
SOME ELECTRICAL PROPERTIES 

OF THIN FILMS OF POLYPROPYLENE 

FORl''IEJ) BY VACUUM EVAPORATION 

A THESIS PRESZNTED FOR THE 

DEGREEE OF DOCTOR OF PHILOSOPHY 

BY 

TARIQ-IQBAL 

July 1980 

t " 

Brunel University 
Kingston Lane, 
Uxbridge, 
Middlesex, 
England. 





ACKNOWLEDGEMENTS 

I wish to express my deep appreciation and gratitude to my 

supervisor, Professor C.A. Hogarth, for his encouragement, 

criticisms and guidance throughout this study. 

I would like to thank my wife for her moral support and patience 

during my studies. 

I also wish to thank Mr. Salman A-Y. Al-Ismail and Mr. S. Rahman 

for their very interesting discussions. 

I would also like to thank Mr. D. Waterman for his help and 

valuable advice for setting up the apparatus. 

I wish to thank Mr. R. Stevens for his invaluable services in the 

Stores. 

I wish to thank all the technicians for their help, especially 

Mr. Stanley Woddisse, who tragically passed away on 12th April 1919. 

I wish to thank Mr. T. Purser and Mr. L.E.L. Chandrasekera for 

electron microscope photographs and helpful discussions. 

I wish to express my appreciation to Mrs. M.F. Limmer for typing 

this thesis. 

I wish to thank the Metallurgy Department for providing facilities 

for the microphotometer. 

Finally, I wish to express my appreciation and thanks to the 

Ministry of Education of Pakistan Government for their financial 

support without which this work could not have been accomplished. 



(ii) 

ABSTRACT 

The electrical properties of films of metal-polypropylene-metal 

structures with polypropylene thicknesses in the range 600 -

2600i were studied for possible use as thin dielectric films 

and some standard and reproducible results of electrical measure­

ments were obtained. As a consequence of using different 

electrode materials, systematic differences in the behaviour 

of these films were found, even though the voltage-current 

characteristics remained ohmic. 

In these measurements there was evidence of electron trapping 

and the trap depth was estimated by using the thermally-

stimulated current techniques, and was found equal to 0.33 eV. 

Thin films of evaporated polypropylene having thicknesses less 

than 1000R, showed electroforming effects and electron emission 

into vacuum under suitable conditions. The results were found 

to be consistent with a theory based on the generation of 

conducting filaments during the forming process. The increase 

in the a.c. conductivity of the sample after electroforming 

also indicated the presence of filaments in the formed device. 

Another useful ap~lication of the a.c. measurements was to identify 

the hopping conduction both at low and at room temperatures. A 

linear decrease in the capacitance of the device with increasing 

frequency was observed and was associated with the growing 

leakage current. 

A vacuum heat treatment of the films at 110°C led to an increase 

in resistivity. The transmission electron diffraction patterns 

of several evaporated layers of polypropylene having thicknesses 
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between 150 to 1600R certainly indicated the amorphous structure· 

of these films. However, the examination by electron microscopy 

and by electron diffraction showed an aggregation of particulate 

material of more crystalline nature as a result of the heat 

treatment but the connecting chains were broken and dispersed as 

a result of the same treatment. 

Some observations on the general character of evaporated polymers 

are made. 
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1. INTRODUCTION 

1.1 PREVIOUS WORK ON EVAPORATED POLYMERS 

1 • 1 • 1 General background 

The electrical properties of polymeric materials have been 

the subject of extensive study1-5. Due to low production 

costs and to their excellent electrical and mechanical 

properties, polymers have many industrial applications. Thin 

polymeric films can be used for the investigation of electrical 

~d optical properti~s and may be obtained by several means 

including thermal evaporation4 and deposition by polymerization 

of monomers on surfaces bombarded with electrons or exposed to 

other radiations, e.g. a glow discharge6 or ultra violet light. 

Radio-frequency sputtering7 and dipping of a substrate into an 

appropriate solution can also produce thin layers of polymers8
• 

When polymers are heated in vacuum, one result is the breaking 

of certain chemical bonds wi thin the molecules, thus leading 

to the formation of active fragments which sublimate from the 

surface of the polymer material? These fragments when 

incident onto a substrate react with one another to form a 

1 t - -t f 10-12 po ymer coa Lng on 1 s sur ace • Not all polymers release 

active fragments when heated in vacuum. Some of them such as 

the polyurethanes, epoxides and polyvinylchlorides decompose 

into gaseous fragments that are not capable of recombining 

on a substrate. Unlike vinyl polymers, halogen polymers such 

as polytetrafluorethylene (PTFE) and polychlortrifluorethylene 

release significant numbers of active fragments when they are 

heated in vacuum13, and these fragments form polymer l~ers 

when they condense in vacuum. 
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The structure of the polymeric materials plays an important 

role in controlling their electrical properties. Most polymers 

of practical significance are composed of a fine mixture of 

small micrometre size crystalline regions, embedded in an 

amorphous matrix of similar molecular composition 14. The 

polymeric chains are thought to be folded in an orderly 

arrangement within the crystalline regions and these regions 

have the form of small platelets having thicknesses of the 

order of a few nanometres. Since the amorphous regions have 

no structural order, it is therefore most likely that they 

contain most of the impurities present in the polymer. The 

available theories for the crystalline, polycrystalline and 

amorphous inorganic solids are usually used to describe the 

conduction process of organic materials. The charge carrier 

trap depth in certain polymeric materials has been investigated 

by using the technique of thermally-stimulated currents15- 11• 

It has also been found that on exceeding a threshold applied 

voltage, thin films of polymeric materials sandwichedobetween 

metal electrodes may undergo an electroforming process4,18. 

We have examined the properties of evaporated polypropylene 

for possible use as a thin dielectric film and were able to 

produce standard and reproducible results of electrical 

measurements. The trap depth in the evaporated polypropylene 

was calculated from the measurements of thermally stimulated 

currents and was found to be 0.33 eV15 . A vacuum heat treat­

ment of the films at 1100 C leads to an increase in its 

resistivity. Examination by electron microscopy and by 

electron diffraction showed an aggregation of particulate 



3 

material of more crystalline nature as a result of the heat 

treatment. The a.c. conductivity measurements of polypropylene 

demonstrated the power law dependence of conductivity on 

frequency, which characterizes a process of hopping conduction19• 

1 • 1.2 Thermal decomposition 

Two types of change take place when polymers are heated in 

vacuum or in an inert gas atmosphere, namely,(i) depolymeriz-

~tion and (ii) degr~ation. When thermal decomposition gives 

rise to the evaporation of volatile low molecular weight 

products mainly consisting of original monomers, the process 

is known as depolymerization, while in the case of degradation 

a considerable decrease in both the chain length and average 

molecular weight of the polymer are observed. Also, some 

volatile products may appear but these are normally present 

in negligible amount. 

1.1.2.1 Degradation 

During the degradation a considerable reduction in the 

molecular weight and in the chain length of the polymer are 

observed. Thermal degradation of a number of polymers, such 

as polystyrene, polyisoprene, polybutadiene and polyethylene 

was brought about in vacuum at 300 to 400
0

C by Madorsky et 

al20 • The resultant volatile products were composed of 

fragments varying in size from a monomer to material having 

21 
a molecular weight of about 1000. Madorsky evaporated the 

polyethylene(PE) under high vacuum conditions at 10-
6 

torr 

and the temperature range was from 380 to 475°C. The average 
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molecular wieght of the resultant fragments was found equal to 

700, 'tvhich indicates that the chains were broken at random 

. t· G . 22 . t d t th t h th t tur POSl lOnS. raSS19 po~ e au a w en e empera e 

is raised the first sign of thermal degradation in polyethylene 

which occurs around 290
0

C is a decrease in the molecular weight. 

Two stage degradation in many polymers has been observed. Luff 

and White23 found that the degradation of polyethylene (FE) 

starts at 3000
C and the polyethyle:u.e undergoes a two-stage 

degradation process. Figure 1.1 shows the evaporation rate 

plotted against the reciprocal of temperature. According to 

"-el;n et a124, the 1 t tur h' t· t· .t1.W ..... ow empera e range avmg an ac 1. va lon 

energy of ......, 1 e V characterizes the breaking of the wea.l< bonds 

and removal of side chains from the main molecule. The second 

stage which reflects the rupturing of prima-ry bonds has an 

acti vat ion energy of 3.04 eV. Luff and \fui te 23 reported the 

o 
activation pr'Jcess above 350 C as having an activation energy 

of 3.68 eVe 

10.0 

'i 
VI 

0« 
~ 

0 
~ 

r:I 
L 

C 1.0 
.Q 
~ 

fJ 
L 
0 
a. 
~ 
> 
I!J 

0.1 

150 160 170 leo 
Reciprocal 

Figure 1.1 Evaporation rate vs reciprocal of absolute temperature 

(~t~r Luff ~~d 1~~ite23) 
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Two-stage degradation was also observed in polymethylmethacry­

late and in Polystyrene24• Polystyrene when heated in high 

vacuum at 325 to 3150
0 gives rise to the evaporation of 

the monomer and of some dimer, trimer, etc. This shows that 

the chains are broken largely at the ends. MadorSky21 

calculated the activation energy at various temperatures, on 

the basis of degradation, as 2.95 eV·for polyethylene and 

2.51 eV for polystyrene. Evaporation of PTFE was studied 

by Lane25 under high vacuum at 4000
0. It was found that 

PTFE degrades to leave a residue of carbon in the evaporation 

source, while on completion of a similar evaporation of PE, no 

26 residue of PE vlas found • Thermal degradation of polyvinyl 

compounds was described by Grassie and Melville27 • They put forwa 

the three possible extreme degradation mechanisms as random 

breaking, stepwise degradation and depolymerization. Recently 
28 

Kinstle observed the thermal decomposition of 

poly(oxycarbonylimino-1,4 phenylene) a polymer which undergoes 

a purely decomposition process. 

When polypropylene is heated in vacuum, the decomposition rate 

at 4120 0 is 1000 times that at 3200 C. The gas consists of 

34-5~~ propylene, 2-6% butenes and 39-41% amylenes and pentenes. 

Also the non-volatile residue left in the evaporation source 

becomes amorphous29 • The molecules weight of the polypropylene 

decreases to a value characteristic of normal polyethylene in 

o 30 the temperature range of 230-300 C • Decomposition of poly-

propylene starts by the random breaking o.f C-C bonds which 

then leads to the breaking of terminals from macroradicals. 

Then the hydrogen atoms are removed from the neighbouring 
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molecules. F~ally, the chains are broken as shown below. 
, . 

R-i-CH2-i-~R --+ R-j-CH2 
CH

3 
CH

3 
CH

3 

• • 
R-CH-CH ~ 

I 2 
R + CH -

I 
CH

3 ~ 

I • • , 

R -CH -CH ~ R + CH 
2 I 2 

CH
3 

, 
+ CH-CH -R 

I 2 
CH

3 

(R and R are macroradicals) 

1.1.3 Electrical properties 

The mechanism of electrical conduction in polymers is quite 

complicated and there is no satisfactory theory to explain 

the conduction mechanism in these organic disordered materials, 

so the available theories for the crystalline, polycrystalline 

and amorphous inorganic solids are usually used to describe 

the conductivity of these materials. The conduction mechanism 

in polymeric thin films may depend on the thiclmess and also 

on the method of producing them. As a consequence different 

workers have reported different conduction mechanisms for the 

same nominal material. 

1.1.3.1 Ohmic conduction 

Ohmic conduction in polymer thin films is not very common and 

most of the polymer films exhibit non-ohmic behaviour at high 

electric fields. Gregor31 examined thin films of polydivi­

nylbenzene having thicknesses between 100 - 1000 R and produced 
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by the glow discharge method. He reported ohmic conduction 

in 1000 R films up to the breakdown point which occurred 

above 10
C V cm-1• Hogarth and Iqbal5 obtained their films 

of polypropylene- (pp) by vacuum deposition having thicknesses 

between 1200 - 2400 R. They found systematic differences in 

the electrical behaviour of thes~ films as a consequence of 

using different electrode materials, even though the voltage-

current characteristics remained ohmic. The voltage-current 

characteristics of CU-PP-CU and Al-PP-Cu samples with three 

different thiclmesses of polypropylene are shown in Figure 1.2. 

_1 

10 

~ 
0 0 i Illii , 0 , .. IIi' 0 0 i' 

} 
~ a .; 
[ 

lc'~ b · · c. -
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r 
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e ~ , 
Currenl f 

.. 
(AI 

0 J 
; 

-· · 
0 ., 

1G'" .; 

J 
.; , 
1 

1 
3 

( I I 0 II ,j 1 

0.1 1 10 ~O 

,'Cllagoi (.\I) 

Figura -,.2 Voltage-current chara.cteristics for some thin filmS, C 

polypropylene (pp): c~~e a, eu/PP(1200 R)/Cuj curve b, CU/PP 

(1800 ~)/Cu; curve c, Cu/PP (2400 R)/Cu; curve d, Il/PP (1200 R)/ 

Cu; curve e, Al/pp (1800 R)/Cu; curve f, Al/pp (2400 R)/eu .. 

(after Hogarth and Iqbal5) 
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It was found that the polypropylene films were highly 

resistive with resistivities of the order of 1014 ohm-cm. 

The breakdown of the films was not thoroughly investigated; 

nevertheless the films withstood an applied field of 

6 -1 2.48 x 10 V cm • 

1.1.3.2 Super-ohmic and tunnelling characteristics 

Super-ohmic and tUnnelling effects have been reported as the 

dominant conduction mechanisms in many thin polymer films. 

Super-ohmic effects include the conduction by Schottky emission 

or by the Poole-Frenkel effects. In Schottky emission the 

electrons are emitted by thermal activation from metal 

electrodes into the conduction band of the insulator over a 

potential barrier at the metal/insulator interface. In the 

Poole-Frenkel effect, the electrons are thermally emitted from 

randomly-distributed trapping centres to the conduction band 

of the insulator by means of the lowering of the Coulombic 

potential barrier surr01.mding the trapped electrons by an 

external electric field. Thin polymer films prepared from 

silicone oil and having thicknesses between 50 and 2500 i 

were investigated by Christy2, Emtage32 and r1ann33 • Christy2 

obtained these films by electron bombardment and they had 

thicknesses between 50 and 150 i. He concluded that the 

conduction mechanism at 4K was due to tunnelling, while at 

room temperature no single mechanism was adequate to describe 

the conduction process, although the current showed a 
.!. 

log I "J V'2 dependence on voltage characteristic of either 

a Schottky or Poole-Frenkel process.. Emtage and Tantraporn 



reported that Schottky emission was the main conduction 

mechanism in 100 i films at 300 K formed in the say way 

as shown in Figure 1.3.. For fims in the thickness range from 

500 - 2500 R, s&~dwiched between aluminium electrodes, Mann 

found that in the temperature range from 4 - 300 K, the 

conductivity in the high electric fields was related to Schottky 

emission or tunnell~ or to a mixture of both. 

«0 1.0 
01 
0 ...... 

0.8 (5 
> -0 0.6 
'0 
0 

0.4 ~ 

0 .... 
0 02 ~ 

~ 

~ 

~ 
~ 

---
~ 

-~ 
0-

U) 

I I • L J_ • 
~ ~ 2 4 6 8 K) cO 40 60 so 100 LCO £1OJ 

r.urre!1t (JLt..rrtp) 

Figure 1.3 Volt8ge-cu:crent characte:r-istics of a Au-Siliconoil 

(PSO )-Au system at 300 K. (after Emtage and Tantrapo:rn32). 

Gregor and Kaplan34 who studied the thin films of epicblorohydrin 

(100 R thick), produced by electron bombarfrnent, came to the 

conclusion that the electrical characteristics could be related 

to a combination of tunnelling and either the Poole-Frenkel or 

Schottky emission, depending upon the temperature rans~ and 

electric field strength. The elect~ical properties of thL~ 

films of polysilazan~ fl3.ving thicknesses ~etween 0.6 and 3. 5j-{- Til 

formed by the glow discharge method were investigated by 

Trezkm.mki et al35 • They suggested that slect!:ode-limi ted 

(Schottky) cond1.lction uas the domin2.:lt conduction mechanism. 
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Gregor31 examined thin films of polydivinylbenzene having 

thicknesse~ between 100 - 1000 R, produced by the glow discharge 

method ane: concluded that Schottky emission was the dominant 

conduction mechanism in 100 - 500 R thick films as shown in 

Figure 1.4. Lengye136 investigated films of polyethylene 

terephthalate (Mylar) and polyviny1.formal, and reported the 

conduction mechanism as Schottky emission for fields between 

-1 20 and 200 K V cm and temperatures from 298 to 373 K. Lilly 

and Modowel137 worked on Hylar and Teflon (polytetrafluorethy-

lene) films. They also interpreted their results using the 

theory of Schottky emission. According to Lil~y and Lowitz38 

1000r--.........,.-.,-;---r--..-----.---.---, 

100 

10 

o 

/ 
/ 

/ 

/ 

o / 

/ 
/ 

/ 

/ 

/ 
/ 

.,/ . // 
/ 

'/ 
.,/ 

/ 0 

". / 
/ 

/ 
/0 

oIOOA~ 

0460 
.277 

1.4 1.5 1.6 1.7 16 1.9 2.0 Z.l 

(V/X l"z.1 \II: .. ,IIZ alO· 

Figure 1. 4 Logarithm of current vs square root of electric 

field for Pb- Polydivinylbenzene -Pb structure at 300 K 
31 

(after Gregor ). 

the conduction mechanism in 25 - 125 f-ID. thick Nylar films was 

governed by the OtD~fer39 theory of space-charge conduction. 

The space ch~ge e:C:encled. throu&'lout tee -t~i ckness of the sample 
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rather than being localised near the cathode. Kamisako et al40 

measured the steady-state conductivity of polystyrene films and 

the conduction mechanism was explained in terms of a ~pace 

charge formed by the injection of electrons into the film over 

the Schottky barrier and was found diffusing towards the anode. 

They also made a rough estimate of the density of traps and 

its temperature dependence. The electrical conductivity of thin 

polycrystalline P-terphenyl films was investigated as a function 

of temperature, electric field and film thickness by St~ga 

~d SWiatek41 • They interpreted their data in terms of a 

hopping process between localized sites over potential barriers 

lowered by the electric field according to·the Poole-Frenkel 

formula as shm·m in Figure 1. 5. 

