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ABSTRACT
The electrical properties of films of metal-polypropylene-metal
structures with polypropylene thicknesses in the range 600 -
26008 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
charécteristics remainedwohmic.
In these measurements there was evidence of electron trapping
and the trap depth was estimated by using the thermally-
stimilated 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 apolication 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 16002 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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1.1

1.1.1

INTRODUCTION

PREVIOUS WORK ON EVAPORATED POLYMERS

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
and optical properties and may be obtained by several means
including thermal evaporation4 and depdsition 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 polymersa.
When polymers are heated in vacuum, one result is the breaking
of certain chemical bonds within the molecules, thus leading
to the formation of active fragments which sublimate from the
surface of the polymer material9. These fragments when
incident onto a substrate react with one another to form a
polymer coating on its surface1o_12. 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. TUnlike vinyl polymers, halogen polymers such
as polytetrafluorethylene (PTFE) and polychlortrifluorethylene
release significant numbers of active fragments when they are
13

heated in vacuum “, and these fragments form polymer layers

when they condense in vacuum.



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 composition14. 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_17.
It has also been found that on exceeding a threshold applied
voltage, thin films of polymeric materials sandwiched.between
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 110°C leads to an increase in its

resistivity. 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. 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-
ation and (ii) degradation. 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°C by Madorsky et
alzo. The resultant volatile products were composed of
fragments varying in size from a monomer to material having
a molecular weight of about 1000. Madorsky21 evaporated the
polyethylene(PE) under high vacuum conditions at 10“6 torr

and the temperature range was from 380 to 47500. The average



molecular wieght of the resultant fragments was found equal to
700, which indicates that the chains were broken at random
positions. GrassieZ2 pointed out that when the temperature

is raised the first sign of thermal degradation in polyethylene
which occurs around 29000 is a deérease in the molecular weight.
Two stage degradation in many polymers has been observed. Luff
and'Whitez3 found that the degradation of polyethylene (PE)
starts at BOOOC and the polyethylene undergoes a two-stage
degradation process. Figure 1.1 shows the evaporation rate
plotted against thé reciprocal of temperature. According to
Amelin et a124, the low temperature range having an activation
energy of ~ 1 eV characterizes the breaking of the weak bonds
and removal of side chains from the main molecule. The second
stage which reflects the rupturing of primary bonds has an
activation energy of %.04 eV. Iuff and Whit623 reported the

. R o . .o s
activation process above %350 C as having an activation energy

of 3.68 eV.
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Two-stage degradation was also observed in polymethylmethacry-
late and in polystyrene24. Polystyrene when heated in high
vacuum at 325 fo 375°C 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. IEvaporation of PTFE was studied

25 under high vacuum at 400°C. It was found that

by Lane
PTFE degrades to leave a residue of carbon in the evaporation
source, while on completion of a similar evaporation of PE, no
residue of PE was found26. Thermal degradation of polyvinyl
compounds was described by Grassie and Melville27. They put forws
the three possible extreme degradation mechanisms as random
breaking, stepwise degradation and depolymerization. Recently
Kinstlezsobserved 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 41200 is 1000 times that at 32000. The gas consists of

34-52% propylene, 2-6% butenes and 39-41% amylenes and pentenes.
Also the non-volatile residue left in the evaporation source
becomes amorphousz9. The molecules weight of the polypropylene
decreases to a value characteristic of normal polyethylene in

the temperature range of 230—3000030. Decomposition of poly-
propylene starts by the random breaking of C-C bonds which

then leads to the breaking of terminals from macroradicals.

Then the hydrogen atoms are removed from the neighbouring



molecules. Finally, the chains are broken as shown below.
7

R—(llH-CHz—(fH—CHER, —> R-CH-CH_ + CH-CH —R'
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| 2] 2
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CH3 CH3

» + !
(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 thickness 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 ana produced



by the glow discharge method. He reported ohmic conduction

in 1000 R films up to the breakdown point which occurred

sbove 10C V om 1. Hogarth and Iqbal5 obtained their films

of polyproPylene~(PP) by vacuum deposition having thicknesses
between 1200 - 2400 2. They found systematic differences in
the electrical behaviour of these films as a consequence of
using different electrodé materials, even though the voltage-
current characteristics remained ohmic. The voltage-current
characteristics of gu—PP-Cu and Al-PP-Cu samples with three
‘different thicknesses of polypropylene are shown in Figure 1.2.
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Figure 1.2 Voltage-current characteristics for some thin films c
polypropylene (PP): curve a, Cu/PP(1200 R)/Cu; curve b, Cu/PP
(1800 R)/Cu; curve c, Cu/PP (2400 R)/Cu; curve @, *1/PP (1200 )/
Cu; curve e, A1/PP (1800 R)/Cu; curve f, A1/PP (2400 R)/cu.

(after Hogarth and Iqbals)



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

2.48 x 10° V e 1,

1.1.3.2 Super-ohmic and tunnelling characteristics
Super-ohmic -and tﬁnnelling 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 thé 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 surrounding the trapped electrons by an
external electric field. Thin polymer films prepared from
silicone oil and having thicknesses between 50 and 2500 2
were investigated by Christyz, Emtage32 and Mannss. Christy2
obtained these films by electron bombardment and they had
thicknesses between 50 and 150 K. 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

1

log va'Vé'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 & films at 300 K formed in the say way

as shown in Figure 1.3. For films in the thickness range from
500 - 2500 ﬂ, sandwiched 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 tunnelling or to a mixture of both.
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Figure 1.3 Voltage—current characteristics of a Au-Siliconoil

(PSO)-Au system at 300 K. (after Eamtage and Tan’crapomBz).

Gregor and Kapla.n34 who studied the thin films of epichlorohydrin
(100 2 thick), produced by electron bombardment, came to the
conclusion that the electrical characteristics could be related
to a combination of tunnelling end either the Poole-Frenkel or
Schottky emission, depending upon the temperature range and
electric field strength. The electrical properties of thin
films of polysilazan= baving thicknesses “etween 0.6 and 3.5 m
formed by the glow discharge method were investigated by
Trezkowski et 3.135. They suggested that 2lectrode-limited

(Schottky) conduzction was the dominznt conduction mechanism.



31

Gregor

10

examined thin films of polydivinylbenzene having

thicknesses between 100 - 1000 K, produced by the glow discharge

method and concludsd that Schottky emission was the dominant

conduction mechanism in 100 - 500 2 thick films as shown in

36

Figure 1.4. Lengyel

investigated films of polyethylene

terephthalate (Mylar) and polyvinylformal, and reported the

conduction mechanism as Schottky emission for fields between

20 and 200 K Vrgm and temperatures from 298 to 373 K. Lilly

and Modowell37 worked on Mylar and Teflon (polytetrafluorethy-—

lene) films.

They also interpreted their results using the

theory of Schottky emission. According tc Lilly and Lowit238
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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 space
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. lI'.he electrical conductivity of thin
polycrystalline P-terphenyl films was investigated as a function
of temperature, electric field and film thickness by Staryga
a.fld Swia’cekm. 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 shown in Figure 1.5.

1}.'5‘

3 3 5 6 7 8 9§ uhv'n

1

Figure 1.5 The lno vs v? characteristics for p-iterphenyl lzyers.
curve 1, d = 2.6jum, T =298K
curve 2, d = 3.54m, T =298 K

(after Staryga and Swiatekm)
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- Kryszewski and Swia.tek42 investigated the electrical properties
of thin polystyrene (PS) and poly(¥-vinyl carbazole) (PVK)
films, obtained by the glow discharge method. The conductivity

was described by both electrode-limited and bulk-limited
1

conduction processes. At lower field strengths, E 5{105 Vemn |,

the electrode-limited conduction mechanism was dominant, while at
higher fields (E 2:105 )i cmf1) the conductivity was 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.
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Figure 1.6 Schottky plot for polystrene film of thickness
42
314 & (after Kryszewski ard Swiatek’ ).
!
Flectrical conduction throngh insulating layers of polyethylene

has been investigated by many research workers during the last



few years. The current-voltage behaviour of thermally evaporated

Polyethylene films sandwiched between aluminium electrodes was

A
1-T=334K o
2T32K | ‘
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10 i ] 1 | L. >

Y2 Ve
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Figure 1.7 Current-voltage characteristics for Poly(N-Vinyl—
carbazole)PVK) film of thickness 740 £

(after Kryszewski and Swiatek42)}

explained in terms of the anomalous Poole-Frenkel efféct

by Zor43. Miyoshi and Chino44 studied polyethylene films form-

ed by vacuum deposition and also by dipping the substrate into
solution. They discussed their results by using the simple

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

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

voltage characteristics of 100 R thick polyethylene films and

found turnelling as the conduction mechanism. Das Gupta and Barbarez
investigated the conduztion process in polyethylene filins and
concluded that the carriers were introduced into the conduction

turd of the polymer via defects or impurity levels 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-limited.
Space-charge—limited currents provide the dominant conduction
mechanism in some polymer thin films as has been reported by
several workers. ©Shireesh et 3148 obtained their films of
polyerocene sandwiched between Al electrodes and having thicknesses
between 210 - 300 R by a plasma polymerization method. They
concluded that the conduction mechanism was governed by space-
charge-limited currents as shown in Figure 1.8. An investigation

49

was undertaken by Chutia and Barua ™ 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 2 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 devosited

polycrystalline P-terphenyl films by Starygé and Swiatek41. Some
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Figure 1.8 Voltage-current characteristics for some thin films
of polyferrocene; curve a, A1/pF(210 R)/A1, curve b, A1 /PF(6008)/A1;
curve ¢, A1/PF(900 B)/A1, curve 4, A1l/PF(3000 R)/a1 : (after

8
Shireesh et al4 )
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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 (VCNR), electroluminescence, electron emission
and a memory effect. A number of theoriesSO-S7 have been proposed
to explain electroforming and associated effects in insulators.

