

Taking average values of T from Fig.4.29 values of the refractive 

indices were calculated using following two relations. 

T = ( 6 ) 

This relation was set by Michailovits e( al. (74) .. 

T = 
16n2

11 0ll (1+k 2
)

3 

----------------------.• ( 7) 
{ [ n 0+ n ( 1 - k 2 

) J 2 + K 2 
[ n 0+ 2 n ] 2 

} { [ ( 1 + n ( 1 - k 2 
) ] 

2 + K 2 
( 1 + 2 n ) 2 

} 

This relation was set by us. 

Where n0 is the refractive index of glass and the values of n0 were 

calculated from the relation 

2n 0 
T = ( 8 ) 

112 o+ 1 

Tl = ex p ( 4 n k d /A ) . ( 9) 

n is the refractive index of the material, Tis the transmission 

coefficient of the material, T0 is the transmission coefficient of 
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glass, "i is the wavelength of light, d is the film thickness, K 

( :::: 0 ) i s t h e a t t e n u a t i O n c O n s t a II t , TJ i s t h e a b s O r p t i o n co e f f i c i e n t 

and "111" is n11 index which may assume odd or even numerical values. 

Us i n g e x pr e s s i on s ( 6 ) a II cl ( 7 ) , v a I u es O r TJ r O r g i v e n v a l u e s o f T , 

To, no, K, ll were calculated by trial and error method. Error of 

calculation was limited within 2%. 

Figs. 4.JO(a) and 4.JO(b) represent the variations of 

refractive indices with wavelength for SiO and V20s films 

respectively. In both the figures graphs (a) and (b) represent the 

variations of refractive indices calculated using (6) and (7) 

expressions respectively. The refractive indices as seen from the 

figures lie in the ranges 1.85-2.80 for SiO and 2 . 35-3.60 for V20 

films respectively i11 the 350-900nm light wavelength range. 

4.1.4.2 Infrared (IR) Measurements. 

Figs. 4.Jl(a) ancl (b) show the variations of transmission 

co e f f i c i e II t s o f S i O and V 20 5 f i l ms r e s p e c t i v e .I y w i t h w av e 1 e n g t h i n 

the IR regions of wavelength spectrum. Fig. 4.Jl(a) indicates that 

there is a strong absorption peak at lOµm (1000 cm-1 ) wavelength and 

from Fig. 4.31(b) we see that there are two absorption peaks, one 

at 6.9 µ111 (1620 cm-1
) wavelength and the other at lOµm (1000 cm- 1 ) 

wavelength. 

S i 11 c e more t ha n JO ye a rs ( 8 0 ) I R spec t r o s copy has been an 

established technique both for measuring the interstitial oxygen 

concentration in crystalline silicon and for determining the 

position of the oxygen atoms in the silicon lattice. This method is 

equally applicable for determining oxygen concentration in vanadium 
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and for indicating oxygen position in the vanadium lattice. 

Bond length [ Si-O-Si) of pure SiO is lOµm ( 1000 cm-
1
). 

Van<liumn pentoxide (V2O5 ) is a mixture of two compounds such aa 

Vanadium dioxide and vanadium trioxide. The bond lengths of V03 (V

O) and VO 2 (V-O) are 6.9 µm and 10 µm respectively. 

Shabalov et al. (69) has been suggested that for the IR 

spectra the absorption peak could be shifted towards the higher 

frequency region by increasing oxygen · concentration in the 

dielectric materials. Alternatively analysis of the IR spectra 

shows that the shift jn the bond stretching mocles into the region 

of low frequency spectra with a decrease in the oxygen 

concentration in the films clue to the increase jn the length of the 

dielectric material. So the oxygen concentration in VO3 is greater 

than that in VO 2 • 

4.1.4.3 Proposed Electronic Band structure of SiO 

Combi11ing the information of DC meassurements. UV and visible 

measurements it is possible to draw an electronic band structure of 

SiO. It may be seen from Table J that the room temperature DC 

activation energy for electrical conduction varies from 01. to 

0.2eV . From Tables 9 and 10 we see that the optical band gap energy 

is 2eV. Thus the activation energy is much smaller than the optical 

band gap energy. The mobility gap is 4eV. In SiO an unsatisfied 

silicon boncl which is in total or partial coordination with oxigen 

(Si-O-Si) is more likely to form a donor centre responsible for 

Poole-Frenkel emission . The donor level is about 0.2eV below the 

conduction band of SiO as shown in Fig. 4 . 32. 