Irdif 

- 19 t 

-iO 

-21 

-22 

-23 

-2' 
-2~ 

2 

-26 

..!. 
Figure 1.5 The lno-- vs v2 characteristics for p-terphenyl lc.....v0rs • 

curve 1, d 2.6 fm, T 298 K 

curve 2, d = 3· 5 fun , T 298 K 

(after Staryga and SWiatek 41 ) 
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Kryszewski and SWiatek42 invest~gated the electrical properties 

of thin polystyrene CPS) and polyCN-vinyl carbazole) (PVK) 

films, obtained by the glow discharge met:lod. The conductivity 

was described by both electrode-limited and bulk-limited 

conduction processes. 5 -1 At lmver field streTIo.a-ths, E < 10 V cm , 

the electrode-limited conduction mechanism was dominant, while at 

higher fields (E > 105 V cm-1) the conductivity 'vas related to 

the volume properties of the polymer, i.e. it was dominated by 

the Poole-Frenkel effect. Figure 1.6 and Figure 1.7 show the 

current-voltage characteristics of PS and PVK films at different 

temperatures respectively. 

A 
J (A ) P.\ 

-12 
10 

1-T=293K 
2-T=312 K 
3-l"=326K 
4-T=336K 
s-:r = 356 K 
6-T=373f< 

-'14-
10 ~-------~----~----~~ 

'-'1. ~ 
V [ V ) 

5 10 

Figure 1.6 Schottky plot for Dolystrene film of t~ckness 

o ( Tr _ k . "S· t ' 42) 314 A after .l\.L-yszews J. Wei. Hla e!{ • 

Electrical conduction thrOllgh insulating layers of polyetr..71ene 

has been investigg.ted by :aany resea=ch workers durL."'1g the last 



few years. The current-voltage behaviour of thermally evaporated 

polyethylene- films sandwiched between alllmj,niurn electrodes was 

-10 
10 

-12 
10 

1-T=334K 
2-T=32t.K 
3-T=308K 
4-T=296K 

5 
, :>-
:1.;1. '/.t-

V [V J 

Figure 1.1 CuxTent-voltage characteristics for Poly-(N-Vinyl­

carbazole)PVK) film of thickness 140 ~ 

(after Kryszewski and SWiatek42) 

explained in terms of the anomalous Poole-Frenkal effect 

by Zor43.• FIiyoshi and Chino 44 studied polyethylene films form-

ed by vacuum deposition and also by dipping the substrate into 

solution. They discussed their results by using the simpld 

theories of tunnelling (in 50 R films) and Schottky emission 

(in 500 - 1200 R films). Rogger45 observed the current-

vol tage characteristics of 100 j thick polyethylene films and 

found tur_'1elling as the conduction mechanism. Das Gupta and Barbarez 

investigated the condu~tion process in polyethylene films and 

concluded that the carriers were introduced into the conduction 

b ...r.d. of the polymer via defects or impurity levals and 
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the subsequent motion through the insulator was by means of 

hopping. Suzuki et al47 obtained their films of polyacrylonitrile 

by vacuum deposition. After subjecting the films to heat treat­

ment in nitrogen, they suggested that the conduction should be 

understood in terms of the hopping transport of charge carriers 

in the localized states present in the forbidden band due to the 

random networks of conjugate double bond systems of carbon-to­

carbon and carbon-to-nitrogen. 

1.1.3.3 Space-charge-limited conduction 

If the electrode makes ohmic contacts to the insulator, the 

electrons travel from the metal into the conduction band of the 

insulator with a velocity determined by their mobility in the 

electric field, and form a space charge similar to that of a 

vacuum diode, then the conduction process is known as space-

charge-limi ted. 

Space-charge-limited currents provide the dominant conduction 

mechanism in some polymer thin films as has been reported by 

several workers. Shireesh et al48 obtained their films of 

polyerocene sandwiched between AI electrodes and having thicknesses 

between 210 - 300 R by a plasma polymerization method. They 

concluded that the conduction mechanism was governed by space-

charge-limi ted currents as shown in Figure 1.8. An investigation 

was undertaken by Chutia and Barua49 and the conduction mechanism 

in polymethyl-methacrylate (PMMA) films was found to be due to 

space-charge-limited currents. Zor43 also found the space-sharge-

limited currents as the dominant conduction mechanism in evaporated 

polyethylene films, having thicknesses in the range from 1200 -
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- 4200 R and sandwiched between Cu and Al electrodes. Some 

influence of space-charge-limited currents above 300 K, was 

found in the current-voltage characteristics of vacuum de~osited 

polycrystalline P-terphenyl films by Staryga and SWiatek41 • Some 
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electrical properties of the polymers discussed above are 

presented in Table 1. 

1.1.3.4 Electroforming 

Electroforming, in which a large reduction in the apparent 

resistance of the material is observed when a threshold voltage 

is applied, may occur in the thin layers of many polymeric materials. 

Associated with the electroforming process are a voltage-controlled 

negative resistance (VeNR), electroluminescence, electron emission 

and a memory effect. A number of theories 50-57 have been proposed 

to explain electroforming and associated effects in insulators. 

Mann33 worked on thin films of silicone oil prepared by the 

electron bombardment method and having thicknesses between 500 

and 2500 R sandwiched between Al electrodes and observed differ­

ential negative resistance similar to that reported by Hickmott50 
0 

in some of his samples. The current rose exponentially to its 

maximum value at about 5 V and was found independent of the film 

thickness. While applying a decreasing voltage a similar negative 

resistance effect was noticed but always with a smaller maxinnun 

current. The memory effect was also reported up to 3 volts and 

this was stable and independent of temperature. For voltages 

greater than 6 volts and up to 50 volts, tunnelling'was observed 

in these devices as shown in Figure 1.9. Gundlach and Kadlech58 

investigated the monomolecular multi-layers of cadmium arachidate 

sandwiched between Al and Au electrodes. The monolayers were 

deposited onto previously evaporated aluminium electrodes, by 

dipping the substrate several times into an aqueous solution 

of cd ions and with monomolecular layers of arachidic acid spread 
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TABLE 1 

SELECTED RESULTS ON EV APOBATED POLYMER FILMS 

Method of obtain- Temperature Observed Conduction 
No. Author Polymer ing films Thiclmesses 

K Mechanism Ref. 

1 Christy Silicon Oil Electron (50-150) R 4-300 Tunnelling at 4K, log I 2 
.l.. 

bombardment vs V2 dependence at 

300K. No single mech-

ani sm was dominant 
~ 

100 R 
-.J 

2 Emtage and Silicon Oil Electron 300 Schottky emission 32 

Tantraporn bombardment 

3 Mann Silicon Oil Electron 

bombardment (500-2500)R 4-300 Schottky emission or 

tunnelling or a 

mixture of both. 33 

4 Gregor and Poly-epichloro- Electron 100 i 160-300 Tunnelling at low 34 

Kaplan I""' hydrin bombardment temperature (160K) and 

low voltages. Schottky 

emission or the Poole-



TABLE 1 (cont.) 
Method of obtain- Temperature Observed Conduction 

No. Author Polymer ing films Thicknesses K mechanism Ref. 

5 Gregor Polydivinyl- Glow discharge (100-1000) R 300 Schottky emission in 

benzene 100 to 500 R films, while 

Ohmic conduction in 31 
1000R films up to the 

breakdown point, which 

6 -1 occurred at 10 V cm 

6 Lengyel Polyethylene- Commercially 27.50 f'- m 298-383 Schottky emission for 36 
...l. 

CD 

terephthalate supplied sam- fields between 20-

(Mylar) pIes· -1 were 200 K V cm • 

used. 

Polyvinyl- Commercially (50-55) f<. m 298-383 Schottky emission for 

formal supplied sam- fields between 36 
pIes were -1 20 - 200 K V cm 

used. 

7 Lilly and Mylar and Films were cut (25-250) f{ m 343-436 Schottky emission 37 

Mcdewell Teflon (Poly from the sheets 

tetrafluorethylene) of Maylar and 

"., ,..., 



TABLE 1 (cont.) 
Method of obtain- Temperature Observed Conduction 

No. Author Polymer 
films Thicknesses K Mechanism Ref. 

8 Rogger Polyethylene 100 R 298 Turmelling 45 

9 Lilly and Mylar ( 25-125) fl m 300-425 O'Dwyer theory of space 38 
r; 

Lowitz charge conduction 

10 Dos Gupta & Polyethylene Films were supplied Poole-Frenkel and 

Barbarez by Hans an to Chem- hopping 46 

ical Limited ( 25-75 ) f-<. m 313 

11 Suzuki et al Polyacrylo- Vacuum deposit- 1000 j 160-500 Hopping through -..I. 

\.0 

nitrite ion localized states in the 

forbidden gap. 47 

12 Staryga and Polycrystalline Vacuum (1.7-3.5)~m 298 Poole-Frenkel and 41 

Swiatek P-terphenyl deposition hopping. 

Also, space-charge 

limited conduction above 

300 K. 

13 Shireesh Polyerocene Plazma poly- (210-3000) j 298 Space-charge limited 48 

et al merization currents. 



TABLE 1 (cont.) 
Method of obtain- Temperature Observed Conduction 

No. Author Polymer ing films Thiclmesses 
K Mechanism Ref. 

14 Chutia and Polymethyl- Isothermal 9646 R 298-333 Space-charge limited 49 

Barua methacrylate immersion currents 

15 Hogarth and Polypropylene Vacuum (1200-2400)R 300 Ohmic 5 

Iqbal deposition 

16 Kamisaka Polystyrene Styroflex(NSW Co) (33-40) f-. m 300-375 Schottky emission 40 

et al films were used 

17 Kryszewski Polystyrene Glow discharge 200 to 800R 293-373 5 -1 42 For E < 10 V cm , I\,) 
0 

and Swiatek and poly(N- (NSW Co) electrode limited 

vinyl carbazole 

5 -1 E > 10 V cm , Poole 42 

Frenkel 

18 Tyezkowski Polysilazane Glow discharge (0.6-3.5)fJ--m 298 Schottky emission 35 

et ale 



TABLE 1 (cont.) 
Method of obtain- Observed Conduction 

No. Author Polymer ing films Thiclmesses Temperature Mechanism 
Ref. 

19 Lane PTFE Vacuum. (400 to 1650)R 298 No single conduction 25 

deposition mechanism 

20 Miyoshi and Polyethylene Vacuum. (1000-2000) R 298 Schottky emission in 

Chino deposition PE single crystal of 44 

500 - 1200 R 

Solution (50 -1000) R 200-400 Tunnelling in 50 R 

deposition 
I\) 
...l. 

21 Zor Polyethylene Vacuum (1100-4200)R 298 Space-charge limited 43 

deposition currents with copper 

electrodes. 

Poole-Frenkel effect 

with aluminium 

electrodes. 
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on the surface of the water. Each mono-layer had a thickness of 

26 R. To co~plete the sandwich, top electrodes of gold or 

aluminium W3re evaporated. For the electrical measurements 

I . 

.<\ ., , 

I NO • .;~o 
705 A 

~-UNSTABLE 

o 

~ 
~ 
" I , 

5 10 15 

V (VOLTS) 
20 

Figure 1.9 Differential negative resistance and tunnelling 

in M-DOW-Corning DC 704-M structures (after 1>rann33). 

the sample wa.s cooled down to 77 K and the top electrode wa:J 

always positively biased. A sawtooth voltage with an incre~~ing 

-1 
rate of 0.3 Vs was used. Tha device was electroformed by 

applying a bias voltage of 5 to 6 volts or more. Now the 

sandwich was warmed at a rate of 5 deg min-1 and the first sign 

of the differential negative resistance (DNR) was observed at 

about 150 K. The DNR was most pronounced at about 190 K and it 

disappeared above 210 K. The current-voltage characteristics 

of an [AI-CAl oxide) -eleven monolayer-AI] sandwich with 

increaslllg' temperature arC' shown in Figure 1. 10. It was not 

possible to form the devices having thicknesses less/than five 

monolayers. On dec~easing the voltage within 0.025 the device 

was left in a me~ory state which was erased at ~ threshold voltage 

of between 2 to 3 volts. The electroforming of evaporated 

polyethylene has been reported by many research Horkers. 
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Figure 1.10 Current-voltage ~haracteristics of an Al-(Aloxide)-

eleven monolayer-Au sandwich for increasing temperature. Tne 

vertical scale is displaced for each curve for clarity lafter 

Gundlach and Kadlec-58 ). 

Gazso59 observed the ]NR in the evaporated polyethylene films~ 

having thicknesses in the range of 1000 - 2000 R and sandwiched 

between aluminium and gold electrodes. The conductivi~ increased 

due to the in-diffusion of gold from the top electrode under the 

influence of the applied electric field. This was supported by 

the fact that the sandwiches prepared only with aluminium electrodes 

did not ShOlv any electroforming. Niioshi and Chin\.)44 also ob"el:"Ved 

the negative resistance similar to Hickmot-t50 in their samples of 

evaporated polyethylene having same thicknesses ?s reported by 
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Gazso. Hogarth and Zor4 evaporated polyethylene at 10-4 torr 

onto previously deposited aluminium electrodes. Their films 

were 1140 ~ thick. In order to complete the M-I-M structure 

aluminium was evaporated as top electrodes. Unlike Gazso59 

in these films of polyethylene, sandwiched between Al electrodes, 

the electrical process was influenced by the injection of metal 

from the electrodes and irreversible forming and related effects 

were also observed. Figure 1.11 shows the effect of time when a 

Figure 1.11 Current at constant supply voltage as a function of 

time for an Al-PEe 1140 R)-Al structure (after Hogarth and Zor
4
). 

Al-PE( 1140 R)-Al sample was left under ~i6 volts (minimum forming 

voltage) for an extended period and significant forming was 

b d af l- 313 h At the end of this time on increasing the o serv~ ·~er -

applied voltage up to 25 volts, no further forming \·ra3 observed. 

Thin layers of evapo~ated polypropylene sand.wiched be-b.,een metal 
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electrodes (aluminium or copper) having thickness ranging from 

600 to 1000 i showed electroforming effects followed by negative 

resistance and electron emission into a vacuum under suitable 

condi tions as described by Hogarth and Iqbal60 • In their 

measurements the forming voltage varied from 12 to 15 volts 

and the peak current in formed specimens occurred at between 

5 and 7 V. The results were found consistent with a theory based 

on the generation of conducting filaments during the forming 

process. Figure 1.12 shows the voltage-current characteristic 

of a Cu-PP(600 R)-Cu sample after electroforming at room 

temperature and under a pressure of ~ 10-5 torr. The emission 

current as shown in Figure 1.12 was collected by a subsidiary 

anode Qiased to 100 V and positioned about 1.5 cm from the 

surface of the sample. Unlike the behaviour of many reported 

M-I-M samples, the rapid rise of emitted current occurred not 

at a voltage corresponding to a peak current but at a voltage 

corresponding closely to the initial forming voltage 14.6 V. 

The behaviour in polyethylene reported by Hogarth and Zor4 

was quite different. 
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1.2 CONDUCTION IN DIELECTRICS 

The details of the mechanism of electrical conduction in 

polymeric materials are not clear so far. Therefore the 

available theories for the crystalline, polycrystalline and 

amorphous inorganic solids are normally used in an attempt to 

describe the conduction mechanism in these organic materials. 

In this section we shall describe briefly the different 

conduction mechanisms obserVed in dielectric films, prior to 

electroforming, and these conduction mechanisms are also 

extended to explain the electrical properties of polymers. 

1.2.1 Structure and electrical properties of polymers 

~ne structure of the polymeric materials has an important role 

in governing their electrical properties. Most polymers of 

practical significance are composed of a fine mixture of 

micrometre size crystalline regions, embedded in an amorphous 

matrix of similar molecular composition14• The polymeric 

chains are thought to be folded in an orderly manner within 

crystalline regions and these regions have the form of small 

platelets having thicknesses of the order of a few nanometres. 

Since the amorphous regions have no structural order it is most 

likely that they contain most of the impurities present in the 

polymer. There is no comprehensive theory which could explain 

the conduction process in polymers and the picture concerning 

their electronic energy level is quite complicated. However, 

we may s~ that, all the polymers contain two types of bonds.
1 

The strong covalent intra-molecular bonds have activation 

energies in the range of 3 - 8 eV. These bonds form a band of 
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bonding states, sometimes also known as the valence band. It 

is normally full in the absence of electron acceptor 
2 

molecules. The inter-molecular bonds are relatively weaker 

and are of the van der Waals types. The conduction band, or 

the band of antibonding states lies at an energy Ll W. above 
~ 

the valence band and is usually empty. T'.ae width of both these 

bands is expected to be more than one electron-volt. The 

situation is schematically shown in Figure 1.13. The structural. 

w conduction band 

-- -
- - -. forbidden gap 

~w· I 

---:. -

valence band 

inter- intramolecular 
molecular 

Figure 1.13 Schematic representation of the band structure of 

a typical polymer, showing valence band, forbidden energy gap 

~W., conduction band and localized levels'due to disorder of 
~ 

intermolecular arrangements. 

disorder resulting from the chain termination, chain folding 

and from the amorphous/cr,ystalline interface will produce 

J 
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localized levels, which are distributed in energy and space, 

as shown in Figure 1.13. These localized levels may be 

occupied by the electrons. The weaker intermolecular bonds 

result in narrow bands which along with localized levels are 

responsible for the very low electrical conductivity in the 

insulating polymers. The strong excitation by electron 

bombardment or by ultra-violet-radiation may increase the 

conductivity of the polymers. 

A carrier,electron or hole, is only free to move within the 

molecule in the main band and its transition into a neighbouring 

molecule may be possible by the thermal excitation over the 

potential barrier between them or by the tunnelling process of 

low probability. According to Mott and Davis61 for the group 

of materials having a value of (J between 10
2 

and 104 Q
1

cm-
1 

o 

conduction is due to the carriers excited into extended states. 

For the value of 
-1 -1 

(J of the order of 10 n cm , they 
o 

suggested that the conduction is due to carriers excited 

into localized states at the band edges. A value of (J 

o 

much less than this could correspond to conduction due to 

carriers hopping between localized states from one occupied 

state to an empty one nearby. Hopping between localized 

levels randomly distributed in space and energy is shown in 

Figure 1.14 (a). While Figure 1.14 (b) shows the hopping 

between a more regular array of molecular levels which are 

unable to form an extended band because of insufficient 

intermolecular overlap. In either case the transition 

Probabili ty 1/ T ., for hopping from site i to site j is 
l.J 
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as defined below. 