33

Marm”” worked on thin films of silicone o0il prepared by the
electron bombardment method and having thicknesses between 500

and 2500 2 sandwiched between Al electrodes and observed differ-
ential negative resistance similar to that reported by Hickmottsoo
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 maximm
current. The memory effect was also reported up to 3 volts and
this was stable and independent of temperature. Tor 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



TABLE 1

SELECTED RESULTS ON EVAPORATED POLYMER FILMS

No.

Author

Christy

Emtage and
Tantraporn

Mann

Gregor and

Kaplan -

Polymer

Silicon 0il

Silicon 0Oil

Silicon 0il

Poly-epichloro-

hydrin

Method of obtain-

ing films Thicknesses
Electron (50-150) R
bombardment
Electron 100 R
bombardment
Electron
bombardment (500-2500)2
Electron 100 &
bombardment

Temperature
K

4~300

500

4~300

160~300

Observed Conduction

Mechanism -

Tunnelling at 4K, logl 2
Vs V% dependence at
300K. No single mech-

anism was dominant

Schottky emission 32

Schottky emission or
tunnelling or a

mixture of both. 33

Tunnelling at low 34
temperature (160K) and
low voltages. Schottky

emission or the Poole-

Ref.

LL



TABLE 1 (cont.)

No. Author
5 Gregor
6 Lengyel
7 Lilly and
Mcdewell

Polymer

Polydivinyl-

benzene

Polyethylene-
terephthalate

(Mylar)
Polyvinyl-

formal

Myler and

Teflon (Poly

tetrafluorethylene) of Maylar and

Method of obtain-

ing films

Glow discharge

Commercially
supplied sam-
ples were
used.,
Commercially
supplied sam-
ples were

used.,

Films were cut

from the sheets

(2] ~™

Temperature
Thicknesses
K
(100-1000) & 300
27.50 mm 298-383
(50-55) & m 298-383
(25-250) K m 343-436

Observed Conduction

] Ref.
mechanism

Schottky emission in

100 to 500 & films, while
Ohmic conduction in 31
100028 films up to the
breakdown point, which
occurred at 1O6V cm !
Schottky emission for 36
fields between 20-

200 K V cm™ .

Schottky emission for
fields between 36_

20 - 200 X V om™

Schottky emission 37

8L



TABLE 1 (cont.)

No.

10

11

12

13

Author

Rogger
Lilly and
Lowitz

Dos Gupta &

Barbarez

Suzuki et al

Staryga and

Swiatek

Shireesh

et al

Polymer

Polyethylene
Mylar

Polyethylene

Polyacrylo-

nitrite

Polycrystalline

P-terphenyl

Polyerocene

Method of obtain-

£ilms Thicknesses

—_ 100 R

- (25-125) K m

Films were supplied

by Mansanto Chem-

ical Limited (25-75)K m
Vacuum deposit- 1000 R
ion

Vécuum (1.7—3.5)}Lm
deposition

Plazma poly- (210-3000) R

merization

Temperature
K

298

300-425

513
160-500

298

298

Observed Conduction

Mechanism
Tunnelling
O0!Dwyer theory of space
charge conduction
Poole~Frenkel and

hopping

Hopping through

localized states in the

forbidden gap.

Poole~Frenkel and
hopping.

Also, space-charge

limited conduction above

300 K.

Space-charge limited

currents.

Ref,

45
38

46

47
41

48

6L



TABLE 1 (cont,)

No.

14

15

16

17

18

Author

Chutia and
Barua
Hogarth and
Igbal
Kamisaka

et al
Kryszewski

and Swiatek

Tyezkowski

et al.

Polymer

Polymethyl~
methacrylate

Polypropylene

Polystyrene

Polystyrene

and poly(N-

vinyl carbazole

Polysilazane

Method of obtain-

ing films Thicknesses
Isothermal 9646 2
immersion
Vacuum (1200-2400)&
deposition

Styroflex(NSW Co) (33-40)4 m
films were used
Glow discharge 200 to 800R

(NSW Co)

(0.6-3.5) Mm

Glow discharge

Temperature
K

298-333

300

300-375

293-373

298

Observed Conduction

Mechanism
Space-charge limited
currents

Ohmic

Schottky emission

For E < 10° V cm-1,

electrode limited

E >10° V cm—1, Poole
Frenkel

Schottky emission

Ref.

49

40

42

42

35

014



TABLE 1 (cont.)

No.

19

20

21

Author

Lane

Miyoshi and

Chino

Zor

Polymer

PTFE

Polyethylene

Polyethylene

Method of obtain-

ing films
Vacuum
deposition
Vacuum

deposition

Solution
deposition
Vacuum

deposition

Thicknesses

(400 to 1650)%

(1ooo-2ooo) 2

(50 -1000) X

(1100-4200)%

Temperature

298

298

200-400

298

Observed Conduction

Mechanism
No single conduction
mechanism
Schottky emission in
PE single crystal of
500 - 1200 X

Tunnelling in 50 %

Space-charge limited
currents with copper
eiectrodes.
Poole-Frenkel effect
with aluminium

electrodes.

Ref.

25

44

43

Le
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on the surface of the water. Each mono-layer had a thickness of
26 8. mo complete the sandwich, top electrodes of gold or

aluminium w2re evaporated. For the electrical reasurements

T TN, %30
705 A
3 -
o
[ 3
S 2f
<L
Ny
o
:; &°x A‘
i &N0 §
4\
1 ~ [l
(o} 5 10

V {(VOLTS)

Figure 1.9 Differential negative resistance and tunnelling

in M-DOW-Corning DC 704-M structures (after }bm33).

the sample was cooled down to 77 K and the top electrode was
always positively biased. A sawtooth voltage with an increazing
rate of 0.3 Vs~1 was used. The 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 pronoun¢ed at about 150 K and it
disappeared above 210 K. The current-voltage characteristics

of an [ A1-(Al oxide) -eleven mdnolayer-Al] sandwich with
increasing temperature ar~ shown in Figure 1.10. It was not
possible to form the devices having thicknesses less- than five
monolayers. On decreasing the voltage within 0.025  the device
was left in a memory state which was erased at a threshold voltage

of between 2 to 3 volts. The electroforming of evaporated

polyethylene has been reported by many reseaxrch workers.



Figure 1.10 Current-voltage vharacteristics of an Al—(Aloxide)—
eleven monolayer-Au sandwich for increasing temperature. The

vertical scale is displaced for each curve for clarity (after

Gundlach and Kadle058).

Gazso59 observed the DNR in the evaporated polyethylene films,
having thicknesses in the range of 1000 - 2000 R and sandwiched
between aluminium and gold electrodes. The conductivity 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 show any electroforming. Mijyoshi and Chino44 also ob~erved
the negative resistance similar to Hickmottso in their samples of

evaporated polyethylene having same thicknesses as reported by



Gazso. Hogarth and Zor4 evaporated polyethylene at 10-4 torr

onto previously deposited aluminium electrodes. Their films
were 1140 s 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 eiectrodes,
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

75

50
|

Curreny (pA)

209 30 <No 500
. ]

Time (nours)

Figure 1.11 Current at constant supply voltage as a function of

time for an A1-PE(1140 2)-A1l structure (after Hogarth and Zor4).

A1-PE(1140 £)-A1 sample was left under 16 volts (ninimum forming
voltage) for an extended period and significant forming was

observed after 313 h. At the end of this time on increasing the
applied voltage up to 25 volts, no further forming was observed.

Thin layers of evaporated polypropylene sandwiched between metal



25

electrodes (aluminium or copper) having thickness ranging from
600 to 1000 & showed electroforming effects followed by negative
resistance and electron emission into a vacuum under suitable
conditions as described by Hogarth and IQbal6O. 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 bhiased 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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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.