Conduction band __________ i 
Yl!II wu£u,-u f-unv:iz:,:ra0&zazn.,J2llI<l7ff@LlZ maru.= l l e V 

Donor level 
2~V 

1----=-----Fe rm level 

4 eV 

Valence bond 

1". L 2 • 
.. 1g • I O 3 • Possible en errs band diagram for SiO-films. 



65 

Table-9 SiO film 

f' i l m thickness(A) Optical Band gap Band ta i Ii ng Ee (eV) 
Energy E1r (eV) 

2200 2.09 l. 06 

2000 2.04 1 . 3 0 

1800 2.01 1. 1 7 

1600 1. 97 1.30 

1400 1. 90 0.93 

Tab I e 1 0 . V 20 5 - f i l rn s 

Film thickness(A) Optical Band gap Band tailing Ee ( eV) 
Energy E '11. ( eV) 

4000 2. 12 1. 10 

3500 2. 16 0.90 

2700 1. 96 1.09 

2400 2. 16 0.70 

1900 1. 84 1.00 

4.1 .4.4 X-ray Diffraction Study 

Figures 4.33 and 4.~4 indicate x-ray diffraction pattern of 

S i O and V 20 5 t h i n f i 1 ms r e s p e c t i v e 1 y . I t i s s e en f r om t he s e s p e c t r a 

that SiO and V205 materials are amorphous in structure. 
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CI--IAPTER V 

CONCLUSION AND SUGGESTIONS FOR flJRTIIER RESEARCH. 

In the light of the experimental investigations and their 

analyses (Chapter IV) the following conclusions may be drawn: 

1. Optical measurements (UV and visible) provide the information 

of optical band gap. This band gap energy helps to construct the 

electronic band structure of the materials SiO and V20s 

Infrared measurements carried on SiO and vp 5 thin films have 

provided us with nbsorption peaks - One at 10 µm ( 1000 cm-
1

) 

wave I en g t h for a S i O f i I m an cl t he o t her at 6 . 9 µm ( 1 6 2 0 c m-
1

) and 

10 ~1m (1100 cm-1 ) wavelengths for a V20 5 film . This confirms purity 

of the materials (SiO and Vp 5). 

2. The non-ohmic behaviour of unformed and pre-formed devices of 

the insulators can be explained by the normal Poole-Frenkel models 

bused on localized conduction. Thermal activation energies were 

determined. The origin of the DC activation energy at present is 

not known. This would be a future research work. Determination of 

the .thermoelectric power of SiO antl V20 5 films is the most direct 

way of finding out whether the mobility contains an activation 

energy either due to polarons or to disorder. Jf the activation 

energy deduced from the conductivity is greater than that deduced 

from the thermopower, polaron hopping would be occurring otherwise 

electro111' c l1op1J1'r1g. ·1·11 ·1·s 1·s ar1c,tt1er a"' · t f f lt1 · ch ,. ",:, pee· or u 1 e resear 

work. 
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3. A monotonic increase of conductance with frequency was 

observed in lhe /\C measurements of unformed and pre-formed devices. 

It is suggested that mulliphonon hopping conduction is occurring in 

these devices at all temperatures. 

AC measurements mny be extended to formed devices. The 

metallic nature of the filaments may be tested by measuring their 

conductance and capacitance. 

4. Electroforming was observed in Al-SiO-Cu sandwich structures. 

V C N R , e .I e c t r on i c s w i t c 11 i II g an cl e I e c t r on em i s s i o n we r e e x p I a i n e d by 

employing mocl ,ifiecl model of Ray and Hogarth . Electron emission may 

he studied further as a function of device temperature. 
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