1/ T •• =-i' exp (-aR .. -~\" .. /k!r) 
lJ 0 lJ lJ 

W}u~re Vo is the characteristic frequency, a represents the 

tunnelling coefficient, R .. is the spatial. separation bet1.;een lJ 

the sites and 6 1,-[ ij is the energy difference bet1veen them. 

w 

( a ) . 
I 

~. 

w 

(b ) I1W·· 
IJ 0 

. 
J 

Fie;ure 1. 14 Two tJ-pes of hopping motion in pclymers. 

(a) hopping between localized levels distributed randomly 

in 8p?.ce and in energy. 

(b) hopping in a regular array of potential wells. The spatial 

dista.."lce of hop beb.feel.L site i and j is R ..• ~fu_ile ~ W .. 
lJ l.J 

represents the corresponding energy. 
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1.2.2 Space-charge-limited conduction 

If the electrodes make ohmic contacts to the insulator, the 

electrons travel from the metal into the conduction band of 

the insulator, with a velocity determined by the mobility in 

the electric field and form a space-charge similar to that of 

a vacuum diode, then the conduction process is known as the 

space-charge limited. 
62 . 

Mott and Gurney made the first theoretical study of SCL 

currents in insulators. They confined their studies to a 

trap-free insulator and for single carrier injection they 

obtained the following relationship 

9ft E E.o v2 

" 8d' 
J - (1.1) 

Here d is the thickness of the insulator,/L is the mobility 

and V is the applied voltage. The above equation predicts 

that SCL current is proportional to 
2 V and inversely 

proportional to d3• It also indicates that the current is 

temperature insensitive, which is contrary to the experimental 

observation. 

The space-charge-limited currents in defect insulators 

(containing traps) were first investigated by Rose
63

• He 

pointed out that in such irtsulators a large fraction of the 

injected space charge condenses into the traps. In the trap­

free insulator all the space charge contributes in the 

conduction process. So, the ratio 8 , of a free-to-trapped 

charge in an insulator containing shallow traps is given by 

8= exp (1.2) 
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Where Nt is the density of the shallow traps, E
t 

is the trap 

depth below the bottom of the conduction band and N is the 
c 

effective density of states in the conduction band. 

For an insulator containing shallow traps, the Mott and 

Gurney equation can be modified by multiplying the R.H.S. with 

8 So, equation (1.1) becomes 

J= _9_f..L_E. _c.,...o__ 8 V2 

8 d3 

Since 8 is temperature dependent, thus the inclusion of 

traps in the insulator brings the theory into line with 

experimental observation. According to Lampert64,65 when 

shallow 

the 

injected free-carrier density n. exceeds the volume generated 
1 

free-carrier density n the space-charge effects will be 
o 

observed, otherwise the ohmic conductivity will dominate. 

Lampert also calculated the voltage V at which the transition 
x 

from ohmic to SCL conduction occurs, where V is equal to x 
2 end V - 0 x --"'"'--

8 E E. 
o 

It has been noted that if sufficient charge is injected into 

the insulator, the traps will be saturated. (Trap-filled 

limit, TFL). Now any additional injected charge into the 

insulator exists as free charge in the conduction band and the 

curren t ri ses by an amount £)1. Beyond the TFL, the J.V 

characteristics follow the equation (1.1), rather than the 

t · (1 "3) The voltage at which the TFL occurs is equa lon .:. 

given by 
V 
TFL = 

2 E E 
o 
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Figure (1.15) shows the schematic illustration of J-V character­

istics for space-charge-limited conduction. Rose63 has treated 

the case of an exponential trap distribution. The distribution of 

trap levels decreases exponentially in density with increasing 

energy below the conduction band, i.e. 

-E 
Nt = A exp ( -k-rr- ) 

c 

where E is the energy measured from the bottom of the conduction 

band and rr is a characteristic temperature greater than the 
c 

temperature at which the currents are measured. The resultant 

66 
current has been found to be 

T 
1 c + 

V T 
I ,.... 

2T 
c 

1 -+ T 
d 

which means that, since T > T, the current depends more 
c 

strongly on V and d as compared with the trap-free or discrete 

level cases. 
Trapfree 

TFL 

x TFL 
LOG V 

(1.6) 

Figure 1.15 SeL, J-V characteristics for an insulator containing 

shallow traps. 
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Space-charge-limited currents of both signs of carrier can flow 

in an insulator if the cathode and anode are both ohmic to 

electrons and holes respectively. The current in the double-

carrier injection case will be larger than those due to single-

carrier injection under the same bias voltage. Also, in the case 

of double injection, the recombination between the two types of 

carriers makes the theory more complicated than the single­

carrier theory. The details of the theory of double injection 

are given in the book by Lampert and Mark67 • 

1.2.3 Schottky emission 

In Schottky emission the electrons are emitted by thermal 

activation from the metal contact at negative potential, into 

the conduction band of the insulator over a potential barrier 

between the metal/insulator interface. Also, the applied 

electric field reduces the height of this barrier. 

The following equation gives the current density for thermionic 

emission over a potential barrier ¢ . o 

) (1.8) 

where A is the Richardson constant and is equal to 120 when 

J is expressed in amp cm -2, k is Boltzmann ~ s constant, T is 

absolute temperature and ¢ is the height of the potential o 

barrier. The general shape of the potential barrier is shown 

in Figure 1.16. 

The potential energy of the electron due to the image force is 

¢ 
1m 

= 

2 
-e 

167rE E X 
o 
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where E and E are the dielectric constant of the material and 
o 

of free space respectively. Taking into account tpe effect of 

the image force, the height of the potential barrier as a 

function of the distance x from the interface is given by 

~(x) ~ + <P. <P -
2 (1.10) - e 

0 1m 0 167rt t X 
0 

Bottom of insulator conduction band. 

i t hc4 B 
eFx -cib 

.,; -..,;: 
./ ..... , 

/' 
./ '" ( 

! 
/ 

/ 
/ 

'/ 

F. L. 

A 
Electrode Insulator 

Figure 1.16 Schottky effect at a metal electrode. 

In the presence of the uniform electric field at the surface 

of the cathode ~ (x) is given by 

~ (x) = ~ -o 

2 
e 

16 7rE.£ x o 
-eFx 

¢ (x) attains its maximum value at x = x 
ill 

e ~ 
x - ( 

16 7r ,; E. F 
) 

ill 
C> 

(1.11) 

where 

(1.12) 

J 
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The value of f/J (x) at x becomes m 

e3 ~ 
cp (xm) = ( ) 1 

(1.13) CPo - ~ 4 7r cEo' 
D 

The attenuation of the barrier height due to the interaction of 

the applied field with the image potential will be 

(1.14) 

which represents the Schottky effect. 

Euqations (1.14) and (1.13) give 

( e
3 ~ 

) .1:. .1:. 
tl¢ - F2 = f3 s 

F2 s 47r~€ . 
0 

(1.15) 

where 
e3 ~ 

f3 ( ) -
4 7r ff s 

0 

c\'.' t ,I.. (xm) lJu.bs i tuting 'f.I _ ¢ 0 - tl 1>s for cf> in equation( 1. 8) we get 

2 
J = AT 

.1:. 
¢ 0 - f3s F2 

exp ( ) 
kT 

68 

(1.16) 

This is the Richardson-Schottky equation for the neutral contact. 

In this equation A is a constant and is given by 

4 7rm. ek2 \ 

h 3 A= 

where m is the electron mass and h is the Planck constant. 

In a sandwich structure if we take into account the thermionic 

current in both directions, equation (1.8) will be modified as 

cf>1 

(e - kT - e 
--

kT ) (1.18) 

where ¢ 1 and ¢ 2 are the maximum barrier heights above the 

Fermi-level of the negatively and positvely biased electrodes 

respectively. In this case the Richardson-Schottky formula 
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becomes~9 
..l.. 

[_ <Po - (14.4 eV/Ed )2 ] 

TcT (1.19) exp 

where V is the potential difference across the two electrodes and 

d is the thickness of the insulator. 

1.2.4 The Poole-Frenkel effect 

This effect involves a mechanism which is based on the sarne 

lowering of a potential barrier by an applied electric field 

as the Schottky effect. However, in this case the barrier in 

question is that for thermal excitation of trapped electrons 

into the conduction band of the insulator70 as shown in 

Figure 1.17. 

" '" '" , , 
" Bottom of the conduction band 

:>oF 

trap level 

Figure 1. 17 The varying of a potential barrier by an external. 

electric field. 
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The potential energy of the electron in the coulombic field is 

¢(x) 
2 

. -e 
4 ~f.E x o 

(1.20) 

comparing equation (1.20) with the equation (1.9) we see that 

the potential energy of the electron in-a coulombic field is 

four times that due to the image force effects. Therefore 

¢ PF' the Poole"::'Frenkel attenuation of the coulombic barrier in 

a uniform electric field is given as 

~ 
11 cP PF = (_.....;.e_3_) 

7\ E.fo 

Euqation (1.21) shows that 

2/3 s 

The field-dependent conductivity is given as 

J - J 
o 

where J = q F and u is the low field conductivity. 
000 

(1.21) 

(1.22) 

(1.23) 

According to Mead11 the current density in thin film insulator 

containing shallow traps is given as 
J.. 

(3PF F2 
J = J 0 exp( kT ) (1.24) 

Equation 1.24 is usually used as the Poole-Frenkel equation for 

thin film insulators instead of equation (1.23). The classical 

model of the Poole-Frenkel effect has been modified by Simmons12,13 

who showed that Poole's effect may be observed not only for 

charged traps but also for low-lying donor sites and neutral 

traps (see Figure 1.18). By introducing donor centres of 

different concentration in addition to occupied trapping centres 
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he could discuss the position of the Fermi level and arrived 

at the follo\.,ing 

where 

E 
s 

J 
0 

J J 

- eJ.LN c 

equation for conductivity 

PPF 
1.. 

F2 
exp ( ) 0 (1.25) 

2]tT 

Nd 
l. 

Ed + Et { 
2 

exp (-
Nt 

) F ) 
2kT (1.26). 

Bottom of the conduction band. 

--- -- -----: --- - - ---

--------~;-----------~-------------------Fermi-leveT 

- -N 
d 

Figure 1.18 Energy diagram used to develop Equation (1.26) 

(after Simmons71 ) • 

. 
Here e is the electronic charge, N is the effective density of 

c 

states, }l is the mobility, Nd 
Nt 

is the ratio of the donor 

centres to the trap centres, Ed and Et are ~he energy levels 

of the donor and trap centres from the bottom of the conduction 

'band respectively_ 

1.2.5 Ionic conduction 

The concept of ionic conduction due to lattice defects has been 

known for sometime74- 76 . The actual mechanism involves the 

migration of ions (or vacancies) by hopping over a potential 

barrier ,p , from one defect site to the next in an applied 

J 



40 

electric field F. Due to the presence of large numbers of 

defects in amorphous films this mechanism might be important 

in these materials. Higher activation energy, large transit 

time, transport of material from one electrode to the other and 

the polarization effects in a constant d.c. field are the main 

features of the ionic conduction77,78 • These may also be used 

to distinguish it from the electronic conduction. 

For an applied electric field F, there are three different 

cases for the ionic conduction. 

For low electric field, F < < k~ the current density J, is qr 

given by 

2 (-=E ) J = AT F exp kT 

where q is the charge of the ion, r is distance between 

two sites, A is a constant, k is Boltzmann t s constant and 

T is the absolute temperature. 

(ii) For F ~ ~T the current density has the form 
qlr 

.,[_ (!L _ ~)] 
J = J 0 exp R"T kT (1.28) 

where J is a constant. 
o 

(iii) For F»~, the current density is equal to 
I qr 

J= J o 
exp [

_ ( ql -Fgr) ] 
2 k'r 

In equation (1.29) ¢' is the sum of the zero field 

activation energy, cp , and the height of the first 

potential barrier79 • 

1.2.6 Tunnelling 

(1.29) 

If the two electrodes are separated by a sufficiently thin 
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layer of the insulating material, current can pass between the 

electrodes by the quantum mechanical process called tunnelling. 

The current density due to electron tunnelling through such a 

barrier is given by the product of the number of the electrons 

arriving at the barrier per unit area per second and their 

probability of penetrating the barrier. For electrons tunnelling 

from electrode 1 to electrode 2, (asffi1mjng the barrier is in the 

x-direction) the current density is given by 

Vm 

J
1 =1 V n(V) peE ) dV x x x x 

0 

em 
1 

-J
1 m f n(V ) pee. ) d e x x x 

0 

where n(V ) dV is the number of electrons per unit volume 
x x 

having velocity between V and V + dV , pet) is the probability x x x x 

that an electron with energy E can penetrate the barrier and x 

E is the maximum energy of the electrons in the conducting 
m 

regions. If we define J
2

, as the current density for electrons 

tunnelling from region 2 to region 1, then the net current 

density will be 

J = J 1 - J 2 

.. 80 
The value of J 1.S g1.ven as 

J -

2 ao 
Lt- An f j f (E) _ f (e) l 

h 3 l 1 2 r 
o 

where f (E) and f
2

(E) are the Fermi-Darac distribution function 
1 

in region 1 and 2 respectively-

Fowler and Nordheim81 were the first to calculate the current 
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flowing through thin riletal-insulator-metal structures. Since 

then a number of papers have been published on this subject82- 85 • 

1.3 Elli1~CTS OF ELECTRODES 

It is necessary to connect electrodes to the surface of an 

insulator to measure its conducti vi ty. Talking in terms of the 

energy-band diagram, the insu-lator erects a potential barrier 

between the electrodes, extending from the electrode Fermi 

level to the bottom of the insulator conduction band, as shown 

in Figure 1.19. After the contact, in thermal equilibrium, the 

vacuum and Fermi levels of the electrodes and insulator must be 

continuous across the interface. Actually, now we do not 

distinguish the electrode and insulator Fermi level. The vacuum 

level is defined as the energy of an electron at rest just 

outside the surface of the material, while the energy difference 

between the vacuum and Fermi levels is known as the work function 

of the material. Three types of contact exist at the metal-

insulator interface, namely (i) ohmic, (ii) neutral and 

(iii) blocking contacts. 

1.3.1 Ohmic contact 

The contact at a metal-insulator interface is lmown as ohmic 

if the electrode work function 1/; is smaller than the insulator 
m 

work function 1/; i. In order to satisfy the thermal equilibrium 

conditions electrons are injected from the electrode into the 

conduction band of the insulator. An ohmic contact acts as a 

reservoir of charge and is capable of supplying electrons to 

the insulator as required by the bias conditions. Thus, with 
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a contact of this type the conduction depends upon the rate of 

flow of electrons through the bulk of the insulator and the 

current-voltage characteristics of the sample will be determined 

by the bulk properties of the insulator, so we can say that the 

conduction mechanism is bulk-limited. Figure 1.19 explains 

the energy diagram of metal and the insulator before and after 

the formation of an ohmic contact. 

Vacuum level 

Fermi 
level F. L. 

C. B. 

ermi level 

F. L . 

+ 
+ System Fermi leve] 

Electrode Insulator 
Insulator 

-E >- .... >-- Electrode 

(a ) ( b ) 

Figure 1. 19 Energy band diagram of metal and insulator 

(a) before contact (b) after contact (ohmic contact) 

1.3.2 Neutral contact 

lilien the electrode work function if; m' is equal to the metal work 

function if; i' and there is 
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no charge transfer between the electrode and insulator at the 

interface, the contact is called the neutral contact. Also, 

in the absence of any space-charge within the insulator, 

the conduction band is flat right up to the interface, i.e. 

no band bending is present as shown in Figure 1.20. This 

contact is a transi tionaJ. stage between an ohmic and blocking 

contact. 

Vacuum level 

C. B. 

Fermi level 

= 1./J T.: 
l. 

V. 
l. 

Figure 1.20 Energy band diagram of a neutral contact. 

1.3.3 Blocking contact 

~fuen an electrode having a work function ~m makes a 

contact with an insulator whose work function is if; i' 

such that .." ) 1/;., the contact is known as 
ill l. 

blocking. 

In order to satisfy the thermal equilibrium condition the 

J 
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electrons flow from the insulator into the metal. As a 

result of this, a positive space-charge is created inside 

the insulator while an equal negative charge resides on 

the metal electrode. Therefore a local field exists 

within the surface of the insulator due to the electro-

static interaction of these oppositely charged regions. 

The net effect of this field is to bend the bottom of 

the insulator conduction band wi thin the bulk of the insulator 

in the downwards direction until it lies at an energy 

('fI.' - X) above the system Fermi level. However the flow 
]. 

of electrons through the system is determined by the rate 

at which they flow over the interfacial barrier, hence 

the conduction process is electrode-limited. A blocking 

contact is shown in Figure 1.21. 

The interfacial barrier in the case of a blocking contact 

is equal to ~ - X, where ~ is the electrode work function 
m m 

and X is the electron affinity of the insulator. This value 

of the barrier height has been chosen for the real surfaces. 

In some cases the potential barrier is often found to be 

independent of the electrode work function. 

Bardeen86 suggested that this discrepancy is due to the 

presence of surface states and these states produce a 

potential barrier at the semiconductor surface. The sudden 

displacement of the surface atoms from their lattice position, 

the absorbed gas and the water vapours are the main reasons 



for the existence of these surface states. 

Vacuum level 

VI F. L. 

C. B. t'l''': 
_---:._ F. l . ........... 

donors 

Vacuum level 

Fermi ...... 

C.B. 

'-, level 

'-&-"." 
Electrode Insulator Electrode Insulator 

(a) (b) 

Figure 1.21 Energy band diagram (a) before contact 

(b) after contact (blocking contact) 

1 .4 THERMALLY -STll1ULA.TED. CURRENTS 

The measurements of thermally-stimulated currents (TSC) 

have been widely used to determin~ the properties of traps, 

i.e. the density and energy distribution of charge carrier 

trapping centres in solids. 

1.4. 1 Experimental technique 

In this technique the samples are kept overnight under 

J 
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vacuum in a dark chamber with their electrodes short 

circuited as described by Slowick16 • The samples are 

then cooled rapidly to liquid nitrogen temperature while 

still in the dark and are illuminated through the top 

electrode with light of the appropriate wave length to 

fill the trapping centres. Now a constant external field 

is applied and the samples are heated in the dark at a 

constant heating rate. The current flowing in the 

external circuit is recorded as a function of temperature. 

The emptying of traps when a particular temperature is reached 

leads to an increase in the current in the form of a peak 

over and above the normal background current. For the 

fixed heating rate, Pai81 reported that the peak 

temperature shifts to lower values, as the applied field 

is increased. But, when the field is fixed and the 

heating rate is varied, the peak shifts to higher temperature 

as the heating rate increases. 