Struct;re and electrical properties of polymersi

The 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 say 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

molecules . The inter-molecular bonds are relatively weaker

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

the band of antibonding states lies at an energy AV%.above
the valence band and is usually empty. The 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

A W ' conduction band
iiEEE forbidden gap
frirassea | zxpyi

A |
valence band
inter- intramolecular
molecular

Figure 1.13 Schematic representation of the band structure of
a typicél polymer, showing valence band, forbidden energy gap
AVW,., conduction band and localized levels due to disorder of
i

intermolecular arrangements.

disorder resulting from the chain termination, chain folding

and from the amorphous/crystalline interface will produce
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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 Da.vis61 for the group

4 1

of materials having a value of o  between 102 and 104 Tlem

conduction is due to the carriers excited into extended states.

1cm._1, they

For the value of o  of the order of 10 Q
suggested that the conduction is due to carriers excited
into localized states at the band edges. A value of %
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) showé 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

probability 1/ Tij for hopping from site i to site j is
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as defined below.
- ¢ -— -— N
1/Tij o €XP ( aRij Awij/k‘I')
Where 16 is the characteristic frequency, a represents +the
tunnelling coefficient, Rij is the spatial separation between

the sites and.l3¥ﬁj is the energy difference between them.'

A - Rij -
: - j
( a) > “‘i <

(b) AW

Figure 1.14 Two types of hopping motion in pclymers.

(a) hopping between localized levels distributed randomly
in space and in energy.

(b) hopping in 2 regular array of potential wells. The spatial

distance of hoo between site i and j is Rij’ Nhile zxwij

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.
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

9/4-550'v2

J =

— (1.1)
:8@3

Here d is the thickness of the insulator, ft is the mobility
and V is the applied voltage. The above equation predicts
that SCL current is proportional to V2 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 Rose63. He
pointed out that in such insulators 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 6, of a free-to-trapped
charge in an insulator containing shallow traps is given by

N B

C

ct
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Where l\TJC is the density of the shallow traps, Et is the trap

depth below the bottom of the conduction band and Nc is the

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
O So, equation (1.1) becomes

9 MEE 2
o . e

J = Vv

5 33 (1.3)
Since ©O is temperature dependent, thus the inclusion of shallow
traps in the insulator brings the theory into line with
experimental observation. According to Lampert64’65 when the
injected free-carrier density n. exceeds the volume generated
frée—carrier density n the space~charge effects will be
observed, otherwise the ohmic conductivity will dominate.

Lampert also calculated the voltage Vg at which the transition

from ohmic to SCL conduction occurs, where VX is equal to

2
Vi _ e nod
Oc e - (1.4)

o

It has been noted that if sufficient charge is injected into
the insulator, the traps will be éaiurated. (Trap-filled
limit, TFL). Now any additional injected charge into the
ijnsulator exists as free charge in the conduction band and the
current rises by an amount £§1. Beyond the TFL, the J.V
characteristics follow the equation (1.1), rather than the

equation (1.73). The voltage at which the TFL occurs is

given by o
v oo elNd (1.5)
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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.

N, = A exp ~
K ( T,

) | (1.6)

where E is the energy measured from the bottom of the conduction
band and Tc is a characteristic temperature greater than the
temperature at which the currents are measured. The resultant

66

current has been found to be

- Eg + 1
v T
2Tc
?[,—+ 1
d

which means that, since Tc > T, the current depends more
strongly on V and d as compared with the trap-free or discrete

level cases.

A Trapfree /
TFL
)
&)
S
H
with trap
Ohms
law 7
: >
Vx Vg,
LOG V

Figure 1.15 SCL, 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.

-
2 0
J = AT"  exp (—————~kT ) (1.8)

where A is the Richardson constant and is equal to 120 when
J is expressed in amp cmfz,I; is Boltzmannt's constant, T is
absolute temperature and ¢>o is the height of the potential
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

$ T — (1.9)
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where € and Eo are the dielectric constant of the material and

of free space respectively. Taking into account the effect of

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

function of the distance x from the interface is given by

b(x) = ¢ + ¢, = & - &

lm O

(1.10)
1671': e X
(o]

Bottom of insulator conduction band.
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<« ~>» | €

Figure 1.16 Schottky effect at a metal electrode.

In the presence of the uniform electric field at the surface
of the cathods ¢(x) is given by

2

—_ 1.11
¢ (x) ¢ 167r£gox eFx ( )

@ (x) attains its maximm value at x = X where

W=

B e 1.12
X T ( 167rch) ( )
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The value of ¢(x) at X becomes

W

(1.13)

B

% (*n) = ¢, - ( e )

4 m Ee,
The attenuation of the barrier height due to the interaction of
the applied field with the image potential will be
X
Ap, = & - 9(*n) (1.14)

which represents the Schottky effect.

Bugations (1.14) and (1.13) give

- S v 1 1
A, = (L,—;-;;:) FP= By (1.15)
where g : eB )%
s b mee

Substituting qb(xm) = ¢O - Ag, for ¢in equation(1.8) we get

1

2

2 b6 ~ BSF
J = AT -
exp ( -

68
This is the Richardson-Schottky equation for the neutral contact.

) (1.16)

In this equation A is a constant and is given by

4 el«:2 |

3 (1.17)

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

_% _%2
J = AT2 (e BT _ 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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becomes6_9
1
bo - (14-4 ¢V/mq ) ]

1=am e |- = (1.19)

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 mechénism which is based on the same
lowering of a potential barrier by an applied electric field
asvthe Schottky effect. However, in this case the barrier in
question is that for thermal excitation of trapped electrons
into the conduction band of the insulator7o as shown in

Figure 1.17.

Bottom of the conduction band

Y

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

2
P(x) = = (1.20)

~4'ne.eox
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

¢IT“ the Poole-Frenkel attenuation of the coulombic barriér in

a uniform electric field is given as

e
Do - () F g, 5
ngF: . F2 = P F (1.21)
Bugation (1.21) shows that
BPF = 28 (1.22)

The field-dependent conductivity is given as

1

s F=
PF ;
J=7  exp (——0) (1.23)
2k T
where Jo = UOF and ao is the low field conductivity.

71

According to Mead' the current density in thin film insulator

containing shallow traps is given as

_%_
Bpp F

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

J =7 exp| (1.24)
thin film insulators instead of equation (1.2%). The classical
model of the Poole-Frenkel effect has been modified by Simmons72’73
who showed that Poolel'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 following equation for conductivity

u
bop ¥
_ PF
J=d, e ) (1.25)
2KT
N. % E E
a2 at By
where J = euN — P -
o . | X, ) exp o (1.26).

 Bottom of the conduction band.

S
M e X

ts

”' ' ' Fermi-level

Figure 1.18 Energy diagram used to develop Equation (1.26)
71)

(after Simmons

Here e is the electronic charge, Nc is the effective density of

states, & is the mobility, _Hé is the ratio of the donor

N

centres to the trap centres, Ed and Et are the 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 ¢ , from one defect site to the next in an applied
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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, transpoft 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.
(1) For low electric field, E‘((]t? the current density J, is
given by

J = AT2 F exp (k ) (1.27)

where q is the charge of the ion, r is distance between
two sites, A is a constant, k is Boltzmann's constant and

T is the absolute temperature.

(ii) For F' = ET the current density has the form
ax
ﬁi _ﬂ_
J=J, exp (% -] (1.28)
where JO is a constant.
(iii) ForiF));K$5the current density is equal to
1 ar
( ¢} - ,qu) ]
J= J  exp [— 5T (1.29)

In equation (1.29) @' is the sum of the zero field
activation energy, ¢ , and the height of the first
79

potential barrier

1.2.6 Tunnelling

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 tunmnelling 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, (assuming the barrier is in the

x-direction) the current density is given by

Vo
I, = f v, n(VX) P(&X) av_ (1.30)
8IIZ!
3, = ?}1 f n(v,) P(e,) 4 & (1.31)

where n(Vx) de is the number of electrons per unit volume
having velocity between V_ and V_ + aV_, P(fi) is the probability
that an electron with energy‘&xzcan penetrate the barrier and

Em is the maximum energy of the electrons in the conductigg
'regions. If we define J2, as the current density for electrons
tunnelling from region 2 to region 1, then the net current

density will be

The value of J is given asso

0o Em
_ ‘”‘1312 {£,(8) - £,(€) } at fp( ) ag  (1.32)
h O

where £ (€) and fZ(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 metal-insulator-metal structures. Since

then a number of papers have been published on this subjectsz_as.

1.3 EFFECTS OF ELECTRODES

It is necessary to connect electrodes to the surface of an
insulator to measure its conductivity. 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 vacuun
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 known as ohmic

if the electrode work functionﬂkm.is smaller than the insulator
work function ¢fi. Tn 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 bulkrlimited.

Figure 1.19 explains

the energy diagram of metal and the insulator before and after

the formation of an ohmic contact.
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Figure 1.19 Energy band diagram of metal and insulator

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

1.3.2 Neutral contact

When the electrode work function.wm,

function ¢i’

and there is

is equal to the metal work
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_mo 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 a2 transitional stage between an ohmic and blocking

contact..
Vacuum level
A (B A
¥n Y
V Fermi level Y
Y, = Y

Figure 1.20 Energy band diagram of a neutral contact.