1.4.2 Theory (TSC) 

88 Raine and Carley-Read have given a method for analysing the 

thermally-stimulated conductivity curves. The different 

symbols used in their analysis are defined below. 

n is the density of electrons in the trapping level, e is the 
t 

trapping factor, T
t 

is the electron trapping time, T is the 

recombination life time, NC is the equivalent density of states 
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at the bottom of the conduction band, Nt is the density of trapp­

ing centres for the particular level, Et is the trap depth, St 

is the capture cross-section of the trapping level, V is the thermal 

velocity of electrons in the conduction band, T is the absolute 

temperature, k is the Boltzmann constant, n refers to the carrier 
. c1 dn 

• , c 
densi ty at heating rate T1 and similarly for n ,n \. is 1 

". c2 c1 dT , 
and similarly for n' , A is the cross-sectional area, d is the 

c2 
thickness of the specimen and JJ. is the carrier mobility. 

The rate of release of electrons from a particular trapping level 

is given by nt e 
It 

where 0 and 't't are given 

o = 

and t't -
Nt 

as 

N -Et (~) exp ( kT ) (1.33) 
Nt 

1 (1.34) 
St V 

The rate of retrapping of electrons for finite occupancy is given by 

Also, the rate of recombination is 
n 

c 
l 

For a single trapping and recombination level, these rates are 

related by the following equation. 

dn c 
dt = 

n c 
T 

Since the rate of change of nc is very small as compared with the 
dn 

relaxation time of nc ' so we can neglect dt 

Now the equation becomes 

n c 
'f" = 0 

c 
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Rearranging the above equation we get 

nts 
(1.36) n - "t" c (1 + t _ nt ) 

T Nt 

Now differentiating equation (1.36) with respect to temperature 

using primed symbols to represent such differentiation. 

e.g. 

Therefore, 

'1\ 

n'l = c 
dn 

c -dT 

+ 

Now using equation (1.36) in (1.37) we obtain 

, 
nl 

c . + 

Dotted symbols can be used to represent differentiation with 

respect to time. 

Hence, n . an' c 
nt - t - -r 

dt 

and 
, dn t - n n' - - c 
t - -rt dT 

Rewriting equation (1.33) 

N (_Et) 
9=( f ) exp kT t 

, 
, " N Et 

-E N -E 
9= de-' = c ( )exp ( --.!)+ .-£ exp ( ..-!) 

dT Nt k"T2 kT Nt kr 

or 
N' I Et e = 9 '( c ) 

fur2 
+ N c 

T3/ 2 , 
, i using this in the above equation. Since N a N = Nc, 

c c 2 T 
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I ~(Et 
9= T leT + 

~ne temperature dependence of N can be neglected if 
c 

Et > )kT. Us.w..g this approximation and substituting 

equations (1.40)&~d (1.41) in equation (1.38), also using 

(1.36) to eliminate n
t 

we obtain 

n~ = nc [Et ( 1:' + 1:'tJ (nc + Nt9 )2 ] 
l' + 1:' 2 - --.. -~-

. t kT T N2e 
t 

Putting the value of 9 from equation (1.33)into equation (1.42) 

gives the following result. 

Rearrmlgement of the above equation yields 

. E 2 
{nc + Nc ~xp (- t!.:tT) } 

Nt (~+ rrt ) = . N { E) 2· ,. ( 1 • 44 ) 
T· c t leT - nc/nc}exp(-Et!~T) 

At the curre~t maximum of the TSG curve, n' = 0, 
c 

therefore equ8-t;ion (1.44) becomes 

"1'2 N 
N(t'+1')k. c 

t t = -E
t 

T 

n is given as 
c 

n -c 

exp 

Id 
JleVA 

where I is the current flowing through the sa.m~le and V is the 

applied voltage. 

Equation (1.44) contains bvo implicit lLTLlmOwn parameters, 

Nt (L + 'i) CLTld Et , therefore t\vO values of T are used, i.e. 

the samples are hea"teil at two differeTlt :,'ates but under the 

same applied field, and two poLTl'vs on the b.0 peak curves 

correspondiP..g to the same temperature 2.re taken. Now two 

expressions are obtained from equation (1.44) and hence 

N ('t' + l.) c~"l b2 eliminated to give the follmiing expressio!1.. 
t t 
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{nc
1 

+ Nc exp (- Et/kT) } 
2 

{nC
2 

+ Nc exp (_Et/~ }2 

--~-------------------
T1 (Etl kT2_ n~1 I n

c1
) - T2 { Et / kT2 -I n'C/ nC2)} 

E n X n 
exp - t c2 - c1 

( kT,l = N (1 - X) 
c 

If we choose the current maximum value temperature for 1'1' 

then n' - 0, and equation (1.49) is further simplified as c
1 

( rl 2j n ) T2 1 - c 2kT c 2 E
t 

(1.50) 

We can see that equation (1.4S)gives the single value of E
t 

and by substituting this into equation (1.44), a single value 

of Nt ( 1" + ?'t) is obtained. 

t', can be calculated from the photocurrent using the 

following equation 

-r = 
fe J.L V 

where IL is the photo current and f is the number of photons 

per second absorbed by the sample. 

The area under the TSC curve is proportional to the concentra­

tion of charge carriers released from traps and is related as 

under 

n to = 
't' J.l.VeA 

where nto is the density of electrons in the trapping level 

at the start of the emptying period and a is the complete area 

under the TSC peak. 

It can be assumed that the initial trap occupancy is the 

thermal equilibrium value at a lower temperature corresponding 

to the value of n (n ) at equilibrium state in the presence c co 



52 

of the exciting radiation and the trap occupancy is given by 

nto ---N -
t 

j 1 N E!-1 
i + -2. exp ( -.i ) 

nco kT 

The value of ~ is known from equation (1.51), therefore ntt can 

be calculated. If n
tb is found equal to NtC t" + 1:' t) it means 

that t'«"C' 
t and the initial occupancy is 10ry~. Hence Nt can 

be found. Finally, we can say that if t' t< < "t' the value of 

Nt can be calculated without any assumptions, but t't and St 

cannot be found. But, on the other hand, ifT
t 

is compaxable or 

larger than, 'r, Nt and 1't can only be obtained, provided it is 

assumed that the initial occupancy is determined by thermal 

equilibrium conditions. 

Bube 89 calculated the trap depth Et from the curves of the thermally­

stimulated current by using the conductivity and the peak 

temperat-ure (T ). His calculation was based on the assump"tion 
m 

that the Fermi level is located at the level corresponding to 

the traps, when the conducti vi ty attains its maximum value and 

his expression of E
t 

includes re-trapping as well. So, according 

to Bube, the mean trap depth is given as 

where () is the peak conducti vi ty • 
m 

1.5 ELECTROFORMING IN M-I-M STRUCTURES 

Thin films of MIM samples under certain conditions undergo an 

electroforming procession exceeding a threshold applied 
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voltage across the dielectric. The forming process is 

distinguished by a pronounced voltage-controlled negative 

resistance which appears in the I-V characteristics of the 

formed sample. Also, as~ociated with the electroforming 

process are electron emission, electroluminescence and a 

memory effect. These phenomena have been reported for many 

insulators, including oxide~0-52, 90,91, halides54, sulphides92 

and certain polyme~ic materials93 ,58 • Recently Hogarth and 

60 
Iqbal have shown that thermally evaporated polypropylene 

undergoes a similar electroforming process. The electro-

forming is affected by the applied voltage, polarity of the 

bias voltage, thickness of the insulator, electrode material, 

temperature and pressure. Forming takes place in thin layers 

of insulator when a potential difference equal to or greater 

than the forming voltage VF, is applied across the sample50 • 

Also, a sinusoidal voltage of amp Ii tude greater than VF can 

induee50,94 forming effects. The degree of forming is related 

to the maximum current flowing through the sample. The current-

voltage characteristics almost follow the same path as long as 

the applied voltage does not exceed53 the VF limit. However, 

any attempt to break this limit will increase the degree of 

forming, provided the applied voltage remains within the 

breakdown point, which varies from material to material. The 

reverse polarity across the formed device will decrease the 

degree of forming, if the potential difference exceeds VF• 

The reverse bias does not completely deform the device and 

forming could be achieved again by positively biasing the top 

electrode to v;3. The degree of forming is also affected by 
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the thickne~s of the insulator and the peak current is 

inversely proportional to the cube of the thickness, i.e. 

I a d-3• 
P 

Electroforming has been reported in different oxides including 

A120
3

, SiOX' Ta20
5

, Zr02, Ti02, MgO and Al20
3 

having 

thicknesses between 100 to 20,000 2 50,51,95-101. The 

vol tage V m' for the maximum current was found to be independent 

. 102 
of the thickness of the oxide ,while VF, the fOrming voltage, 

increases slowly for increasing insulator thickness. In the 

presence of impurities forming can be achieved easily. 

However, if the impurity concentration is too low, dielectric 

b akd b f f . . . d d102 re own occurs e ore ornung 1S In :uce • Differential 

negative resistance has been observed in polymer layers 

varying in thicknesses from 150 to 2500 2 • The degree of 

forming in the case of halides and oxides is higher than for 

polymers, also the polymers are difficult to form as compared 

with other insulators43 • Several metal electrodes have been 

used in MIM structures. These electrodes include Ag, AI, Au, 

Cu, Si, Sn, Pb, In, Bi, Fe, W and Ni, i.e. most common metals 

except Mg101,103,54. Verderber53 et al studied the effect of 

electrode material on forming and found the same forming 

vol tags for the Ag ) Au and Cu electrodes when they were biased 

posi ti vely in a Al-SiO-metal system. Where the term metal 

refers to the material under investigatio~ They could not 

achieve electroforming with AI electrodes. Generally it is not 

possible to get electroforming at atmospheric pressure. 

However, it has been reported that fluorides
104 

can be electro-

formed in air at atmospheric pressure. In most cases it is 
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established at a low pressure of less than 10-2 torr or in 

inert gas at atmospheric pressure53• 

So far we have discussed ;he factors affecting the electro-

forming process. In the following section we shall outline 

some properties of the formed devices. 

1.5.1 Differential negative resistance 

As mentioned before, to achieve electroforming it is necessary 

to apply a voltage greater than or equal to the forming 

voltage V
F

• Once the forming has been achieved, a differential 

negative resistance appears in the I-V characteristics of the 

device. A typical shape of the differential negative resistance 

characteristic is shmm in Figure 1.22. Such a negative" resistance 

is lmmm as a voltage-controlled negative resistance, or VGNR. 

-
....... 
c 
ru 
'­
'­
::J 

l.J 

Vm Voltdge (V) 

Figure 1.22 General shape of the voltage-controlled negative 

resistance. 



After electroforming the device resistivity decreases and 

the current increases by several orders of magnitude 53 • The 

change in conductivity is permanent and the I-V characteristics 

show VCNRfor both increasing and decreasing voltages. V m 

corresponds to the maximum current flowing through the sample 

and was found independent of the insulator thickness, but its 

value varies slightly (3 to 5 v) with insulator and electrode 

material. However,. the peak current depends upon the nature 

and the thickness of the insulator. 

Ip 

-<: -
~ 

c 
OJ 
c-
L 
:J 

U 

Stable 
area 

o VT Vrn VBV(VE 
Voltage { V} 

Memory paths 

Voltage (v) 

Figure 1.23 The I-V characteristics of a formed MIM sample, 

showing several high frequency characteristics DB, DC and DE 
, , 

and memory states as DB', DC' and DE • 

Let us consider Figure 1.23 where we notice that up to the 

threshold voltage V
T

, the current is independent of the 

frequency i.e. the a.c. and the d.c. characteristics in a 
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formed sample are given by the same curve ~A. Also the peak-
, 

•• or ow current Ip decreases with frequency. Only the d c 1 

frequency measurements demonstrate a negative resistance53• 

For applied a.c. voltage V > VT, a new set of I-V characteristics 

appears as shown by the dotted line s. In the range V T < V (. V u 

the overall impedance of the characteristics increases with 

increasing voltage amplitude. For instance, if the voltage 

amplitude is raised up to VB' then decreaSing the voltage 
, 

involves following the curve BB!O, instead of BAO. Similarly 
, I 

we can explain the curves CC 0 and' EE! O. These characteristics 

do not exhibit negative resistance, although the locus of their 

end - points coincides with the d.c. characteristics. 

1.5.2 Memory characteristics 

When the applied voltage across the' formed sample is taken 

beyond V and then switched off quickly, (less than 10-3 sec) 
m 

a memory state is induced on the sample
52 . (See Figure 1.23). 

It follows that if the voltage corresponding to any operating 

point on the negative-resistance region (say to the point B) 

is reduced to zero in 0.1 ms, then on reapplication of voltage 
, 

a high-impedance state OB will prevail, rather than the low-

impedance characteristics OA, provided the applied voltage 

does not exceed V
T

• Similarly any voltage pulse corresponding 

to the points C and E, with trailing edge faster than 0.1 ms 
I 

will generate respectively the new impedance states 0 C and 

o E. Switching from a low-to-high-impedance state is 

accomplished by a voltage pulse of duration about 2 to 3 ns. 

These memory states can be erased to get the previous low-
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impedance state OA, by applying a voltage pulse slightly 

greater than VT in height and about 100 ns wide. It takes 

almost 100 ns to complete a cycle of switching from high to 

the low-impedance state and back again. A period of time which 

. -6-1 varles between 10 to 10 seconds must elapse before the 

swi tching cycle is repeated. It is known as the dead time 

and depends upon the temperature and the sample fabrication54• 

Any operating point lying within the electrically stable area, 
, I , 

enclosed by the perimeters OAB C'E 0 is retraceable and stable 

but only the points on the curve ABCE are stable within the 
, , , , 

area enclosed by the perimeter EICiB ABCEEI. 

1.5.3 Thermal characteristics (Thermal-voltage memory) 

At liquid nitrogen temperature, the application of a voltage 

across the formed sample will produce a negative resistance region 

similar to the low-impedance curve OABCE in Figure 1.23. If 

the voltage corresponding to any point between VT and VE on the 

curve ABCE is reduced to zero, irrespective of being fast or 

slow, the I-V characteristics follow the new high impedance 

path. For example when the voltage corresponding to the point 
I 

C is reduced to zero, the OCC state will be followed. The 

device will remain in this new high-impedance state, even if 

the applied voltage exceeds VT, as long as it is kept below a 

certain critical temperature. 

If the device temperature is raised to 300 K, any voltage 

v > V T will cause it to switch back into its initial low­

impedance state OA. In fact, the sample will switch back to 

the low-impedance state, even if it is first heated up to 
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room temperature, followed by cooling it to 77 K and then 

applying any voltage greater than V
T

• Thus the sample 

remembers the heating process and possesses a thermal-voltage 

memory in addition to the voltage memory. 

1.5.4 Electron emission 

Electron emission from the formed MIM samples into vacuum 

develops at the saine time as VCNR. These electrons can be 

collected by a subsidiary anode biased to + 100V and positioned 

about 2 cm from the upper surface of the sample105• Electron 

emission into vacuum has been observed at a voltage just beyond 

V (where V corresponds to the maximum current flowing through m m 

the sample) and it rises steeply with increasing voltage. 

During emission some energetic electrons with energies extending 

up to the full applied potential difference across the sample 

are emitted. Small centres over the surface of the film are the 

source of emission and 

t o thO t 106 
lme a eac POln • 

the intensity of emission varies with 

Hickmott107 studied Al-Al20
3
-Au diodes 

and pointed out that'at low voltages emission occurs through 

the pin holes, which are uniformly distributed over the area 

of the diode. At higher voltages the emission becomes spotty 

and it is not possible to correlate electro-luminescent spots 

1 t OO 108-110 El t with regions of enhanced e ec ron effilSSlon • ec ron 

f °d 102, 
emission has been observed in many MIM structures 0 oXl es 

108,109,111 and in some POlymers60 • Also, the emission 

current is more temperature dependent than the circulating 

108 
current • 
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1.5.5 Electroluminescence 

Electroluminescence and electron emission appear simultaneously 

with the initial development of conductivity and negative 

resistance in the formed MIM sample. Electroluminescence 

occurs as a number of bright spots on the electrode surface108 • 

These bright spots tend to be stable through several cycles 

of current-voltage characteristics, but sometimes they change 

their positions or disappear completely. Electroluminescence 

o • 112 113 86 51 0 102 1n Zns ,Cds ,ZnSe ,Al2~ and S102 has been 

reported at low voltages. In some cases light with photon 

energy greater than the applied voltage has also been observed. 

According to Hickmott, electroluminescence and electron 

emission rise steeply above 1.5 V for AI-SiO-Au diode. 

Furthermore they are independent of the diode current and the 

thickness of the oxide. But, unlike electron emission the 

intensity of the electroluminescence does not depend upon the 

polarity of the applied voltage 1 OS, 115. 

1.5.6 Theories of electroforming 

A number of theories have been proposed to explain the 

phenomena of electroforming and associated effects in 

insulators. The important points of these theories are 

explained in the following section. 

(i) The model of Hickmott 

102 b fOb 01 According to Hickmott1s model, a large num er 0 lmIDO 1 e 

neutral impurity centres of energy E1 , situated approximately 

at the centre of the band are responsible for the electro­

forming. The number and nature of these impurity centres in 
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an insulator are influenced by its method of preparation, 

structural faults and also by the existence of foreign atoms 

in the lattice. The conduction process is dominated by a high­

field region normally situated near the cathode but can exist 

in any region of the insulator. A necessary condition for 

electroforming is the location of impurity band in energy 

within a few tenths of a volt from the mid-band gap E 
~, before 
2 

forming. 

As a result of the applied voltage across the diode, 

Schottky emission takes place from both the cathode and the 

impurity centres; the latter electrons will leave the ionized 

impurity centres in the insulator. When the applied potential 

difference reaches the forming voltage, the number of ionized 

impurity centres in the insulator becomes large enough to form 

an impurity band in the insulator. Also, the metal-insulator 

interface is modified in such a way that electrons can easily 

be injected from the electrode into the insulator without any 

thermal activation. The conduction is due to low mobility 

injected electrons which hop from one centre to the next as 

shown by (1) in Figure 1.24. The impurities contributing to 

conductivity are uniformly distributed throughout the insulator, 

but the conductivity is controlled by positive impurity centres. 