1.3%.3 Blocking contact
Vhen an electrode having a work function \bm makes a
contact with an insulator whose work function is ¢i,
such that y’/m> \,bi, the contact is kmown as blocking.

In order to satisfy the thermal equilibrium condition the
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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 fieid 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 con&uction band within the bulk of the insulator
in the downwards direction until it lies at an energy
('Hg —~ 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 'V; - X, where 3% is the electrode work function
and X is the electron affinity of the insulator. This value
of the barrier height has been chosen for the real surfaces.
Tn 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
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for the existence of these surface states.
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Figure 1.21 Energy band diagram (a) before contact

(b) after contact (blocking contact)

1.4  THERMALLY-STIMULATED CURRENTS

The measurements of thermally-stimulated currents (TSC)
have been widely used to determine the praoperties 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
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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
qonstant 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, Pa,i87 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.

Theory (TSC)
Haine and Carley—Read88 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, ¢ is the
trapping factor, Tt 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

. . 1 dn

density at heating rate T1 and similarly for n_ , n' is ©4
’ " ¢ Tar

and similarly for rfc s, A is the cross-sectional area, d is the

2
thickness of the specimen and ¢ is the carrier mobility.

The rate of release of electrons from a particular trapping level

is given by iy 6

fa

where 6 and T't are given as

0 = Nc —Et
- (‘ﬁ-t'"’ exp (_ﬁ ) . (1.33)
and T, = 1
t g (1.34)
N‘t St v

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

n, (1 —n“c/Nt )

T
t

. . . n
Also, the rate of recombination is _¢C
T

For a single trapping and recombination level, these rates are

related by the following equation.

o _ ;39—;9(1— %3“-)— 315—’ (1.35)
dt + &
Since the rate of change of n, is very small as compared with the

dn
c
relaxation time of n,, so we can neglect e

Now the equation becomes

n.g n n n

t _c (1 - —_E) - £ _ 0 (1-35)
S iy

T, T N,
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Rearranging the above equation we get

n_tQ
n = : 1.36
.c (1 +.E£ “.EE ) (1.36)
T N’b

Now differentiating equation (1.36) with respect to temperature

using primed symbols to represent such differentiation.

t,, dn
e.g. n/= _¢
aT
Therefore,
4 ] L
o = ™M@ e % 748 T (1.37)
(1+"E't—%t) Nt(1+:e’_c_—flﬁt)2
t t
Now using equation (1.36) in (1.37) we obtain
', !, 2
n' = “¢O 0y D g g
5t o + ia:;IE; (1.38)

Dotted symbols can be used to represent differentiation with

respect to time.

Hence, 0
n, = Ty - T (1.39)
dt
and .
o= 2t = T o (1.40)
aT T T
Rewriting equation (1.33)
N E
c (=2t)
(4
: - | -B
d= go = le( Db jem (T, e et
d Nf KT2 KT Nt
or ,
‘ E N
e=e'( _t L, &)
sz N
C
Since Nc a TB/ 2, N; g Nc, using this in the above equation.
T
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E
- &t 3
6= 7 lm + 2) (1.41)
The temperature dependence of Nc can be neglected if
E, >>KT. Using this approximation and substituting
equations (1.40)and (1.41) in equation (1.38), also using

(1.36) to eliminate n, we obtain

[
n = nC Et(’(’+'t') (n +Nte)2 ’
M O — - (1.42)
Ty KT T N2

Putting the value of 8 from equation (1.33)into equation (1.42)
gives the following result.

} E_,_— " 2
ilg _ -:Ei _ {nC + Nc exp .(—- b/kT)} . (1.43)
n_ - N, (T+ T) N, exp (- “t/xT)
Rearrangement of the above equation yields
fn, + W exp (/) )2
N, (z+ %) = = (1.44)

h. N E, /w2 "
e 1P6kr® _ o/n_exp(-E, fer)
At the currert maximum of the TSC curve, n; =0,

therefore equation (1.44) becomes

2 E 2
N, (T+ 'C‘)_k-T N. exp (_7:& M+ %c exp By (1.45)
E T N T

1 c
nC is given as
n = _Id (1.46)
reVA

where I is the current flowing through the sample and V is the

applied voltage.

Equation (1.44) contains two implicit unknown parameters,
Nt (T + ?%) and B,, therefore two values of T are used, i.e.
the samples are heated at two different —-ates but under the
same applied field, and two poin.s on the tio peak curves
corresponding to the same temperature are taken. Now two
expressions are obtained from equation (1.44) and hence

Nt (v + T%) can be eliminated to give the following expression.
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{nc1 + N, exp (- Et/kT) }2 {ncz L N exp (~Et/kﬂ3 ’

, ' = ; 1.47)
. R 5 n! . -n .0 n (
7, (Bt/ k1~ °1 / 7 ) T ‘{Et/'kTZJ oo/ cz)}
1 1 2
Rearranging equation (1.47) we get
E Pe x - 1
exp —(__t) _ 2 ©4 (1.48)
KT N, (1-X)
where X2 is defined as
. n 2 m
T n' 2m *
Ty (1 = "e KT/ e, B,)
If we choose the current maximum value temperature for T1,
then n% = 0, and equation (1.49) is further simplified as
1
| i
2 1
X< = (1.50)

. oy 2 mn
T2 (1 - c2kT / ¢, Et)

We can see that equation (1.48)gives the single value of Et

and by substituting this into equation (1.44), a single value
of Nt( T + 'z;c) is obtained.
¥, can be calculated from the photocurrent using the

following equation

2
v- 1@ (1.51)

fenrv

where IL is the photocurrent 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,, = —od (1.51)
O  Tuyea

where 0. 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_ (nco) at equilibrium state in the presence
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of the exciting radiation and the trap occupancy is given by

1
2t )

EEQ _ 51 + Nc
N, T kT (1.52)

— exp |
t nco

The value of ? is known from equation (1.51), therefore n

T can
to
be calculated. If nT is found equal to Nt(t‘ + ‘tt) it means
that T;@Cf and the initial occupancy is 100%. Hence Nt can

be found. Finally, we can say that if T LKT the value of

Nt can be calculated without any assumptions, but Tt and St
cannot be found. But, on the other hand, if "TE is comparable or
larger than, * , N, and 7T_ can only be obtained, provided it is

t t

assumed that the initial occupancy is determined by thermal
equilibrium conditions.

Bube89 calculated the trap depth Et from the curves of the thermally-
stimilated current by using the conductivity and the peak
temperature (Tm). His calculation was based on the assumption

that the Fermi level is located at the level corresponding to

the traps, when the conductivity attains its maximum value and

his expression of E, includes re-trapping as well. So, according

t

to Bube, the mean trap depth is given as

E, =T 1In Nce#_ (1.53,
I

where (Tm is the peak conductivity.

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, associated with the electroforming
process are electron emission, electroluminescence and a
memory effect. These phenomena have been reported for many
insulators, including oxided’ 22? 9991 1a1ides??, sulphidesd?
and certain polymefic materials93’58. Recently Hogarth and
Iqbal60 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 sampleso.
Also, a sinusoidal voltage of amplitude greater than VF can
induceso’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 Vf?j. The degree of forming is also affected by
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the thickness of the insulator and the peak current is

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

I ad.

p

Electroforming has been reported in different oxides including
A1203, SlOX, o
thicknesses between 100 to 20,000 2 50’51’95—101. The

Ta205, 2r0 TiOz, Mg0 and A1203 having

voltage Vﬁ, for the maximum current was found to be independent
of the thickness of the oxide U2, while V., 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
breakdown occurs before forming is induced102. Differential
negative resistance has been observed in polymer layers
varying in thicknesses from 150 to 2500 R . 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, Al, Au,
Cu, Si, Sn, Pb, In, Bi, Fe, W and Ni, i.e. most common metals
except Mg1012 10394 yergerber”? et al studied the effect of
electrode material on forming and found the same forming
voltage for the Ag , Au and Cu electrodes when they were biased
positively in a Al-SiO-metal system. Where the term metal
refers to the material under investigation. They could not
achieve electroforming with Al electrodes. Generally it is not
possible to get electroforming at atmospheric pressure.

. 1C
However, it has been reported that fluorides 4 can be electro-

formed in air at atmospheric pressure. In most cases it 1is
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established at a low pressure of less than 1072 torr or in
inert gas at atmospheric pressuress.
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 hecessary
- to apply a voltage greater than or equal to the forming
voltage VF' Once the forming has been aqhieved, a differential
negative resistance appears in the I-V characteristics of the
device. A ‘typical shape of the differential negatlive resistance

characteristic is shown in Figure 1.22. Such a negative resistance

is known as a voltage-controlled negative resistance, oxr VCNR.

Current (A)

-

|
|
l
|
|
|
1
Vin Voliage (V)

Figure 1.22 General shape of the voltage-controlled negative

resistance.
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After electroforming the device resistivity decreases and

the current increases by several orders of magnitude53. The
change in conductivity is permanent and the I-V characteristics
show VCNR. for both increasing and decreasing voltages. Vm
corresponds to the maximum current flowing through the sample
and was found independent of the insulator thickness, but its
value varies slightly (3 to5 V) with insulator and electrode

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

and the thickness of the insulator.
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Figure 1.23 The I-V characteristics of a formed MIM sample,
showing several high frequency characteristics 0B, OC and OE

e L ’
and memory states as 0B, 0C' and OE .

Let us consider Figure 1.23 where we notice that up to the
threshold voltage V_, the current is independent of the

frequency 1.e. the a.c. and the d.c. characteristics in a
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formed sample are given by the same curve OA. Also the peak-
current Ip decreases with frequency. Only the d.c. or low
frequency measurements demonstrate a negative resistancess.
For applied a.c. voltage V D VT, a new set of I-V characteristics
appears as shown by the dotted lines. In the range VT< V\<Vu
the overall impedance of the characteristics increases with
increasing voltage amplitude. For instance, if the voltage
amplitude is raised up to V,, then decreasing the voltage
involves following the curve BBﬂO, instead of BAO. Similarly

we can explain the curves Cd()andEEﬁO. These characteristics

do not exhibit negative resistance, although the locus of their

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

Memory characteristics

When the applied voltage across the formed sample is taken
beyond V_ and then switched off quickly, (less than 1077 sec)
a memory state is induced on the sample52. (See Figure 1.23).
Tt 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 Oﬁ will prevail, rather than the low-
impedance characteristics 0A, provided the applied voltage
does not exceed VT' Similarly any voltage pulse corresponding
to the points C and K, with trailing edge faster than 0.1 ms
will generate respectively the new impedance states O é and

0 ﬁ. Switching from a low-to-high-impedance state 1s

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
varies between 10—6 to 10-'1 seconds must elapse before the
switching 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,
enclosed by the perimeters OAﬁ'Cﬂﬁ O is retraceable and stable

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

! 1 ]
area enclosed by the perimeter E‘C‘B{ABCEE‘.

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 Vg 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
C is reduced to zero, the OéC' 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>VT will cause it to switch back into its initial low-
jmpedance 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 VT. 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 same 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
Vﬁ (where Vﬁ corresponds to the maximum current flowing through
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 the intensity of emission varies with
time at each point106. Hickmottw7 studied Al—Al203—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

. -110
with regions of enhanced electron emiss:.on108 1 . Electron

. 102
emission has been observed in many MIM structures of oxides ’

108,109,111 _ 4 in some polymers6o . Also, the emission

current is more temperature dependent than the circulating

108
current .
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Electroluminescence

Electroluminescence and electron emission appear simultaneously
with the initial development of conductivity and negative

resistance in the formed MIM sample. Electroluminescence

108

occurs as a number of bright spots on the electrode surface
These bright spots tend to be stable through several cycles
of current-voltage characteristics, but sometimes they change
their positions or disappear completely. Electroluminescence
in zZns' 12, cas'13, znse®®, A120551 and 510,'%% 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
enission rise steeply above 1.5 V for A1-5i0-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 voltage108’115.

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
According to Hickmott's102 model, a large number of immobile
neutral impurity centres of energy EI’ 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 _Eg, before
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 throﬁghout the insulator,
but the conductivity is controlled by positive impurity centres.

The phenomena of negative resistance, electron emission and
electroluminescence are explained by postuléting an immobile
hole level EH’ 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 unformed and formed
sample and the establishment of conductivity in the high

field region (after Hickmott102).

in the valence band moves towards the cathode under the
influence of the high field (3). While moving towards the
cathode the hole is neutralized by an electron from the impurity
levels (4), or another electron trapped in an impurity 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 work-function caa be
emitted from the sample while others may bz cadtured by the
impurity band (7).

The ionized impurities in the impurity band, coantributing to the

circulating current are neutralized by the electrons tunnelling

from the valence band or second irpurity level, which results in
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the appearance of the negative resistance region. Radiative
transitions between EI’ EH and Ev cause the electrolumines—

cence (EV 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

53
V? .

diffuse into the insulator under the influence of the forming

Vbecomes equal to the forming voltage These injected ions
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
B = -x, (1.54)

m i
where‘fh is the electrode work function and X5 is the electron
affinity of the insulator. The field at the metal-insulator

interface is given by

F={ ——n‘é ,s"e‘i"z) (&, '“‘Db - V) (1.55)

s

where dbb is the bulk activation energy of the unformed
insulator, Vd is the voltage drop across the depletion

region, ns is the donor density, € is the dielectric constant,
Eb is the permittivity of the free space, e is the electronic

charge and Qbo is the barrier height as defined above.

Figure 1.25 shows the energy-band diagram of the unformed

MIM system for different bias voltages. When V < Voo 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 MIM
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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 the positively biased
electrode. The ionized charges in the depletion region give
rise to a positive field at the anode which prevents any
migration of ions from the anode into the insulator.

When the zpplied field attains the value V_, the field at the

interface becomes zero, as shown in Figure 1.25(c). So the
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ions entering from the anode into the insulator are free to
migrate throughout the insulator. The condition for F = o,

from equation (1.55) is

Ta=Po =Py (1.56)

If a similar voltage is dropped across the depletion region
at the negatively-biased electrode, then the forming voltage
will equal

Vp=23=2(p_  -o,) (1.57)
The injected positive ions must drag into the insulator an equal
numbe: 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
insulatorsz. 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 forbidden energy gap of the insulator as shown in
Figure 1.26(a) for the V = O condition. When the applied

voltage V is less than.qbi, an electron at the Fermi level can
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Figure 1.26 The energy-band diagram of the formed metal-
insulator-metal sample for (a) no applied voltage (b) applied
voltage less than q'_)c. (c) for applied potential difference
greater thanqbi. Where¥m is the metal work-function,ch

the metal-insulator barrier height and s andcbi respectively are
the energies of the bottom of the condition band and top of the

Jocalized levels measured from the Fermi level.
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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, exceedsqbi, only the electrons having energies greater
than V;qbi below the Fermi 1e€el can contribute to the
circulating curfent through the localized states as shown
in Pigure 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.

109

Vérderber and Simmons 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 Ei
from the lattice. Those who do not suffer any losses in
the insulator will enter the top electrode with an energy
eV + Ei above the Fermi level. These electrons can be
emitted into vacuum if

eV + Ei:> Wi

where W is the work function of the electrode.

(iii) The model of Green, 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.

Bowever, 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
present in it122.

For a hypothetical insulator MX, where M and X represent
the électropositive (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

X——»% X2+'e' (1.58)

and the reaction at the cathode is
M+ —= M (1.59)
Under the high-field condition thereaction replaces the

reaction (1.59) at’ the cathode.

+ ® —|®

X X (1.60)

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

ected into anion vacancies where

Xr—-*'represents the anion vacancy.

el — 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
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



the anode by the discharge of X ions.
In the presence of oxygen the following reaction takes
place at the cathode.

10, + 2% —= 07 (1.61)
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.

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

anode metal Ma, the following reaction replaced the rgéction (1.58),
which occurs at the inert electrode.

n+
Ma —=Ma + g3 (1.62)

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 necessary for reaction (1.60) is
diminished. Therefore the electroforming can only be
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.

(i%) The model of Barriac, Pinard and Davoine
According to this mode1116’55 the electrbforming 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

jonic 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 mainly appears
along with the negative resistance in the formed devices.

55

The reaction at the cathode”’” in the absence of oxygen is

given by
S A— + —
M +e — [N, 3E]
ion + electron —= Neutral pair
While, in the presence of oxygen the following reaction is

most probable.

+ a1
2M + Ze + 5 05

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 permanently neutralized. Therefore
the VCNR cannot be obtained with the sample in an oxygen

environment.

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
electrodés. When the applied potential difference reaches
the forming voltage, the power dissipation causes the

rupturing of the chains and the electron emission begins at
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this point117.

The conduction through these filamentary paths is ohmic
with negligible activation energies. Hopping 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 Tm, the rupturing

of the filaments will start where Tm is the maximum
temperature of the lattice, which the filaments could sustain,
before they start rupturing. The temperature T, is either
changéd 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

T _ TR |1 (T - To) (1.63)

dt e TE
where T is the temperature of the filaments' environment,
o}
@, is the resistance of the filament, and & 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 fmm to remain unfractured at the

applied voltage V.