The phenomena of negative resistance, electron emission and 

electroluminescence are explained by postulating an immobile 

hole level ~, between the impurity band and the valence band. 

As the voltage across the diode is increased, the hole levels 

are filled by the electrons excited by impact ionization or 

tunnelling from the valence band (2). The hole left behind 
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Figure 1.24 Schematic diagram of the un_fo:::med and formed 

sample and the establishment of conducti vi ty in the high 

field region (after Hickmott102). 

in the valence band moves towards the cathode under t}1e 

influence of the high field (3). '{hile moving towards the 

cathode the hole is neutralized by an electron from the impurity 

levels (4), or anothe~ electron trapped in an impuri~ centre 

is excited into the conduction band by its recombination 

energy (5). Now in the conduction band this electron is 

accelerated in the high field towards the anode (6). Electrons 

having energies greater than the electrode wo~k-function can be 

emi tted from the sample while others may b2 c2."Jtured by the 

impurity band (7). 

The ionized impurities in the impurity band, co~tributing to the 

circula-cing current are neutralized by the electrons tlLrmelli 1"16 

from the valence band or secon~ icpurity level, which results in 



the appearance of the negative resistance region. Radiative 

transitions between E1 , ~ and ~ cause the electrolumines­

cence (~ is the energy of the top of the valence band). 

(ii) The model of Verderber, Simmons and Eales. 

The electroforming according to this model is explained in 

terms of the injection of positive ions into the insulator 

from the postively-biased electrode, when the applied voltage 

becomes equal to the forming voltage vF
53 • These injected ions 

diffuse into the insulator under the influence of the forming 

field and the rate of diffusion is reflected by the time taken 

for a sample to form. For an unformed sample, the barrier 

height at the metal-insulator interface above the fermi level 

is given by 

CPo ='+'. -x· m ]. 

where ~ is the electrode work function and x. is the electron 
m ]. 

affinity of the insulator. The field at the metal-insulator 

interface is given by 
1.. 

n e 2 

F = ( d. ) 
2 ,£ to 

where ebb is the bulk activation energy of the unformed 

insulator, Vd is the voltage drop across the depletion 

region, nd is the donor density, t is the dielectric constant, 

e. is the permi tti vi ty of the free space·, e is the electronic 
o 

charge and cb is the barrier height as defined above. 
o 

Figure 1.25 shows the energy-band diagram of the unformed 

MIM system for different bias voltages. When V< VF' the 

energy diagram for the unformed system is shown in Figure 1. 25(b) 
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Figure 1.25 The energy band diagram of the unformed Mll1 

system for different applied voltages. 

The effect of the voltage bias is to increase the width of 

the depletion region and the field at the negatively biased 

electrode and to.decrease them at th~ positively biased 

electrode. The ionized char~s in the depletion region give 

rise to a positiye field a:~ the anode which prevents any 

migration of ions from the anvQ2 into the insulator. 

When the applied field attains the value V
F

, the field at the 

interface beco~es zero, ~s shown in Figure 1.25(c). So t~e 



ions entering from the anode into the insulator are free to 

migrate throughout the insulator. The condition for F = 0, 

from equation (1.55) is 

-cp b 

If a similar voltage is dropped across the depletion region 

at the negatively-biased electrode, then the forming voltage 

will equal 

V F = 2V d = 2 ( cp 0 - cP ) b 

The inj ected posi ti ve ions must drag into the insulator an equal 

number of electrons from the opposite electrode in order to 

satisfy the overall charge neutrality. It has been suggested 

that gold atoms act as donor centres and their polarity depends 

on their position with respect to the Fermi level of the 

insulator52• The gold "donors" would provid a discrete energy 

level in the forbidden band of an insulator having a crystalline 

structure. But in the case of an amorphouse insulator, the 

situation is different, mainly due to two reasons. 

(i) The potential energy of the gold ion within the lattice 

is not well defined. This is because there is no consistency 

in nearest neighbour and next-nearest neighbour configurations 

so the ion does not have a uniquely defined environment. 

(ii) An amorphous insulator contains a large number of traps; 

some of these situated below the Fermi level will be occupied, 

giving a negative charge. The net result of the above two 

effects is to produce a broad band of localized states within 

the forbi.dden energy gap of the insulator as shown in 

Figure 1.26(a) for the V = 0 condition. When the applied 

vol tage V is less than cP i' an electron at the ]lermi level can 
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Figure 1.26 The energy-band dia.gra.m of the formed metal-

insulator-metal sample for (a) no applied voltage (b) applied 

voltage 

g:r:-eater 

less than cP.- • 
L 

(c) for applied potential difference 

thancp i .. Where If/ m is the metal 'Hork-function,<;b 0 

the metal-LTlsulator barrier height and '-Pi and¢ i respectively are 

the energies of the bottom of the condition bend and top of the 

localized levels measured from the Fermi ,level. 

V(>. 

.-~ EJ.. 
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pass through the band of adjacent sites, provided by the 

gold atom, to the other electrode by a tunnelling-hopping 

process as shown by the line a b in Figure 1.26(b). 

The differential negative resistance in this model is 

explained below. When the applied potential difference 

V, exceedsqb., only the electrons having energies greater 
1 

than V-Gb
i 

below the Fermi level can contribute to the 

circulating current through the localized states as shown 

in Figure 1.26(c). Since the number of injected electrons 

contributing to the circulating current, falls off rapidly 

with the energy below the Fermi level, so the current 

passing through the sample decreases with increasing 

voltages. 

Verderber and Simmons 109 explained the emission process as 

hot electrons emitted into the vacuum from the pinholes 

in the upper electrodes. Initially the electrons are 

excited into the conduction band by acquiring an energy E. 
1 

from the lattice. Those who do not suffer any losses in 

the insulator will enter the top electrode with an energy 

eV + E. above the Fermi level. These electrons can be 
1 

emitted into vacuum if 

eV + E. > \il 1 Tm 

where ~ is the work function of the electrode. 
ill 

(iii) The model of Gree~Bush and Rawlings. 

This model explains the evolution of gas, the importance 

of anode material and the dependence of the forming voltage 

on the insulator material during the electroforming process. 

However, the electroforming is the result of the high-field 
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solid-state electrolysis of the insulator in the localized 

regions. The anion vacancies are injected into the 

insulator provided a sufficient number of defects such 

as grain boundaries, dislocations and point defects are 

t · . t 122 
presen 1n 1 • 

For a hypothetical insulator MX, where M and X represent 

the electropositive (cations) and the electro-negative 

parts (anions) of the compound MX respectively, the 

. reaction at the anode under a low-field condition, with 

inert electrodes in an inert atmosphere is given as 

and the reaction at the cathode is 

M+ -+ e 

Under the high-field condition thereaction replaces the 

reaction (1.59) at'the cathode. 

Ox + e --I~~ I e Jx 

As a result of the above reaction the electrons are inj-

ected into anion vacancies where 

Ox ~ represents the anion vacancy. 

I e I X ~ represents the vacancy with trapped 

electron. 

The evolution of fluorine from the fluoride and oxygen 

from the oxides can be explained by the reaction (1.58). 

The conduction occurs by the tunnelling of electrons 

(1.58) 

(1.60) 

through the localized conduction paths or chains of defect 

centres, caused by the diffusion of vacancies under the 

electric field. Such vacancies are generally formed at 
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the anode by the discharge of X ions. 

In the presence of oxygen the following reaction takes 

place at the cathode. 

2e 2-o 

when the partial pressure of oxygen becomes suffiCiently 

high, reaction (1.61) dominates and the reaction (1.60) 

which is the main source of conducting centres, vanishes. 

(1.61) 

Therefore the chance of electroforming is eliminated. This 

model also explains the dependence of the degree of electro-

forming on the anode material. For a chemically reactive 
I 

anode metal Ma, the following reaction replaced the reaction (1.58), 

which occurs at the inert electrode. 
n+ 

Ma -~~~ Ma + ne 

Reaction (1.62) results in the ionization of anode metal 

atoms, which then enter into the insulator. If the rate, 

by which the material enters into the insulator, is 

governed by the reactions (1.61) and (1.62) rather than 

by (1.58) and (1.59) the insulator thickens up and the 

high-field condition necessar.yfor reaction (1.60) is 

diminished. Therefore the electroforming can only be 

(1.62) 

achieved by using less reactive anode material and a lower 

oxygen content, this also reduces the possibility of 

reactions (1.61) and (1.62). 

This model explains the memory and differential negative 

resistance in terms of trapped space-charge, which is 

formed when some of the electrons are excited by the 

electric field from the localised conducting paths into 
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the unformed dielectric. The energetic electrons capable 

of overcoming the work-function of the top electrode appear 

as emission current. 

(iV) The model of Barriac, Pinard and Davoine 

According to this mode1116,55 the electroforming is explained 

in terms of injection of ions from the anode and the conduction 

is ionic. When a voltage is applied across the unformed 

sample, the electric field varies within the insulator due 

to the existence of imperfect regions. At a critical value 

of the voltage, electrical arcing across the region takes 

place and releases heat and causes local melting of the 

insulator. The positive metal ions injected from the anode 

into the insulator under the action of the applied electric 

field migrate towards the cathode and create a positive 

space charge in the cathode region such that all the voltage 

is dropped across a narrow region of width much less than 

the thickness of the insulator. The region is named as the 

effective thickness, which varies with the amount of space-

charge and the applied voltage. Tunnelling of electrons 

from the cathode begins when the effective thickness reaches 

a saturated value and it also becomes voltage-independent at 

a certain value of the space charge. The tunnelling 

electrons have low energy and cannot tunnel through the ionic 

barrier. The positive ionic charge carrier becomes electric­

ally neutral when attacked by these electrons and give rise 

to the neutral pairs termed "pseudo-atoms". A drop in the 

ionic current explains the differential negative resistance. 
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However, some of these electrons gain enough energy from 

the electric field so that they are able to tunnel through 

the ionic barrier and by overcoming the metal work function 

they contribute to the emission current which main~ appears 

along with the negative resistance in the formed devices. 

The reaction at the cathode55 in the absence of oxygen is 

given by 

M+ -+ e --... [M~ e] 

ion + electron ...... Neutral-pair 

While, in the presence of oxygen the following reaction is 

most probable. 

+ 1 +r 
2M + re + 2' O2--1... M2 ' 0 

ion + electron -....... oxide 

The above equation shows that the ions form a stable metallic 

oxide in preference to neutral pairs. Also, the space charge 

in the cathode region is perm~~ently neutralized. Therefore 

the VCNR cannot be obtained with the sample in an oxygen 

environment. 

(v) The model of Dearnaley, Morgan and Stoneham. 

According to this model the conduction, memory effects and 

electron emission are confined in highly localized regions 

and the rest of the matrix plays almost no part in the 

observed phenomena. The electroforming is believed to be 

due to the creation of filamentary paths between the 

electrodes. When the applied potential difference reaches 

the forming voltage, the power dissipation causes the 

rupturing of the chains and the electron emission begins at 



72 

thi . t 117 s p01.n • 

The conduction through these filamentary paths is ohmic 

with negligible activation energies. Hopp~ conduction, 

space-charge effects and tunnelling are ignored. Moreover 

these filaments are not uniformly distributed and their 

resistance is due to the existence of weak spots which 

become heated by the flow of the electrons. The conducting 

chains are ruptured because of the phonon scattering at the 

weak hot spots of the filaments. The rupturing of the 

filaments explains the existence of negative resistance 

and memory properties of the formed layers. 

Joule heating occurs during the electronic conduction 

through the filaments and the filaments have the temperature 

T, the same as that of the lattice. 

If the temperature T, exceeds T , the rupturing 
m 

of the filaments will start where T is the maximum 
m 

temperature of the lattice, which the filaments could sustain, 

before they start rupturing. The temperature T, is either 

chang~d by Joule heating or by the loss of heat to the 

insulator. The rate of loss of heat to the insulator is 

proportional to the temperature difference between the 

filaments and its environment. Therefore the local temper-

ature is given by 

1 
l' c 

(T - To) 

where T is the tempera~~e of the filaments' environment, 
o 

e, is the resistance of the filament, 't'c and 0( are the 

cooling and heating times respectively. For the static 
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characteristics, it follows from the steady state solution 

of equation (1.63) that the value of the filament resistance 

should be greater than fmin to remain unfractured at the 

applied voltage V. 

< 0(v2 
p . c 
{min = ..,..( T~-- T ) 

max 0 

The total current through the filaments can be written as 

Where p( e ) is the probability distribution of the various 

resistance and it is normalized as 

(1.66) 

The probability distribution p( f) also determines the shape 

of the characteristics and has two main features. Firstly 

there are very few filaments having resistances below the 

value which is 

~= 
T 

VT corresponds to the threshold voltage. Secondly there are 

very few filaments with resistance greater than fu' where 

~ V2 
0_ \.cO( u 

lL{.- T - T 
max 0 

Here V stands for the voltage corresponding to the minimum 
u 

(1.68) 

current. The distribution of p( e) is shown in the Figure 1.27. 

For small values of f, p( e) is negative. This is due to 

the contribution of tunnelling at small voltages. 

As described before, electronic conduction takes place under 
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the influence of the applied field which increases the 

phonon scattering and the electron tempe~ature, particularly 

. t'h , a"I; __ e weaK regions of the filaments, resulting in the 

electron scattering into the surrounding matrix of the 

insulator, where they are trapped and create highly polarized 

regions. 

\ 
I .. \ . 

/ 
pcp) I \\ 

1,\ 
t~ 

0 '" t P 

\ 
~ 

Figure 1.27 The prl..,babili ty distribution pC ~) of 

filament resistances versus e (after TIearnaley et al). 

These regions are released by the thermally-activate~ 

Poole-Frenkel emission of trapped charges. Tae time required 

for t~e cOQyletion of such emission is ~O~fn as the relaxation 

time, which is bigher at low temperatures, corresponding 

to the high-iI!l?edcnce memory state. 
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(vi) The model of Ralph and Woodcock 

According to the model proposed by Ralph and Woodcock57 , 
the conduction through the formed insulating layers is due 

to the existence of filamentary paths, extending from 

one contact to the other, each associated with an impurity 

band. The density of impurity states and the effect of the 

local fluctuations in potential on these states control the 

properties of these impurity bands. 

The impurity band and the Fermi level are assumed to be 

situated in the centre of the forbidden gap of the insulator 

for simplicity. These impurity centres may be charged or 

neutral and any other compensating charge existing on the 

unspecified centres would contribute to V where V is o 0 

given by 

Here V is the random excess potential at each site. 

The impurity band shows mobility edges at both the top and 
. 

bottom of the band giving rise to the mobility bandwidth, 

which is less than the density of state bandwidth 119. A 

large number of variations occur in the density of centres 

in the impurity band due to the non-uniformities in the 

initial layer before electroforming. 

The local fluctuations in V and the non-uniformities in the 
o 

initial layer result in the variation of mobility band-

width and the density-of-states bandwidth. The regions 

consisting of narrow mobility bandwidth are referred to as 

constrictions. Figure 1.28 shows a constriction present in 

a filament which arises due to the asymmetrical increase in 

(1.69 



the density-of-states bandwidth (E
l

) and a corresponding 

decrease in the mobility bandwidth (~). 

Dcznsity of 
Mobility band states band 
width (EM) . width (E I > 

- -1- - - -- - - -----1--
. I . I c. B. 

I 

V.B. 

Mobility 
gap 

-------------- ------'-

Dominant constriction 

du~ to Vo fluctuation 

]'igure 1.28 TIle proposed band picture of a formed amorphous 

insulator, showing the effect of fluctuating V , on a 
o 

filament~ conducting region (2£ter Ralph and Woodcock)J~ 

The current flol,vs in the filaments by iso-energetic tunnell-

ing th:cough the centre of -the impurity band, when the applied 

voltage is small. As the potential difference across the 

filament is increased up to a certain point, some electrons 

become hot enough to leave the centre of the impurity band 

and enter the region of rapidly decreasing mobility in the 

constriction, as shown -:';y (a) in Figure 1.29. The filament 

continues to c~nduct via the trappir~ states by combination (b) 

thermal decradation (c) and by field emission (d). 

T'ne filament stops conducting due to trapping and this 

causes the fall in the current in the negative resistance 

region. The traps ca..~ cause the current to cease in the 
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Figure 1.29 Different processes occurring in the 

constriction of a formed conducting filament:(a) iso-

energetic tunnelli...""lg into the region of localised states. 

(b) radiative recombination: ( c) thermal degradation: 

( d) field emission. (after Ralph and Woodcock. )57. 

follmving t'rlO ways. (i) "If a positive charge is induced 

in the conducting part of the filament, due to a trapped 

negative space-charge in a region \{here the mobility band 

is narrow, the depletion of electron will lower the Fermi 

level into the region of localized states at the bottom of 

the conduction band and will stop the filament to conduct 

as shown in the Figure 1.30. (ii) The random potential 

V of the constriction is increased due to the trapping in 
o 

V 
its localised levels, thus chang; ng the value of 0/ J' where 

J. is the bandwidth. The mobility bandwidth depends upon the 

value of V 0/ J. If it increases aJove a critical value the 

band\ddth clls.:i.ppears and all the staues in this region 

become localised and prevent the filament conducting. T~is 

situation is shown in Figure 1.31. 
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a) 

b) 

Figure 1.30 A non-conducting state of a filament caused 

by the trapped negative charge in the SlL"YTounding unformed 

materiaJ. of the filament (a) geometrical representation, 

(b) the' corresponding diCloDTall for thefilaillent. (after 

Ralph and "Toodcock. )57. 

The memo~ state of the device arises from the fact that 

some of the filaments remain in the high resistance state 

by trapping sufficient charges, when the applied voltage 

is quickly reduced to zero. A constriction situated in 

the vicinity of the anode causes the electron emission. 

The emission also occurs from many small specs on the 

anode. 
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Figure 1.31 A non-conducting state of the filam6nt caused 

by the trapped negative charge in tl.:.e localised levels of 

a constriction (a) geometrical representation (b) corres~ond-

ing band diagram for the filament. (after P..alph and "loodcock. )57. 
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2. CHAPTER TWO 

PREPARATION OF THIN FILM SAMPLES 

2.1 Introduction 

In the last chapter earlier work on polymer films has been 

reviewed and some of the conduction mechanisms before electro-

forming and the theories explaining forming effects were 

discussed. 

Many attempts have been made to investigate the conduction 

mechanisms in dielectric polymer films. Zor43 studied some 

electronic properties of thin films of polyethylene formed 

by vacuum evaporation and sandwiched between different metal 

electrodes. In order to perfect the technique, some (Cu-PE-Cu) 

samples were made and some of his results were reproduced. 
I 

Polypropylene is believed to be a better insulator than poly-

ethylene, so it is of great interest to evaporate it under 

similar vacuum conditions as used for polyethylene in order 

to study its electrical properties. 

In the following section the method of preparation of poly-

propylene films and details of the equipment used are given. 

2.2 Cleaning of substrates 

Corning 7059 borosilicate glass substrates (2.5 cm x 7.5 cm) 

were used throughout the experiments. Before any deposition 

the substrates were cleaned thoroughly in order to avoid any 

contamination. Four substrates were fixed in a glass stand 

(shown in Figure 2.1) and were cleaned every time according 

to the following procedure. 
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(i) Boil in a solution of Teepol in distilled water for 

15 minutes. 

(ii) Rinse in hot distilled water for 5 minutss. 

(iii) Remove the traces of Teepol and grease by immers~ 
in isopropyl alcohol. 

(iv) Dry in a stream of air and use Selvyt cloth for dusting. 

(v) Blow off any remaining dust particles by a stream of 

compressed air. 

(vi) Finally clean by glow discharge during the pumpdown at 

a pressure betw"een 0.1 and 0.05 torr. 

Figure 2.1 Glass stand for holding substrates. 

2.3 Deposition of base electrodes 

A BaJ.zers BA510 coating unit was used for the evaporation 

of base electrodes. It was fitt8d with a DIFE1500 diffusion 

pump and a DU025 rotary pump and was capable of producing a 
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-6 chamber pressure of 7 x 10 torr. The pressure inside the 

chamber was monitored with Pi rani and Penning gauges. 

Facilities for producing a glow discharge and heating and 

cooling of the chamber were available. Evaporation sources 

were usually made in the form of boats. Cu, Ag and Au were 

evaporated from molybdenum boats, while the evaporation of 

Al was carried out using a tungsten filament (see Figure 2.2). 

The complete evaporation unit is shown in Figure 2.3-

(a) 

(b) 

Figure 2.2 (a) Boat for evaporation of Cu, Ag and Au. 

(b) Tungsten filament for evaporation of Al. 

The current during the evaporation was controlled from 

outside the chamber by a rheostat. A quartz crystal monitor 

was used to measure the evaporation rate a~d the thickness. 

of metal film and was mounted directly above the evaporation 

source. 
Three substrates were fixed in a holder which was 

mounted 25 cm above the boat. One of the substrates Has 

J 
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r~1 r~ 

( 

Figure 2.3 Complete vacuum system. 

Where R is rotary pump, D is diffusion pump, C is vacuum 

chamber, V
1 

is rotary pump air ad.:littance value, V2 is 

roughing bypass valve, V3 is b~iCking valve, V4 is main valve, 

V5 is chamber air admittance valve>, G1 is perLYling galloo-e and 
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used for thickness measurements. A stainless steel mask of 

the required pattern was fixed just under the substrate holder 

and it was possible to change its position from outside the 

chamber without breaking the high vacuum. An aluminium 

shutter, having its control outside the chamber was used to 

cover the substrates while the initial evaporation conditions 

were established. 

The evaporation was carried out at a chamber pressure of 

-5 0 less than 10 torr, and at a substrate temperature of 100 C. 

Six isolated base electrodes were deposited on each slide, so 

twelve electrodes were deposited in one run. The substrates 

were allowed to cool down to room temperature while still 

under vacuum and were then transferred to another plant 

for the evaporation of the dieletric material. 

2.4 Evaporation of polypropylene 

The evaporation of the polymer was carried out in an Edwards 

coating unit 6E with an Edwards 1SP30 rotary pump backing the 

102A oil diffusion pump and was able to attain a chamber 

pressure of 10-5 torr. It was possible to fix three substrates 

at a time on a stand inside the chamber. The middle one was 

always used to collect the material for thickness measurements. 

The source-to-substrate distance was 8 cm and the substrates 

were separated by a shutter. The pressure inside the chamber 

was kept steady by circulating cold water in the rubber pipes 

mounted around the chamber. Polypropylene was evaporated 

at 6 x 10-5 torr from a stainless steel boat (shOwn in 

Figure 2.4) covered with a lid having a number of holes of 

diameter 0.07 cm, onto the previously deposited base electrodes. 
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L 

B 
( 

T 

Figure 2.4 Schematic illustration of evaporation source 

for polypropylene. Where B is stainless steel boat, L 

is lid containing holes, T is thermocouple and C is clamp 

to fix the boat in the vacuum chamber. 

The evaporation \{as carried out at a SOlL~ce temp'3rature of 

'6 + 0 9 -"" 33 - 2 C and the evaporation rate was 13.3 A mL~ '. This 

temperature was chosen to give a. uniform deposition of 

polypropylene. The source temperature was measured with 

a chromel-alumel thermocouple connected to the base of the 

boat through a Comark 1602 electronic thermometer. A 

molybdenum heater was used to heat the boat and the current 

through the heater was controlled from outside using two 

rheostats, so that the source temperature could be controlled. 

The heater was electrically insulated from the boat by 

inserting mica layers. The shu~ter \Vas kept ,-;lose to thr-

boat before any evaporation \Vas started. An 'arrangement 

involving a ffiOVing shutter inside the chamber was made to 
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deposit three different thicknesses of polypropylene on 

the same substrate without breaking the high vacuum. The 

evaporation time was varied according to the required 

thickness of the polypropylene. Now the substrates were 

again transferred to the previous plant for the evaporation 

of top electrodes. 

2.5 Deposition of top electrodes 

Top electrodes were evaporated in the coating unit described 

in sec.2.3. Before evaporating the electrodes, the polypropylene 

layer was exposed to the glow discharge in order -Go initiate 

some cross-linking43• The glow discharge took place at a 

pressure between 0.05 and 0.1 torr. The current \vas 150 rnA 

and the voltage was 120 volts. T'ne substrates \-rere not 

heated again before the evaporation, in order to avoid short 

circuiting between top and base electrodes. ~ne evaporation 

was carried out at a chamber pressure of 10-5 torr. Twelve 

MIM specimens were prepared in every run. A substrate 

containing six complete samples is shown in Figure 2. 5. 

Top electrodes 

Active 
--I--~~ 

Pot ypropylene 

area 
Substrate 

Base electrodes 

FIgure 2.5 Substrate supporting samples. 

" 
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Both base and top electrodes had thicknesses between 550~ 

to 850~. 

2.6 Thickness measurements 

Edwards quartz film thickness monitors were used for 

monitoring the thickness of the evaporated metal electrodes. 

Duririg the evaporation of metals and polypropylene7 . one of 

the substrates inside the vacuum chamber was always used 

to collect the material for the thickness measurements. 

Now a reflective coating of aluminium was evaporated over 

the whole substrate and the film thickness was measured by 

using the mul tibeam interferometry techniques. Typical 

observed interference fringes are ShOyffi in Figure 2.6. 

The thiclmess of the film was calculated by using the 

following formula 

S 
t - d 

} 
2 

where t is the thickness of the film, S is the depth 

of step or well, Q is the related distance between the 

fringes and A is the wavelength of the light used. 

s d 

I t 

I 
I 

Figure 2.6 Interference fringes observed for thickness 

___ .L. 

(2.1) 
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3. CHAPTER THREE 

ELECTRICAL CONDUCTIVITY 

3.1 Measuring techniques 

All electrical measurements were carried out in a vacuum 

chamber capable of maintaining the samples at a pressure 

below 10~5 torr. Arrangements inside the chamber were made 

for low and high temperature measurements. It was possible 

to cool the substrate to 100K, by mounting it on a copper 

plate with silver paste. The plate was fitted with a heater 

and most of its area was in good contact with a brass box, 

which could be filled with liquid nitrogen from outside. A 

perspex assembly was fixed around the substrate (containing 

the devices) so that the electrical connection could be 

made to the devices with copper strips and joined with 

silver paint. The temperature of the substrate was monitored 

by using a chromel-alumel thermocouple through a Comark 

electronic thermometer. Screened coaxial cables were used 

for the electrical connections. In order to eliminate any 

fluctuations during the measurements of low circulating and 

emission currents, an earthed aluminium cage was placed 

around the chamber, in which the samples were kept. The 

following two circuits (see Figure 3.1) were set up for the 

measurements of (a) (Ic - T)V and (Ic - V)T characteristics 

at constant voltage and temperature respectively, 

(b) emission current. 

Where I is the current passing through the sample, V is the 
c 

applied voltage and T is the temperature (Ic - T)V and (Ic - V)T 

stand for the I - T and I - V characteristics at constant 
c c 

voltage and temperature respectively. 
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Sample 

Figure 3.1(a) Circuit for measuring I - T and I - V 
c c 

characteristics at constant voltage and temperature respectively. 

Top electrode 
;/ 

Polypropytene~~}@f 
/f Sample 

Ba5e electrode 

AI-Electrode + 100 V 

Stablised + 
---'--

low vol tag" _ 
power 
supply 

H .. T. power 
supply 1 --. 

Sample 

(b ) 

A Electrometer 

Figure 3.1(b) Circuit for measuring emission and circulating 

current for electroformed devices. 
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3.2 Electrode effects 

I-V characteristics of evaporated polypropylene (pp) , in the 

form of thin films sandwiched between different metal 

electrodes were studied. We used copper, aluminium, silver 

and gold as electrode materials. Electrodes were deposited 

by vacuum evaporation and the electrical measurements were 

carried out at a pressure of 10-5 torr as explained in 

Section 3.1. 

3.2.1 . Copper and aluminium electrodes 

The voltage-current characteristics of Cu-PP-Cu and Al-PP-Cu 

samples with three different thicknesses of polypropylene 

(1200i, 1800i and 2400i) are shown in the Figure 3.2. The 

maximum electric field at V = 30 volts in each case is given 

below. 

E(1200i) 2.48 x 106 V -1 
= cm 

E( 1800i) 1.66 x 10
6 

V -1 - cm 

E(2400R) - 1.25 x 106 V cm-1 

It was found that the polypropylene films were highly 

resistive with resistivities of the order of 1014 n_cm. The 

breakdown of the films was not thoroughly investigated; 

nevertheless the films withstood an applied field of 

2.48 x 10
6 

V cm-1 and there was no sign of breakdown. The 

circulating current was thickness-dependent and its value was 

higher when copper was used for both base and top electrodes. 

These results were reproducible and the voltage-current 

characteristics remained ohmic. The field at any particular 

voltage could be calculated by using the relation 

E_= ~ 
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d curve c, Cu/p; •. 
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where E is the field, V is the applied voltage across the 

sample and d is the thickness of the polypropylene film. 

The resistivity was obtained by using the following formula. 

0_ RA 
\- L 

where ~ , is the resistivity, R is the resistance and L is 

the thickness of the film. 

3.2.2 Aluminium electrodes 

Figure 3.3 shows the I-V characteristics of a Al-PP(1200j)-Al 

sample at room temperature and pressure less than 10-5 torr. 

The voltage was increased gradually up to-30 volts, but the 

voltage-current characteristics remained ohmic. 

3.2.3 Silver electrodes 

The thicknesses of the films sandwiched between silver 

electrodes were 750j and 1090j. The voltage was increased 

up to 30V and the current passing through the samples was 

noted. The results are shown in Figure 3.4. Again ohmic 

behaviour was noted. 

3.2.4 Gold electrodes 

I-V characteristics of two layers of polypropylene, sandwiched 

between gold electrodes are shown in the Figure 3.5. The applied 

voltage was increased up to 60 volts and the leakage current 

was recorded. The samples were fixed in a chamber at 10-5 torr 

and room temperature. The current was found to be thickness 

dependent and the dielectric remained ohmic. 
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Figure 3.3 The I-V characteristics of Al/PP(1200R)/Al samples. 

3.3 Conclusion and dis~~ssion 

The I-V characteristics of evaporated polypropylene having 

thiclmesses between 750 and 2400R, sandwiched betweeu copper, 

aluminium, sil ver and gold electrodes are shmm in the 

Figures 3.2, 3.3, 3.4 and 3.5 respectively. It is not 

possible to explain the conduction by the st~~dard mechanisms, 

e.g. tunnelling, Schott~7 emissi~n, Poole-~e~el or the 

60 
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Figure 3.4 Voltage-current characteristics for some thin 

films of polypropylene (pp). Curve a, Ag/pp(750~)/Ag, 

curv~ b, Ag/PP( 1090R)/~:. 

space~cha~6e conduction due to the ohmic be~aviour of the 

polypropylene .films with all the electrodes. There seems 

to be no cignificant effect of the applied electric fieli 

40 
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Figure 3.5 Voltage current characteristics for some thin 

films of polypropylene (pp). Curve a, Au/(1120R)/Au and 

c"U.-"l-Ve b, Aul (000'1) /Au. 

because of the high resistivity of the film, wh5.ch is of the 

order of 1014 n -c~. On the basi~ of these results, it could 



be concluded that there is no evidence of the formation 

of rectifying barriers or channels and the dielectric 

remains ohmic5• This suggests that the impurities are 

distributed uniformly and the conduction may take place due 

to the hopping from one localized state to another. 

123 Stuke showed that the electrical conductivity obeys the 

following relatuonship. 

Where t , is the activation energy, Eel is the electrical 

energy gap and is defined as twice the activation energy 

€ for many amorphous semiconductors, k is Boltzmann t s constant and T 

is the absolute temperature, (f is a constant and it is related to the o _ 

effective densities of states. According to Mott and Davis124 

for the group of materials having the value of 0: between o 

102 and 104 n-1 - cm-1 conductivity is due to the carriers 

exci ted into extended states. For 0"0 of the order of 

0-1 -1 10~' - em they suggest that the conduction is due to 

carriers excited into localized states at the band edges. 

Values much less than this for 6 could correspond to 
o 

conduction due to carriers hopping between localized states 

near the Fermi level. Figure 3.6 shows the plot of logO"" vs 

1 for a AI-pp( 1800R)-Cu sample. The value of cr is of the 
T 0 

order of 10-9 fC1 - cm-1, so it could be concluded that the 

conduction in the evaporated polYI>ropylene is due to the 

carriers hopping near the Fermi level. 

Figure 3.2 indicates that the electrode material is 

introduced into the dielectric and the indiffusion of 
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.... 

copper under the influence of an electric field is more 

probable than the in-diffusion of aluminium5• (Here the 

diffusion should not be mixed with the fundamental 

diffusion resulting from the concentration gradient of the 
a . 

substance given by J = -D a~ ,where D is the diffusion 

constant, C is the concentration of the substance and X is 

the distance). Tne in-diffusion of metal electrode material 

-15 
5x10 r-~--~--~~--~--~--~~--~--

-15 
10 

1-
§ 
• s ---

-16 
10 L--L--~~--~--~~--~~~~-x~103 

2.8 3.2 -1 1 
( Temperature) T (K ) 

Figu.re 3.6 log<1" vs ~ for Al/PP( 180,j~)/Cu S2illples .. 

under the influence of the appliei electric field, into 

the dielectric film can also be verified by comparing t':le 

current passing through the dielectric (polJ~ropylene) 
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under the same field but sandwiched between different metal 

electrodes. Let us consider the following table. 

Figure 

No. 

3·5 

Table 2 

Electrode Material Applied 

-1 Top Base 

Au Au 

au au 

Al Cu 

Al Al 

v cm field 

6 2.6 x 10 

6 2.48x 10 

6 2.48x 10 

6 2.48x 10 

current 

A 

2.5 x 10-6 

3.1 x 10-8 

8.6 x 10-10 

1.3 x 10-11 

Undar the same applied electric field the leakage current 

should be higher in the case of gold electrodes, if there is 

any in-diffusion of the metal from the electrode into the film. 

Since,OA > 0: so the current is higher when polypropylene 
II cu 

is sandwiched between gold electrodes as compared with copper 

electrodes. 

3.4 Electroforming 

3.4.1 Introduction 

The thin films of MIM samples under certain conditions under-

go an electroforming process on exceeding a threshold applied 

voltage across the dielectric. The electroforming process is 

distinguished by a pronounced voltage-controlled negative 

resistance which appears in the I-V characteristics of the 

formed sample. Also, associated with the electroforming 

process are electroluminescence, electron emission and a 

memory effect. These phenomena have been reported for many 
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insulators including oxides50-52,90,91, halides54, sulphides92 

and certain polyeric materials33,58 • Recently Hogarth and 

Zor4 have shown that thermally evaporated polyethylene under-

goes a similar electroforming process. The electroforming 

processes are affected by the electrode materials, thickness 

of the insulator, polarity of the bias voltage, temperature 

and pressure. 

3.4.2 Development of electroforming 

Under sui table conditions, salIlples of polypropylene sand-

wiched between copper and aluminium electrodes, having thick­
o 

nesses ranging from 600i to 1000A showed electroforming 

effects followed by negative resistance and electron emission 

into a vacuum. It was possible to electroform the sample 

with either polarity. However, with negative polarity, the 

degree of electroforming was less. The degree of electro-

forming is associated with the maximum current passing 

through the sample, before the negative resistance region 

is reached. The forming voltage varied from 12 to 15V. 

Figure 3.7 shows the development of electroforming in a 

Al-pp( 100oi)-Al salIlple at room temperature and under a 

pressure of 10-5 torr. Curve "A" gives the voltage-current 

characteristics for the first run through the sample. Now 

the sample was left under 15V for overnight and the follow-

ing day its characteristics were examined again, while the 

other conditions remained unchanged. The peak current was 

found to increase from 4.2 x 10-3A to 2 x 10-
2
A, as shown 

by the curve "B". For the lower values of applied voltage 
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:C'igure 3.7 The development of electroforLning in an Al-FPC 1000~)-Al 

sample. Curve.6., I-V characteristics for the first rtlJ.""1, curve B, 

I-V characteristics after the sam:?le was being left under 15V 

( -5 ) for overnight roo~ tempera~, ~bient p~essure 10 to~. 
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the current values are similar to those observed for the 

curve A, but exceeding the peak current, which is higher in 

this case, the current decreases sharply with increasing 

voltage and reflects the complete electroforming of the 

device. Figure 3.8 shows the voltage-current characteristics 

of an Al-pp(950R)-Al sample before and after electrofor.mLng. 

3.4.3 Differential negative resistance 

Differential negative resistance is a characteristic of all 

electroformed devices. It is observed as the fast increase 

in Circulating current with increasing voltage up to a 

certain point and then it starts falling to the minimum 

value, provided the applied voltage does not exceed the 

breakdown limit. 