Cotn = (7= 7 ) (1.64)

The total current through the filaments can be written as

Qo

I ;f% P(¢) a¢ (1.65)

min’
Where P(P ) is the probability distribution of the various

resistance and it is normalized as

[e )

fdep(e) =1 (1.66)

)
The probability distribution P(@ ) also determines the shape
of the characteristics and has two main features. Firstly
there are very few filaments having resistances below the

value FT’ which is 5
T X Vg
€ = (1.67)

T (Tma.x - To)

VT corresponds to the threshold voltage. Secondly there are

very few filaments with resistance greater than Fu, where

. 't;cyV§

r‘Pma.x - T,

(1.68)

Here Vu stands for the voltage corresponding to the minimum
current. The distribution of P(€ ) is shown in the Figure 1.27.
For small values of €, P(f) 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
phénon scattering and the electron temperature, particularly
at the 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.

P(r)

Figure 1.27 The probability distribution P(€ ) of

filament resistances versus € (after Dearnaley et al).

These regions are released by the thermally-activatea
Poole-Frenk=l emission of trapped charges. The time required
for the completion of such emission is kmown as the relaxation
time, which is higher at low temperatures, corresponding

to the high-impedance 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 Vo where Vo is
given by

vy = 78 (1.69

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 givihg rise to the mobility bandwidth,
which is less than the density of state bandwidth' 7. A
large number of variations occur in the density of centres
in the impurit& band due to the non-uniformities in the
initial layer before electroforming.

The local fluctuations in Vo and the non-uniformities in the
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
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the density-of-states bandwidth (EI) and a corresponding

decrease in the mobility bandwidth (EM).

bensity ot
— Mobility band states band -
width (E,,) ~ width (E ;)

' Mobility
—“/‘_\ gap,

b o e e e e — — . s e ot — — —

Dominant constriction
due to Vo fluctuation

Figure 1.28 The proposed band picture of a formed amorphous
insulator, showing the efféct of fluctuating'vo, on a

filamentary conducting region (efter Ralph and Woodcock)bz

The current flows in the filaments by iso-energetic tunmell-
ing through the centre of the impurity band, when the applied
voltage is small. As the potential differenceAacross 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 Ly (2) in Figure 1.29. The filament
continues to conduct via the trapping states by combination (b)
thermal derradation (c) and by field emission (d).

The filament stops conducting due to trapping and this

causes the fall in the current in the negative resistance

region. The traps can 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 tunnelling into the region of localised states.
(b ) radiative recombination:( ¢ ) thermal degradation:

(d) field emission. (after Ralph and Wbodcock.)sz

following two ways. (i) If a positive charge is induced

in the conducting part of the filament, due to a trapped
negaiive space-charge in a region where the mobility band

is narrow, the depletion of electron will lower the Fermi
level into the region of lbcalized states at the bottom of
the conduction band and will stop the filement to conduct

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

Vo of the constriction is increased due to the trapping in
its localised levels, thus changing the value of Vo/J, where
J is the bandwidth. The mobility bandwidth depends upon the
value of Vo/J. If it increases adbove a critical value the
bandwidth d:ccppears and all the staves in this region

become localised and prevent the filament conducting. This

situation is shown in Figure 1.31.
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©

Figure 1.30 A non-conducting state of a filament caused
by the trapped negative charge in the surrounding unformed
material of the filsment (a) geometrical representation,

(b) the corresponding diagram for the filament. (after

Ralph and Woodcock.)?!.

The memory 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 spcts on the

anode,
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Figure 1.31 A non-conducting state of the filament caused
by the trapped negative charge in th= localised levels of
a constriction (a) geometrical representatior (b) correspond-

ing band diagram for the filament. (after Ralph and Woodcock.)57.
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2. CHAPTER TWO

PREPARATION OF THIN FIIM 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 séme of his results were reproduced.
Polypropylene is believed to be a bettér 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 immersing
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

& pressure between 0.7 and 0.05 torr.

/

Z_

Figure 2.1 Glass stand for holding substrates.

2.5 Deposition of base electrodes

A Balzers BA5i0 coating unit was used for the evaporation

of base electrodes. It was fitted with a DIFE1500 diffusion

pump and a DUO25 rotary pump and was capable of producing a



82

chamber pressure of 7 x 10_6 torr. The pressure inside the
chamber was monitored with Pirani 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, Aé 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 evapofation unit is shown in Figure 2.3

(a)

Figure 2.2 (a2) Boat for evaporation of Cu, Ag and Au.

(b) Tungsten filament for eVaporafion 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 and the thickness.

of metal film and was mounted directly ebove the evaporation

source. [Tnree substrates were fixed in a holder which was

mounted 25 cm above the boat. One of the substrates was
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Figure 2.3 Complete vacuum systenm.

Q0 O 0 O O

Q0 0 0 Q0 C O

Where R is rotary pump, D is difiusion pump, C is vacuum
chamber, V1 is rotary pump air adaittance value, V2 is
roughing bypass valve, V3 is backing valve, V4 is main valve,

V5 is chamber air admittance valva, G1 is penning gauge and

G2 is Pirani gzusze.
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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

> torr, and at a substrate temperature of 100°cC.

less than 10
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.

Bvaporation of polypropylene

The evéporation 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~° torr from a stainless steel boat (shown in

Figure 2.4) covered with a 1id having a number of holes of

diameter 0.07 cm, onto the previously deposited base electrodes.
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Figure 2.4 Schematic illustration of evaporation source
for polypropylene. Where B is stainless steel boat, L
is 1lid containing holes, T is thermocouple and C is clamp

to fix the boat in the vacuum chamber.

The evaporation was carried out at a souwrce tempzrature of
336 £ 2°C and the evaporation rate was 13.3 & min~ . This
temperature was chosen to give 2 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 was kept nlose to th~

boat before any evaporation was started. An arrangement

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

the same substrate without brezking 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.

Depgéition 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 gloﬁ discharge in order to initiate

some cross—linkingAB. The glow discharge took place at a
pressure between 0.05 and 0.1 torr. The current was 150 mA

and the voltage was 120 volts. The substrates were not

heated again before the evaporation, in order to avoid short
circuiting between top and base electrodes. The evaporation

5

was carried out at a chamber pressure of 10 ° torr. Twelve
MIM specimens were prepared in every run. A substrate

containing six complete samples is shown in Figure 2.5.

Top electrodes

: | ~€T—Polypropylene
AC“VE N I \ K S yp BY
area N N N NN

<“<—Substrate

NV

Base electrodes

Figure 2.5 Substrate supperting samples.
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Both base and top electrodes had thicknesses between SSOK
to 8508.

Thickness measurements

Edwards quartz film thickness monitors were used for
monitoring the thickness of the evaporated metal electrodes.
During the evaporation of metals and polypropylene, 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 thickneés was measured by
using the multibeam interferometry techniques. Typical
observed interference fringes are shown in Figure 2.6.

The thickness of the film was calculated by using the

following formula

A
3 (2.1)

C'*'
i
=141

where t is the thickness of the film, S is the depth
of step or well, 4. is the related distance between the

fringes and A is the wavelength of the light used.

\ y

S d

Figure 2.6 Interference fringes observed for thickmess

R
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CHAPTER THREE

ELECTRICAL CONDUCTIVITY

Measuring techniques

A1l electrical measurements were carried out in a vacuum
chamber capable of maintaining the samples at a pressure
below ‘IO;;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
aﬁd 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 comnections. 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 IC is the current passing through the sample, V is the
applied voltage and T is the temperature (I, - T)y and (I, - Vg
stand for the Ic - T and IC — V characteristics at constant

voltage and temperature respectively.
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Figure 3.1(a) Circuit for measuring I,~-Tand I -V
C .

characteristics at constant voltage and temperature respectively.

Top electrode

Polypropylene——a-m
A Sample

Base electrode

Al-Electrode |+100v

Stabli 'dl +
105«L vziiagi/ :‘_:"’ T CA Electrometer
copply Sample
7\ 4
\A/) =
H.T power — (b
supply +

Figure 3.1(b) Circuit for measuring emission and circulating

current for electroformed devices.
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5.2 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~° 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
(12002, 18008 and 24008) are shown in the Figure 3.2. The

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

below.
E(12008) = 2.48 x 10° V ca”
E(18008) = 1.66 x 10° V cn” !
B(24008) = 1.25 x 10° vV cn”

It was found that the polypropylene films were highly
resistive with resistivities of the order of 101452—cm. The
breakdown of the films was not thoroughly investigated;
nevertheless the films withstood an applied field of

2.48 x 106 Vv 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.= 4 (3.1)
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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.

(= % (3.2)

where e s 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 A1-PP(12008)-A1
sample at room temperature and pressure less than ‘IO_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 750R and 10903. 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 A1/PP(12008)/A1 samples.