Hysteresis effects are generally observed in the voltage-

current characteristics of the formed devices. Hysteresis 

can be either positive or negative. When the peak current 

for the decreasing voltage is less than that observed on 

increasing the voltage, the hysteresis is known as negative, 

while the opposite case is called positive. Negative 

hysteresis is shown in Figures 3.9 and 3.10. Figure 3.9 

gives the voltage-current characteristics of a Cu-pp(700R)-Cu 

sample with increasing and decreasing voltages at pressures 

less than 10-5 torr and at room temperature. The characteristics 

for the first run of increasing and decreasing voltages of 

a Cu-pp(600R)-Cu sample, under the same conditions are given 

in the Figure 3.10. The second run with increasing and 

decreasing voltage appeared as positive hysteresiS as shown 



-~I ~I ~I ~I ~I ~I 
00'\ OU1 O+-- oW ON O~ 01 III) II III ==0= ~I tq 

+"'" 

COl 

Nl-

~t-

N 
o 

~ 
-

(t) .--
It) 
n 
-t--, 
a 
-1'\ 
0 -, 
3 _. 
:::J 
~ 

" » -n 
-t-

~. 
fi) 

W 
n 
-t- r ..., 
0 
4\ 
0 ..., 
3. 
:J 

lO 

Nl. II " II! I I " III 
.;- ~ I .-~ I ~ -l& • ~ -l 

0eo c-..)-....,J 

Current (A) Before electroforming 

Figure 3.8 Voltage-current characteristics of an Al-PP(950lt)/Al sample bef6re and after electroforrning. 

(Room temperature, ambient pressure 10-5 torr) (after Hogarth and Iqba160 ) 

..J. 

0 
I'V 



-
-... 

103 

-2 
10r----.-----.----~----

4--3 
c 10 
OJ 
L 
L 
::J 

LJ 

-4 
10~----~~--L---~L----J 

o 4 8 12 16 
Applied voltage (V) 

Figcr-e 3.9 Electroforming of a Cu-PP(100R)-Cu sample for 
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ure, ambient pressure 10-5 torr). 

ir. t!1.e Figure 3. 11 • In most cases the peak current occurred 



104 

-2 
10r-~------~----.----.-------__ ~ ____ __ 

4-
C 

~ -3 a 10 

-4 
10~ ______ ~ __ ~ __________ ~~ __________ ~ __________ ~ 

o 4 B 12 

Applied voltage (V) 
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3.4.4 Effect of pressure 

Pressure is an important factor in achieving electroforming • 

All the samples were electroformed at room temperature and 

under a pressure of 10-5 torr. It was not possible to 

electroform the devices at ambient air pressure. However, 

after electroforming in vacuum, if the pressure inside the 

-3 -5 chamber is increased to 10 torr from 10 torr by admitting 

some air then for the lower values of applied voltage, the 

current values are similar to those recorded at the lower 

ambient pressure, but on exceeding the peak current the 

decrease in current with increasing voltage shows a less 

rapid decrease at the higher pressure, as shown in Figure 3.12. 

If now some more air is admitted into the chamber and the 

pressure is increased up to atmospheric pressure, the voltage-

current characteristics of the sample are given in the 

Figure 3.13. It can be seen that there is still a region of 

negative resistance, but the current is fluctuating due to 

the atmospheric disturbance. Hence, it may be concluded 

that electroforming leads to permanent changes in the 

voltage-current characteristics of the evaporated polypro-

pylene samples sandwiched between metal electrodes. 

3.4.5 Effect of temperature 

Most of the measurements were carried out at room temperatuxe 

and the ambient pressure of 10-5 torr. As mentioned before, 

temperature does effect the characteristics of the formed 

device. In order to see the effect of temperature on the 

electroformed polypropylene film, sandwiched between copper 
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(6ooR)-Cu sample at room temperature (atmospheric pressure). 
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electrodes, liquid nitrogen was used to cool the sample 

a 
to -30 C. The differential negative resistance region 

disappeared at this temperature, as shown by curve "A" 

in Figure 3.14. Now the sample was heated slowly and its 

voltage-current characteristics were examined carefully. 

The differential negative resistance region re-appeared 

at T = - 6°c, as shown in cUrve "B" in Figure 3.14. 

3.4.6 Electron emission 

Figure 3.15 shows the voltage-current characteristics of a 

Cu-pp(600R)-Cu sample after electroforming at room temperature 

and under a presS1.U"e of 10-5 torr. The electron emission current 

collected by a subsidiary anode biased at 100V and positioned 

about 1.5 cm from the upper surface of the sample is also 

shown on this figure, while the circulating and emission 

currents for a Cu-pp(700R)-Cu sample, under the sarne conditions 

are given in Figure 3.16. Unlike the behaviour of many 

reported MIM samples, the rapid rise of emitted electron 

current occurs not at a voltage corresponding to a current 

peak but at a voltage corresponding closely to the initial 

forming voltage 14.6v. An exponential increase of emission 

current was observed with a slow decrease in circulating 

current above 15 volts. Therefore the transmission coeffic-

ient,D(, which is the ratio of emission current to the 

circulating current, also increases exponentially with bias 

voltages, as shown in Figure 3·17. 
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3.4.7. Conclusion and discussion 

A number of theories have been proposed to explain electro­

forming and associated effects in insulators and these 

include the interaction of an impurity band and a high-field 

reg~on50,51, . . t· f tal • ~J ec ~on 0 me ions forming broad impurity 

states52,53 1 t lyt· . . , an e ec ro ~c process g~vlng rise to localized 

conduction paths54,55 and the formation of filamentary 

metallic path56,57~ Recent evidence suggests that a filament-

ary process together with some electrolysis along the 

filamentar.y regions can explain most of the experimental 

features associated \'1i th electro-forming and some confirmation 

of these ideas from electron microscopic evidence has been 

. b Rakh h . 120 et al d b Rakh 121 g~ven y s anl. an y shani and Hogarth. 

The filamentary mode1125 can be applied to explain the electro-

forming phenomena in the evaporated polypropylene films. It 

is assumed that ~etal from the electrodes diffuses5 into the 

dielectric under the relatively high applied forming field 

and forms filamentarypaths which carry the augmented current. 

Weak spots in the filaments may be ruptured by Joule heating 

and lead to the observed differential negative resistance 

(see Figures 3.7 to 3.11). Partial healing of the ruptured 

filaments may account for the lower curves of Figures 3.9 and 

3.10 for decreasing voltages. The broken filaments can be 

healed again by gradually increasing the voltage across the 

sample up to 25 volts. If it is so, then on decreasing 

vol tag-es, the peak current will be higher as compared with 

the increasing voltages. This could be used as an explanation 

for the higher current for decreasing voltages in Figure 3·11. 



115 

When the pressure inside the chamber containing the formed 

sample is increased to 10-3 torr from 10-5 torr by admitting 

some air, there is a less rapid decrease in the circulating 

current, on exceeding the peak current at higher voltages 

(see Figure 3.12). This can be explained by aSsuming that 

when air is admitted into the chamber the rate of rupturing 

of the filaments is reduced following the increased loss of 

heat by convection in the surrounding low pressure area which 

60 removes some of the Joule heat from the sample • The electron 

emission may be ascribed to emission at the weak or high 

field regions of the filaments exciting the carriers to the 

hot electron condition when they are ripe for escape into 

the vacuum. 

3.5 A.C. measurements 

3.5.1 Introduction 

Hung and Gliessman
126 

first observed the impurity conduction 

in their low-temperature investigation of germanium. Since 

then a number of papers 121-130haye been published on the same 

kind of conduction resulting from the application of steady 

fields. In order to explain the conduction, they all used 

127 the model based on the impurity theory of Conwell and 

Mott131 • According to this model, which is valid for low-

temperature impurity conduction, transport occurs by electron 

hopping between states which are essentiall localized around 

acceptor or donor impurities, by exchanging energy with 

phonons. Conduction may also be explained in terms of 

tunnelling through the energy barrier from the occupied donor 
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to the unoccupied one. For such transport to take place, 

it is necessary for some of the localized states to be 

vacant and hence compensation of the majority impurity becomes 

an essential feature of impurity conduction as demonstrated 

by Fritzsche
132

• Pollack and Geballe19 have presented a 

theory relating the hopping conductivity to the a.c. frequency. 

Their theory is also based upon the original model of 

impurity conduction. 

3.5.2 Experimental techniques 

The samples for the a.c. measurements were prepared 

in the same way as described by Hogarth and Iqbal5• The 

measurements were carried out under a pressure of 10-5 torr 

using the frequency range between 103 and 2 x 104 Hz at room 

temperature, unless stated otherwise. A Wayne Kerr audio 

frequency voltage generator 8121 was used to apply a signal 

of 5V across the device~ and a Wayne Kerr waveform analyser 

A321 along with a universal bridge B221 '>lere used for the 

detector. A block diagram of the experimental set up is shown 

in Figure 3.18. 

3.5.3 Results and discussion 

Measurements of capacitance and conductance were carried out 

before and after the electroforming of the samples. An 

125 
expected consequence of the Dearnaley filamentary model 

used to explain the electroforming phenomena in our samples 

would be some significant differences in the frequency 

dependence of capacitance and conductance after forming 
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co~pared with the behaviour prior to forming. The hopping 

conductio::J. at 1mV' and room temperatures can be identified 

by the a.c. cond~ctivity measurements. PollaCk and Geballe19 

have given an equation for this process 

6 ( w) = A l.oJS 

vlhere A is a complex constant, W is the angular frequency, 

0'"( w) is the a. c. conductivity and 0.5 <. S < 1. 

Source Bridge Detector . 
r 

f= 
t; 

I 
f 

Ota ,0 0''' 

0 1 0 1 . 

r
o 

I~ j 
q q I 

I 

I I I 0 6 '] Sample 

Figure 3.18 Block diagram for a.c. measurements 

For hopping conduction S is generally found to be equal to 

0.8. In the radlo-frequency range of the applied frequency, 

the square-law dependence of a.c. conductivity upon frequency 

has been explained in -~Grms of a two-centre hopping process 133 • 

Figures 3.19 and 3.20 show the plot of a.c. conduct~~ce versus 

frequency for evaporated polyp~opylene before electrofoI'millg 

at room temperature and at 241K respectively. The slopes of 

th..:: straight liL"1es fall within the limit 0.5 < S <.. 1 and 

are equal to 0.85 in both cases. 

~. 

I 
I 
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These results characterize the process of hopping conduction 

as a dominant process at both low and room temperatures. 
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Fi~e 3.21 shows the variation of capacitance with 

frequency before electroforming for a Cu-PP(1800R)-Cu sa29l e 

Cit an ambient pressuxe less than 10-5 torr and at room 

temperature. 
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Figure 3.21 Capacitance as a function of ~Tequency for a 

Cu-pp( 1800R)-eu sample. (Room temperature, xnbient pressure 

10-5 torr.) 

Figure 3.22 demonstrates the variation of capacitance with 

frequency at low temperature (241K) for the same sample. 

Before the eleciroforming, a linear decrease of capacitance 

\-lith increasing frequency is clear from Figures 3.21 and 

3.22. ~ibis could be due to the increasj ng leakage current 

with frequency a~d is associated with capacitance reduction. 

After electroforming a Cu-PP(700R)-Cu device, an erJI"illOUS 

increase in the conductance was noticed. Further the 

conductance was found to be proportional to the degree 0: 

forming and this is consistent \.;i th the Da8--r:lalcy theory 
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based on the generation of essentially metallic conducting 
, 

filaments during the forming process. The capacitance of 

the sample w~s decreased after electrofor2ing. It was not 

possible to balance the bridge and to measure the values 

of conductance and capacitance simultaneously after the 

electroforming, a result which is expla5ned by the incidence 

of a high proportion of metallic conduction following the 

electroforming. 

it-------r-------,r-----r---r-~_r__r__r_r----~-r_--_r--- - ) 

LL 

u 
ro 
0-
ro 

LJ 

-10 4x10 L3-------L--~--~~~-L~~------~--~--~ 

10 Frequency (CIS) 

Figure 3.22 Capacitance as a function of frequency for a 

-5 ) Cu-PP(18ooR)-Cu sam~le at 241K. (Ambient pressure 10 torr. 
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4. CHAPTER FOUR 

TSC MEASUREMENTS 

4.1 Introduction 

Theory and techniques of the thermally-stimulated currents 

have been explained in the Section 1.4. It is a useful tool 

to calculate the trap depth and the densities of traps in 

the forbidden gap of the investigated material. In polymers, 

charge carrier trapping may take place due to the structural 

disorder resulting from the un-saturated ions in chains , 

chain terminations, chain folding and from the amorphous/ 

crystalline interface14• The study of thermally-stimulated 

currents in irradiated polyethylene and in teflon revealed 

that in teflon the -CCF = CF2), -CCF = CF) - and -CF - yF)­

groups act as traps134,135. The foreign elements present in 

the polymers are responsible for the deeper traps while the 

shallow traps are due to the defects in the chain structure 

e.g. the presence of OR, >CO groups or -C = C- bonds 13
6

• 

4.2 Results and discussion 

Figure 4.1 shows a series of current versus temperature 

curves for evaporated polypropylene at a constant heating 

rate but for different applied electric fields. Figure 4.2 

shows a series of curves at a fixed applied field but at different 

heating rates. A shift in the peak temperature Tm to 

lower values at higher applied fields but for the same 

heating rate was observed; this phenomenon was similar to 

16 
that found by Slowik for poly-N-vinylcarbazole. Also for 

the same applied field but with an increase in the heating 
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rate, Tm shifted to higher values. 

30r---~----~----~-----. ____ ~ ____ ~ 
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Figu~e 4.1 The currertt as a function of tewperature on 

heating a Cu-?P(1600R)-o~ sandwich structure at a heating 

rate of approximately'o:172 KS--
1
; curve a, a.pplied field, 

5 -1 5 -1 3.12 x 10 V c~ , curve b, applied field 1.85 x 10 V eill ; 

curve c, ~pplied field, 6.25 x 104 V cm-1 • (after Iqbal and 

.. s 
Hogarth'-). 
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Figure 4.2 The current as a function of te:J}J6..:ature on t~r..ting 

a Cu-PP(2400~)-Cu s~~dwich structure at 21 8pplied field of 

5 -1 -1 1.6 x 10 V C=:l ; curve a, heating rate, 0.217 K S ; cun;e b, 

heating rate 0.095 K S-1. (after Iqbal and Eogarth
15

). 
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Figure 4.3 shows the dark current measured on the same 

sample and demonstrates the form of the TSC peak. 

From the results, the depth of the traps whose emptying 

gave rise to the current peak were calculated using an 

expression (1. 53) given by Bube89 • 

Et = k Tm In (N~: ) 

Where Et is the m~an trap depth, N c is the equivalent 

density of states at the bottom of the conduction band, 

'£fm is the peak value of ele~trical conducti vi ty and f-L is 

the carrier mobility. The values of Etestimated for 

different fields and heating rates are given in Table 3. 

TABLE 3 

E
t 

for different applied fields and heating rates (after 

Iqbal and Hogarth 15) 

Sample Applied field Heating 
Et 

(V cm-1) rate 
T (K) 

thickness m 

( R ) (oC S-1) (eV) 

1600 6.25 x 104 0.172 373 0.38 

1600 1.87 x 105 0.172 360 0.33 

1600 3.12 x 105 0.172 354 0.31 

2400 1.61 x 105 0.095 353 0.32 

2400 1.61 x 105 0.217 363 0.33 

In the estimation of the trap depth the density Nc of states 

was taken as 1 x 1020 cm-3• This assumption was m~e by 

43 and he has discussed the reason for Zor for polyethylene 
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assuming this value. The situation with polypropylene is 

expected to be broadly similar and the logarithmic function 

reduces the sensitivity of the value of Et as a function of 

values of N. In order to calculate the area under the TSC 
c 

h · h· tak t· al
88 t t curve w lC lS en as propor lon 0 he concentration 

of charge carriers released from traps, the samples were 

heated at two different rates but under the same applied 

field. The expression (1.48) given by Haine Carley-Read was 

used. 

E 
exp (-~ ) 

n -X n c2 - c
1 

N (1 - X) 
c 

We define X by the following equation. 

2 

+ N exp (- Et/kT)} 
c . 

In th o t· refers to the density of electrons in lS equa lon nc 

the conduction band and is given by 

Id n = -.=.:::~-
C fLeVA 

d f · d f 11 s· E
t 

l·S the trap depth, The symbols are e llle as 0 ow. 

t't 
is the electron trapping time, "L is the recombination 

lifetime, Nt is the density of trapping centres for the 

particular trapping level, T 1 and T2 are t\o/O different 

heating rates, T is the absolute temperature, k is the 

t refers to the carrier density at heating 
Boltzmann constan , nc 
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I 
n n' dn rate T1 and similarly for c2, c1 is defined as c

1
/dT 

and similarly for fi~ A is the cross-section area and d is c 2 
the thickness of specimen. Equation (1.48) was solved by 

using an approximation. 

For the case of X -+ 0 we than have 

lnN 
c 

and for the case of X -+ QO we have 

lnN 
c 

Equations (4.1) and (4.2) demonstrate the strong dependence 

n n n of Et on c1 and c2• Substi tuting these values of c
1 

and nC2 in equations (4.1) and (4.2) we obtain values of 

0.32 eV and 0.31 eV, which are similar to the values obtained 

directly from equation (1.53). With the present data it was 

not possible to estimate Nt but only the quantity Nt (t' + l:t) • 

For Et = 0·31 eV, Nt (~ + 'tt) = 3.6 x 1018 S cm-3• 

Et = 0.32 eV, Nt ( "t + 'tt) = 3.3 x 1018 S cm-3• 



129 

5. CHAPTER FIVE 

ANNEALING EXPERIMENTs 

In the last chapters we have ex~m;~ed the 
~ properties of 

evaporated polypropylene for possible use as thin dielectric 

films and were able to produce standard and reproducible 

results of electrical measurements5• In this section we look 

at the effect of vacuum heat treatment on the structure and on 

the relevant electrical properties of these films 

5.1 Introduction 

There is always the possibility of producing structural 

defects during the deposition of the films, unless a great 

deal of special care is taken,some of these defects may be 

annealed out of the film by heat treatment. As a general 

rule the resistivity of evaporated films particularly metallic 

films decreases with annealing but for some materials, heat 

treatment may lead to an increase in film resistivity. This 

increase may be due to the effects of oxidation and/or 

agglomeration137• In some cases the resistance changes are 

caused by a recombination of the interstitial atoms 2xl lattice 

138 vacancies as a result of the heat treatment • Agglomeration 

is associated with the reverting of a continuous structure of 

a very thin film to an island structure when subjected to a 

vacuum heat treatment. This process is detected by the 

large increase in the resistance of the film. Kane et al 139 

have reported three-stage agglomeration due to vacuum annealing 

for a gold film deposited on a zinc sulphide substrate. Initially 

small holes are formed in the film, then they are enlarged and 
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finally the continuous film separates into islands. Any 

change in the resistance of the film occurs during the second 

and the third stages. They also mentioned the migration of 

gold atoms, which is necessary for agglomeration, as it is a 

thermally-activated process. Skofronick and Phillips140 

studied the additional agglomeration in the films which were 

discontinuous when first deposited. Initially on annealing a 

slight decrease in the resistance of the film was observed but 

then it increased irreversibly by several orders of magnitude. 

They explained their results by suggesting that the heat treat-

ment caused islands, which then -coalesced with the large 

ones and the mean spacing between them increased. This 

explains the high value of the resistance. Thin films when 

heated in air can also undergo an increase in resistance 

b f 'd t· 141 ecause 0 oXl a lon • 

5.2 Experimental techniques 

Polypropylene was evaporated in a vacuum of about 10-
5 

torr 

from a stainless steel boat onto electron microscope specimen 

support grids (see Figure 5.1). Other specimens prepared at 

the same time were deposited on slides with copper electrodes 

as described previOusly5. Annealing treatments were carried 

out in a subsidiary vacuum system. The electrical measure­

ments were of the kind described in sec.3.1. Structural 

measurements were made using a JEM7 electron microscope both 

for microscopy and for electron diffraction. 
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Figure 5.1 Electron microscope grid. 
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5.3 Results and discussion 

5.3.1 Electrical 

The current-voltage characteristic of a freshly-deposited 

Cu-pp(900R)-Cu sample at a pressure of less than 10-5 torr 

and at room temperature is shown in curve B of Figure 5.2. 

After a vacuum heat treatment at 1100 C for about 30 minutes 

and allowing the specimen to cool to room temperature, the 

characteristic wa.sagain measured as shown in curve A. The 

12 
sample resistivity was found to increase from 3.4 x 10 ohm-cm. 

13 . 
to 1.2 x 10 ohm cm. Such changes are typical of all the specimens 

examined. Figure 5.3 also shows the current-voltage characteristics of 

a CU-PP( 2029R)-Cu sample before (curve B) and after (curve A) 

the heat treatment. The resistivity of the sample also 

increased due to the heat treatment. As mentioned above such 

an increase in the film resistivity is believed to be due to 

agglomeration. 

5.3.2 Microscopy 

The resistance measurements can be correlated with electron 

micrographs to establish the correspondence between agglo-

meration and resistance increase. A series of evaporated 

layers of polypropylene from 150R to 1600R thick were examined 

in the electron microscope before and after a vacuum heat 

treatment. By considering the micrographs in Figures 5.4(a) 

and (b) there are two main effects of the heat treatment, an 

increase of particle size and an increase in the distance 

I These effects occur as a result of 
between partic es. 

particle migration and agglomeration. 
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If electrical conduction occurs by electron hopping between 

particles then an increased spacing would lead to a reduced 

electrical conductivity140. The original chain structure of 

the polymer is also broken during the heat treatment and the 

atomic clusters are re-arranged. Similar changes were found 

in layers having thiclmesses of 600lt, 1000lt and 1600lt. Many 

links between small aggregated particles form during the 

deposition of the film as may be seen in Figures 5.5(a), 

5.6(a) and 5.7(a). These may provide diffusion paths for 

the copper introduced from the electrodes under the influence 

of the applied field as suggested by Hogarth and Iqbal5• 

After heat treatments the micrographs 5.5(b), 5.6(b) and 5.7(b) 

show that the links are reduced in number so that a further 

reason for the increase in resistivity is given. Table 4 

lists the main features of the micrographic examination of 

these polypropylene films. 

5.3.3 Structures 

Apart from the change in reSistivity, heat treatment may 

also bring some micro-structural changes in thin films. 

Koshy142 has studied the effect of heat treatment on the 

structure of thin rhodium films in vacuum and in air at 

different temperatures. The transmission electron diffraction 

patterns of evaporated polypropylene shown in Figures 5.8, 

5.9, 5.10 and 5.11 indicate that the samples are essentially 

amorphous although the diffuse patterns could be in part due 

to the presence of micro-crystallites. Although the full 

structural investigation would require very elaborate 



PP Thickness 

R 

150 

150 

600 

600 

1000 

1000 

1600 

1600 

150 

150 

600 

600 

1000 

1000 

1600 

1600 

TABLE 4 

Magnification or 

Electron Diffract- Figure No. 

ion Photographs 

10,000 

10,000 

2,200 

2,200 

2,200 

2,200 

2,200 

2,200 

E.D.P. 

E.D.P. 

E.D.P. 

E.D.P. 

E.D.P. 

EoD.P. 

E.D.P. 

E.D.P. 

B - before heating 

A - after heating 

5.4(a) 

5.4(b) 

5.5(a) 

5.5(b) 

5.6(a) 

5.6(b) 

5.7(a) 

5.7(b) 

5.S(b) 

5.S(b) 

5.9(a) 

5.9(b) 

5.10(a) 

5.10(b) 

5.11(a) 

5.11(b) 

Condition 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 
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instrumentation in order to determine the radial distribution, 

nevertheless some estimate of changes in the crystalline 

character of the layers can be made by a microphotometer 

examination of the diffraction patterns before and after the 

heat treatment. A narrowing of line-width indicates an 

increase in the crystallite size and all the diffraction 

patterns show this feature as a result of the heat treatment. 

Figures 5.12(a), 5.13(a) and 5.14(a) show the microphotometer 

traces of non-annealed films and Figures 5.12(b), 5.13(b) and 

5.14(b) indicate the microphotometer traces for the same 

rings after the samples had been annealed. Table 5 

gives the main features of the microphotometer traces. 

These results are entirely consistent with the results of 

the micrographic examination and of the electrical measurement. 

TABLE 5 

Thickness 
Line width Figure no. Condition Remarks 

R cm. 

150 5.0 5.12(a) B 

150 3.9 5.12(b) A More crystalline 

1000 5.6 5.13(a) B 

1000 4·4 5.13(b) A More crystalline 

1600 4.3 5.14(a) B 

1600 2.5 5.14(b) A More crystalline 

B - before heat treatment 

A - after heat treatment 
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(a) 

Figure 5.4 Electron micrographs of an evaporated l ayer of poly­

propylene (150R) (a) before heating (b) after heating. 

(b) 
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(a) 

Figure 5.5 Electron micrographs of an evaporated layer of poly­

propylene (600~) (a) before heating (b) after heating. 

(b) 
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(a) 

Figure 5.6 Electron micrographs of an evaporated layer of poly­

propylene (1000i) (a) before heating (b) after heating. 

(b) 

; 
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( a) 

Figure 5.7 Electron micrographs of an evaporated l ayer of poly­

propylene (1600~) ( a ) before heating (b ) after heatlng . 
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(a) 

Figure 5.8 Electron diffraction patterns of an evaporated layer 

of polypropylene (150~) (a) before heating (b) after heating. 
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(a) 

Figure 5.9 Electron diffraction patterns of an evaporated layer 

of polypropylene (6ooR) (a) before heating (b) after heating. 

(b) 

; 
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(a) 

Figure 5.10 Electron diffraction patterns of an evaporated layer 

of polypropylene (1000R) (a) before heating (b) after heating. 

(b) 
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(a) 

Figure 5.11 Electron diffraction patterns of an evaporated l ayer 

of polypropylene (1600~) (a) before heating (b) after heating. 

(b) 
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6. CHAPTER SIX 

DISCUSSION AND CONCLUSIONS 

Thin dielectric layers have become very important during 

the last few years. They may be used for insulating 

layers in capaci tor~ thin film transistors and also as 

protective coatings. For such applications the electrical 

properties of films must be examined thoroughly and a lot 

of research is in progress on different materials in many 

universities and research organisations. Due to low 

production costs and their excellent electrical and mech­

anical properties, the polymers have many industrial applic­

ations. There are several methods of forming a metal­

insulator interface. The methods include chemical 

decomposition, thermal evaporation, electron-gun bombardment, 

sputtering of metal onto chemically etched, mechanically 

polished, vacuum-cleaved or ion bombarded insulator surfaces. 

The ability of an insulator to resist the passage of direct 

current is not necessarily the same as its ability to resist 

alternating currents. In the former case the resistivity 

of the material plays an important role, while, in the 

latter, the power factor and permittivity are more relevant 

for determining the power loss occurring in alternating 

fields. The power factor is a measure of that fraction 

of the electrical energy applied to the ~aterial which is 

dissipated as heat and is irrecoverable. ~ne permittivity 

is an important characteristic of particular dielectric 

materials at particular frequencies. Most common polymer 

materials can be divided into two groups: (i) polymers 



150 

having high resistivity, low permittivity and negligible 

power factor and usually known as non-polar polymers and 

(ii) polymers with low resistivity and higher permittivity 

and power factor. They are generally referred to as polar 

polymers. P'olypropylene belongs to the former group. It 

has a high value of electrical bulk resisti vi ty of order 

17 
10 n -cm and a low value of permittivity of 2.13. 

Polypropylene was recognised by Reddish143 as being a superior 

insulator to low density polyethylene, probably due to the 

method of polymerization which enabled it to be purified 

more effectively. The power factor of polypropylene is very 

low, so the power losses in large capacitors with poly-

propylene as dielectric are much smaller than in many other 

dielectrics. The breakdown fields of polypropylene are 

very high, (up to 700V/f.1.. m). 

From a study of previously published work it is clear that 

some vacuum-evaporated polymers have characteristics similar 

to those of the original bulk material. As an example of this 

proposition we may consider the work of White
26 

who obtained 

thin films of polyethylene by vacuum evaporation onto glass 

microscope slides. For the electrical measurements Al-PE-Al 

sandwiches were prepared and Schottky emission was found to 

be the dominant conduction mechanism. Capacitance measurement 

led to the value of permittivity equal to 2.02, while for bulk 

polyethylene it is equal to 2.25. So, we can say that the 

deposited material on the surface of the glass slide is very 

similar to the material in the evaporation boat. This 

result confirms the idea that the vacuum evaporation of 
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polymers results in the breaking of certain chemical bonds 

within their molecules, thus leading to the formation of 

active fragments, and these fragments when they reach the 

substrate, react with one another to form a polymer coating 

on the surface 13 • The electrical conductivity (and its 

reciprocal resistivity) is a volume property of a polymer 

and is directly related to the structure and to the nature 

of the conduction process144,145. Scott146 pointed out that 

changes in the composition or in the conduction process are 

usually reflected by changes in the resistivity before other 

properties exhibit significant changes. The exact relation-

ship between the observed resistivity parameters and the 

structural parameters of the polymer, which determine the 

magnitude of the resistivity parameters are not fully known. 

Once these relations are understood, these measurements 

will become more significant. 

We have examined the current-voltage characteristics of 

polypropylene films, sandwiched between different metal 

electrodes and formed by vacuum evaporation. The film 

thicknesses were between 750~ and 2400~. It was not possible 

to explain the conduction by the standard mechanisms, e.g. 

tunnelling, Schottky emission, Poole-Frenkel effect or the 

space-charge conduction, due to the ohmic behaviour of the 

films with all the electrodes. There seems to be no consid-

erable effect of the applied electric field because of the 

. . ' ,. th d .C' 1 014 
high resistivity of the fllm, which was 01 e or er o~ 

n -cm. An ohmic contact does not sufficiently change the 

equilibrium carrier densities within the insulator to affect 

the sample characteristics and it has a linear and sy~~etrical 
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current-vol tage characteristic. Al . t h so, 1 as no obvious 

potential barrier at the metal-insulator interface. In the 

case of semiconductors there is most likely to be an ohmic 

contact, when the metallic electrode is deposited on a 

semiconductor which is heavily doped. Correspondingly, 

in polymers the large quantity of impurities increases the 

chance of finding an ohmic contact at the metal-insulator 

interface. In the.current-voltage characteristics of 

polypropylene films, there was evidence of electron trapping 5 

and the trap depth was estimated by using the thermally­

stimulated current technique and was found equal to 0.33 eV 15. 

Thin films of evaporated polypropylene also showed electro­

forming and electron emission under suitable conditions60 • 

The results were found consistent with a theory based on the 

generation of conducting filaments during the high field 

forming process. The increase in the a.c. conductivity of 

the sample after electroforming also indicated the presence 

of filaments in the formed device. Also, the a.c. conductivity 

measurements could be used to identify the hopping conduction 

at low and room temperatures. 

Pollack and Geballe19 have given an equation for the process 

which is Cf (w) = A,J, where A is a complex constant, W is 

the angular frequency, cr (w) is the conductance and 

0.5 <. s < 1. For hopping conduction S, is found to be 0.8 

In the case of polypropylene films S was equal to 0.85, both 

at room and low temperatures, which is consistent with the 

process of hopping conduction. A linear decrease in the 

capacitance of the device with increasing frequency was 

observed before electroforming. This could be due to the 
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increasing leakage current with frequency and is associated 

with capacitance reduction. 

Annealing of polypropylene films produced some very interesting 

results. Experiments were carried out with polypropylene layers 

formed by vacuum evaporation and having thicknesses between 

900R and 2600R. A vacuum heat treatment of the sample at 

110
0

C for about 30 minutes and followed by its gradual cooling 

to room temperature increased its resistivity as compared with 

its value before annealing. In case of a sample of typical 

thickness of 90oR, the resistivity was found to increase from 

3.4 x 1012Jl_cm to 1.2 x 1013Jl_cm. This behaviour was found to 

be common for all samples examined. The increase in resistivity 

is associated with agglomeration, which is the reverting of 

a continuous structure of a thin film to an island structure 

when subjected to the vacuum heat treatment. By examining 

a series of layers from 150R to 1600R thick in the electron 

microscope we were able to say that during the deposition 

of the film many links are formed within the film. As 

suggested previously5, the electrode material is introduced 

into the film under the influence of the electric field. 

The in-diffusion of the metal electrodes into the film 

can also be varified by comparing the current passing 

through the films under the influence of the same electric 

field, but sandwiched between different electrodes. As a 

result of this, it was found that the current was higher 

when the film was sandwiched between gold electrodes as 

compared with copper. Since the electrical conductivity 

of gold is greater than that of copper, this explains the 
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higher current in the case of gold electrodes. 

(of polypropylene) formed during the deposition 

The links 

of the film 

provided diffusion paths for the electrode material. After 

the heat treatment these links are reduced in numner, so this 

is consistent with the increase in resistivity. 

The permi tti vi ty of the film can be calculated from the 

following relation. 

e= cd 
A~ 

o 

Where e is the permittivity or dielectric constant of the 

(6.1) 

material, C is the capacitance and A is the area of the sample 

and fo is the permittivity of the free space. (8.85 x 10-12
Fm-

1). 

A polypropylene film sandwiched between copper electrodes and 

having a thiclmess of 1800~, gave the capacitance value equal 

to 0.9 nF (at 20 kHz), using A = 0.1 x 10-4 m2
, we get 

£= 1.83. While for the bulk polypropylene £ = 2.13. This 

shows that the permittivity of the evaporated film is very 

close to the permittivity of the bulk polypropylene. There-

fore we can say that the films formed by the vacuum evapor-

ation are similar to the starting material. Thin films of 

polyethylene formed by vacuum evaporation have been studied 

extensively and it was reported23 that the vacuum-evaporated 

films are amorphous before annealing and became polycrystall-

ine after 8.nnealing. Also, a large amount of trapped gas 

and other gaseous hydrocarbons are expelled from the film 

during annealing, thus leading to a reduction in its volume. 

Annealing in vacuum increased the resistivity of the poly­

propylene film so it seems to be important to measure the 
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permi tti vi ty of the sample after annealing. The capacitance 

of an evaporated layer of polypropylene (2589i thick) was 

found to increase slightly from 0.59 nF to 0.62 nF after 

annealing. An. increase in the capacitance of evaporated 

polyethylene after annealing has also been reported. If 

all the factors remain constant in equation 6.1, the 

capacitance is inversely proportional to the thickness of 

the device. As mentioned, during annealing, the polyethylene 

films release some gaseous hydrocarbons trapped within the 

film. This causes a decrease in the thickness of the film· , 

therefore the capacitance increases after annealing. The 

same thing is believed to be happening in case of poly-

propylene. Although there is evidence of rearrangement of 

the atomic .clusters after annealing in the evaporated 

polypropylene films, nevertheless the permittivity remains 

almost the same. For example the permittivity values of a 

sample (2589R) were 1.75 and 1.81 before and after annealing 

respectively. So the annealing does not markedly change the 

nature of the material. The only apparent effect it has is 

to break the links between the particles, so that the average 

distance between them is increased. As is clear from the 

.&..'c. measurement, the electrical conduction takes place due 

to the electron hopping between the particles and an increased 

spacing ''iould lead to a reduced electrical conducti vi ty. 

In polymers the similar structure of the monomers, which are 

closely packed in the chains may provide some partly ordered 

crystalline regions (crystallites) but due to the long chainS, 

the polymer molecules become entangled with one another. 
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The existence of these entanglements prevents the complete 

crystallization, therefore there must exist disordered or 

amorphous regions between the crystallites. 

The structural results do provide for the first time evidence 

of the microscopic nature of the evaporated polypropylene 

films. The transmission electron diffraction patterns of the 

several evaporated layers of polypropylene, having different 

thicknesses certainly indicated the amorphous structure of 

these films, but after annealing there was evidence of some 

micro-crystallites. However as a whole the structure remained 

essentially non-crystalline. Nevertheless some estimate of 

change in the crystalline character of the layers was made 

by the photomicrometric examination of the diffraction 

patterns before and after the heat-treatment. By comparing 

the half-width of the micro-photometer traces of non-annealed 

films with those of annealed films, the half-width was found 

to decrease after annealing. This indicates the increase in 

crystallite size, i.e. the evaporated polypropylene films 

become more crystalline after annealing. 

The structural results which relate to the earlier results 

in the thesis on electrical and electronic trapping phenomena 

are believed to be novel for evaporated polymers and it may 

be that the form of behaviour observed with evaporated poly­

propylene is typical of what occurs with many evaporated 

polymer films. 
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