3.3 Conclusion and discussion
The I-V characterisfics of evaporated polypropylene having
thicknesses between 750 and 2400g, sandwiched betweewn copper,
aluminium, silver and gold electrodes are shown in the
Figures 3.2, 3.3, 3.4 and 3.5 respactively. It is not
possible to explain the conduction by the standard mechanisms,

e.g. tunnelling, Schottky emission, Poole-Frenkel or the
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Figure 3.4 Voltage-current characteristics for some thin
films of polypropylene (PP). Curve a, Ag/PP(7508)/Ag,

curve b, Ag/PP(1090R)/ac.

space-charge conduction due to the ohmic behaviour of the
polypropylene films with all the electrodes. There scems

to be no cignificant effect of the applied electric field
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Figure 3.5 Voltage current characteristics for somes thin
films of polypropylene (PP). Curve a, Au/(1120R)/Au and

curve b, Au/(300R)/Au.

because of the high resistivity of the film, which is of the

order of 1014 Q2 _ca. On the basis of these results, it could

10
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be concluded that there is no evidence of the formation

of rectifying barriers or channels and the dielectric
remains ohmicS. This suggests that the impurities are
distributed uniformly and the conduction may take place due
to the hopping from one localized state to another.

2
Stake1 3 showed that the electrical conductivity obeys the

following relatuonship.

‘ - £ By
J'= Jo exp (-E'T- ) =&:) exp (-—é_kT) (3-3)

Where € , is the activation energy, E , is the electrical

el
energy gap and is defined as twice the activation energy

€ for many amorphous semiconductors, k is Boltzmann's constant and T
is fhe absolute temperature,cfb is a constant gnd it is related to the
effective densities of states. According to Mott and Davis124
for the group of materials having the value of’g; between
10% ana 104 @71 _ o conductivity is due to the carriers
excited into extended states. For Oo of the order of

10 @1 - en? they suggest that the conduction is due to
carriers excited into localized states at the band edges.
Values much less than this for g could correspond to
conduction due to carriers hopping between localized states
near the Fermi level. Figure 3.6 shows the plot of logg Vs
-% for a Al—PP(1BOOR)-Cu sample. The value OftTo is of the
order of 1077 £l oen” , so it could be concluded that the
conduction in the evaporated polypropylene 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



97

copper under the influence of an electric field is more
probable than the in-diffusion of aluminiums. (Here the
diffusion should not be mixed with the fundemental
diffusion resulting from the concentration gradient of the
substance given by J = -D -755— , where D'is the @iffusion

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

the distance). The in-diffusion of metal electrode material
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Figure 3.6 logd'vs-% for Al/PP(18OUR;/Cu samples.

under the influence of the applied electric field, into

the dielectric film can also be verified by comparing the

current passing through the dielectric (polypropylene)
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under the same field but sandwiched between different metal

electrodes.

Let us consider the following table.

Table

Figure Electrode Material

No.

3.5
3.2
3.2
3.3

Top

Au

B

Base

Au

Cu

2

v

2
Applied

om | field

2.6 x 10
2.48x 10

2.48x 10

(O S © A N © AN 0

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

Under 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%yAuj> 5%uso the current is higher when polypropylene

is sandwiched between gold electrodes as compared with copper

electrodes.

3.4 Electroforming

3.4.17 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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50-52, 90, 91

and certain polyeric materia1333’58. Recently Hogarth and

A

insulators including oxides y halide854, sulphides92

Zor' 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 suitable conditions, samples of polypropylene sand-
wiched between copper and aluminium electrodes, having thick-
nesses ranging from 6002 to 10002 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-
forminé 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
A1-PP( 10002)—Al sample at room temperature and under a
pressure of 10~ 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—2A, as shown

by the curve "B". For the lower values of applied voltage
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Applied voltage (V)
r'igure 3.7 The development of electroforming in an Al—PP(1000R)—Al
sample. Curve 4, I-V characterisiics for the first run, curve B,

I-V characteristics after the sample was being left under 15V

for overnight (room temperature, zabient pressure 10_5 torr).
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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 A1-PP(9508)-A1 sample before and after electroforming.

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 1limit.
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(7008)-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(6OOX)—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
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Figtre 3.9 Electroforming of a Cu~PP(7008)~Cu sample for
increasing and decreasing applied voltages. (Room temperat—
ure, ambient pressure 1072 torr).

Tn most cases the peak current occurred

ir the Figure 3.11.

at between 5 and TV.
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5.4.4 Effect of pressure

Pressure is an important factor in achieving electroforming .
All the samples were electroformed at room temperature and

5

under a pressure of 10 - torr. It was not possible to
electroform the devices at ambient air pressure. However,
after electroforming in vacuum, if the pressure inside the
chamber is increased to 107 torr from 10_.5 torr by admitting
some air then for fhe 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 temperature

5

and the ambient pressure of 10 ° 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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electrodes, liquid nitrogen was used to cool the sample
to —BOOC. 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
?igure 3.15 shows the voltage-current characteristics of a
Cu—PP(6OOR)—Cu sample after electroforming at room temperature
and under a pressure of 10—5 torr. The electron emission current
collected by a subsidiary anode biased at 100V and positioned
sgbout 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(7002)-Cu sample, under the same conditions
are giveﬁ in Figure 3.16. TUnlike 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 19 volts. Therefore the transmission coeffic-
ient, &¢, 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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Figure 3.15 Circulating and emission current as function of

applied voltage for a Cu-PP(6008)-Cu sample. (Room tempsrature,

embient pressure 10—5 torr.) (after Hogarth end Iqbal6o).
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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

50, 51
52,53

region » injection of metal ions forming broad impurity

states » an electrolytic process giving rise to localized

54,55

conduction paths and the formation of filamentary
metallic path56’57; Recent evidence suggests that a filament-
ary process together with some electrolysis along the
filamentary regions can explain most of the experimental
features associated with electro-forming and some confirmation
of these ideas from electron microscopic evidence has been
given by Rakhshani120 et al and by Rakhshani121 and Hogarth.

125 can be applied to explain the electro-

The filamentary model
forming phenomena in the evaporated polypropylene films. It
is assumed that ietal from the electrodes diffuse35 into the
dielectfic under the relatively high applied forming field
and forms filamentarypaths which carry the aungmented 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
voltages, 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.
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When the pressure inside the chamber containing the formed
sample is increased to 1072 torr from 107 torp by admitting
some air, there is a less rapid decrease in the circulating
current, on exceeding the beak 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 convectionlin the surrounding low Pressure area which
removes some of the Joule heat from the samp1e6o. 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,

A.C. measurements

1 Introduction

Hung and Gliessman126 first observed the impurity conduction
in their low-temperature investigation of germanium. Since
then a number of papers127—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
the model based on the impurity theory of Conwell127 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 Fritzsche132. 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 Iqbals. The

. -5 1
measurements were carried out under a pressure of 10 5 torr

4

using the frequency range between 103 and 2 x 10" Hz at room
temperature, unless stated otherwise. A Wayne Kerr audio

frequency voltage generator S121 was used to apply a signal
of 5V across the device, and a Wayne Kerr waveform analyser

A321 along with a universal bridge B221 were 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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cogpared with the behaviour prior to forming. The hopping
conduction at low and room temperatures can be identified
by the a.c. conductivity measuremeﬁts. Pollack and Geballe19
have given an equation for this process |

6(w) = AP
where 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

T

o)
Q

e

&Y o

0
S
@

S R
3~

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 radio-frequency range of the applied frequency,
the square—iaw dependence of a.c. conductivity upon frequency
has been explained in tecrms of a two-centre hopping process133.
| Figures 3.19 and 3.20 show the plot of a.c. conductance versus
frequency for evaporated pqupropylene before electroforming

at room temperature and at 241K respectively. The slopes of

the straight lines fall within the limit 0.5<S <1 and

are equal to 0.85 in both cases.
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These resulis characterize the process of hopping conduction

as a dominant process at both low and room temperatures
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Figure 3.20 Conductance as a function of frequency for a

Cu—PP(1800§)-Cu sample ot 241K (Ambient pressure 1072 torr. )
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Figure 5.21 shows the variation of capacitance with

frequency before electroforming for a Cu—PP(1800X)—Cu sarple

&t an ambient pressure less than 10—'5 torr and at room

temperature.
Ll i T T T T T T
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Figure 3.21 Capacitance as a function of Irequency for a
Cu—PP(1SOOX)—Cu sample. (Room temperature, ambient pressure

“IO'-5 torr. )

. Figure 3.22 demonstrates the variation of capacitance with
frequency at low temperature (241K) for the same sample.
Before the electroforming, a linear decrease of capacitance
with increasing frequency is clear from Figures 3.21 and
3.22. This could be due to the increasing leakage current
with frequency and is associated with capacitance reduction.
After electroforming a Cu—PP(?OOX)—Cu device, an er>rmous
increase in the conductance was noticed. TFurther the
conductance was found to be proportional to the degree of

forming and this 1is consistent with the Dearnaley theory
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based on the generation of essentially metallic conducting

filaments during the forming process. The capacitance of

the sample was decreased after electroforming. 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 explaired by the incidence

of a high proportion of metallic conduction following the

electroforming.
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Figure 3.22 Capacitance as a function of frequency for a

. -5
Cu-PP(18008)~Cu sample at 241K. (Awbient pressure 10 torr.)
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CHAPTER FOUR

TSC MEASUREMENTS

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 cérrier 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 —(CF = CF2), -(CF = CF) -~ and -CF - CF)-
134,135

groups act as traps The fdreign 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 OH, 7Co groups or -C = C- bonds136.

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.

L
360

|
160 o 260
Temperature ( K)

Figure 4.1 The curredt as a function of temperature on
heating a Cu-TP(16008)-Cu sandwich structure at a heating

rate of approximatelydli72 KS~|; curve a, applied field,
5

’ - -1
3.12 x 107 V ca 1 curve b, applied field 1.85 x 10° V cn_ ;

curve ¢, applied field, 6.25 x 104 Voem . (after Igbal and

Hogarth -).




124

20)

15

Cu rren‘r(x1'09A ) .

|

|
360

I !
160 260
Temperature (K)
Figure 4.2 The current as a function of tezverature on tezting

a CuPP(2400%)-Cu sendwich structure at e applied field of

—-" —1
1.6 x 105 V cm'; curve a, heating rate, 0.217 K S '; curve b,
15).

heating rate 0.055 K s~!. (after Iqbal and Fogarth
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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

89

expression (1.53) given by Bube .
Nce;L

Where E

t

E,=KT In (

crm>

is the mean trap depth, Nc is the equivalent

density of states at the bottom of the conduction band,

(1.53)

‘Oilis the peak value of electrical conductivity and f is

the carrier mobility. The values of k

different fields and heating rates are given in Table 3.

TABLE 3

t

Igbal and Hogarth

Sample
thickness
(%)
1600
1600
1600
2400

2400

Applied field

(v cmf1)

6.25
1.87
3.12
1.61

1.61

X

In the estimation

Heating
rate
(°cs7)
0.172
0.172
0.172
0.095

0.217

t

estimated for

T (K)

3753
360
354
353
363

E. for different applied fields and heating rates (after
15)

(V)
0.38
0.33
0.31
0.32

0.35

of the trap depth the density NC of states

20

-3

was taken as 1 x 10 cm

This assumption was made by

Zor43 for polyethylene and he has discussed the reason for
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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 Nc' In order to calculate the area under the TSC
curve which is taken as proportional88 to the 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.

B Uo-x - Te

exp (—kgx ) = Nc2(1 - X)1 (1.48)

We define X by the following equation.

T1 (1 - nc1 sz/nc B )
X< = 1 7t
v (1% —5 (1.49)
o (1= "c, kT /e, Et)

2
{nc + N exp (- Etféf)} (1.44)
m_{ Bopa? Ty o2 (D

N, (T +T,) =

In this equation n, refers to the density of electrons in

the conduction band and is given by

Id
Be T HeVA (1.46)

The symbols are defined as follows: Et is the trap depth,

t% is the electron trapping time, T is the recombination

lifetime, Nt is the density of trapping centres for the

particular trapping level, T1 and T2 are two different

heating rates, T is the absolute temperature, 1is the

Boltzmann constant, n, refers to the carrier density at heating
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- , :
_ n n. . i
rate T, and similarly for ¢y ¢y is defined as dnc,l/dT
and similarly for ﬁé A is the cross-section area and 4 is
2
the thickness of specimen. Equation (1.48) was solved by

using an approximation.

n n
- By ln( Co -~ 01/X>-lnN
kT /g =1 ¢

For the case of X -0 we than have

E :
- 2t = Inn_ -1nN (4.1
ET 1 © )
and for the case of X —» o we have
B

-t - (4.2)
= 1n n02 1n NC

Equations (4.1) and (4.2) demonstrate the strong dependence
1 and nc2. Substituting these values of nc1

and nc2 in equations (4.1) and (4.2) we obtain values of

n
of Et on ¢

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 N, but only the quantity N (v + ’tt).

t

18 -3

For B, = 0.31 eV, N, (v + 'ct) =3.6x10 Secm”.
E, =032 eV, N, (T + v.)=33x 108 s cn 0.

t
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CHAPTER FIVE

ANNEALING EXPERIMENTS

In the last chapters we have examined the properties of
evaporated polypropylene for possible use as thin dielectric
films and were able to produce standard and reproducible
results of electrical measurementsS. In this section we look
at the effect of vacuum heat treatment on the structure and on

the relevant electrical properties of these films

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
anmnmealed 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 and lattice
vacancies as a result of the heat treatment138. 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

139

large increase in the resistance of the film. Kane et al

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

141

because of oxidation .

!

Experimental techniques

Polypropylene was evaporated in a vacuum of about ‘IO_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 previouslys. 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 JEM] electron microscope both

for microscopy and for electron diffraction.
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5.3 Results and discussion

5.3.1 Electrical
The current-voltage characteristic of a freshly-deposited
Cu-PP(9008)-Cu sample at a pressure of less than 10 torr
and at room temperature is shown in curve B of Figure 5.2.
After a vacuum heat treatment at 110°C for about 30 mimutes
and allowing the specimen to cool to room temperature, the
characteristic was again measured as shown in curve A, The
sample resistivity was found to increase from 3.4 x 1012 ohm-cm.
'to 1.2 x 1013 ohm cm. Such changes are typical of all the sﬁecimens
examined. Figure 5.3 also shows the current-voltage characteristics of
a Cu-PP(20298)-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 1508 to 16008 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

between particles. These effects occur as a result of

particle migration and agglomeration.
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If electrical conduction occurs by electron hopping between
particles then an increased spacing would lead to g reduced
electrical conductivity14o. 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 thicknesses of 6003, 10008 and 1600%. Many
links between small aggregated particles form during the
deposition of the film as may be seen in Figures 5.5(a),
75f6(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 IQbalS.
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 sz 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
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TABLE 4

Magnification oxr

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.
E.D.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)
5.8(b)
5.8(b)
5.9(a)
5.9(b)
5.10(a)
5.10(b)
5.11(a)
5.11(b)

Condition

Wb = W o

>

>

bd

b o >
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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 éntirely congistent with the results of

the micrographic examination and of the electrical measurement.

TABLE 5
Thickness
Line width  Figure no. Condition Remarks
't cm.
150 5.0 5.12(a) _
150 3.9 5.12(b) More crystalline
1000 5.6 5.13(a) —
1000 4.4 5.13(b) More crystalline
1600 4.3 5.14(a) —
1600 2.5 5.14(b) More crystalline

B — before heat treatment

A - after heat treatment
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Figure 5.4 Electron micrographs of an evaporated layer of poly-

propylene (1503) (a) before heating (b) after heating.
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Figure 5.5 Electron micrographs of an evaporated layer of poly-

propylene (6003) (a) before heating (b) after heating.

(b)
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Figure 5.6 Electron micrographs of an evaporated layer of poly-

propylene (10008) (a) before heating (b) after heating.
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Figure 5.7 FElectron micrographs of an evaporated layer of poly-

propylene (16008) (a) before heating (b) after heating.

(b)
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Figure 5.8 Electron diffraction patterns of an evaporated layer

of polypropylene (1503) (a) before heating (b) after heating.
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Figure 5.9 Electron diffraction patterns of an evaporated layer

of polypropylene (6002) (a) before heating (b) after heating.

(b)
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Figure 5.10 Electron diffraction patterns of an evaporated layer

of polypropylene (1000R) (a) before heating (b) after heating.

(b)
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Figure 5.11 Electron diffraction patterns of an evaporated layer

of polypropylene (16003) (a) before heating (b) after heating.




146

|

1

(a) 7

Strength of photometer signal

i i i | 1 {

! }
30 L0 50 60

| !
10 20

0
Distance across line (divisions )
T T i H T T i ) i i i

ﬁf‘
cC
Sl
‘—. —
[«3 R N
-
Q
= A
o |- (@)
-
(@)
i ]
D_._-.
G
(@ ]
’C ——
+—
U’-
S
= ! ! l l ! — Lo 1 l
Y70 10 20 30 0 50 60

D;<*ance across line (divisions)

Figure 5.12 Microphotometer curves of a diffraction line width (2) before

armealing (b) after zmmealing (PP = 150 R)



147

]
C
5 .
V)
. -
J
-
cé) - Figure 5.13 Micro-
O
5 _ photometer curves of
C
il a diffraction line widtt
. -
O (a) before annealing
- -
T
- a
J]
L.
—
f 0 -
| ! ! L | L1 L L 1 !
0 10 20 30 0 50 60
Distence across line (divisions )
0 (b)
= 1 (b) after annealing
A
(PP = 10008)
5
§ -
>
§ .
1 _
>
N i
- o
5 —
152 1 L :
0 40 50 60




148

signal

Strength of photometer

L 1 1 1 1 ! L 1
0 10 20 30 40
Distance across Line (divisions)
] T T I T ] ] T T
» (b) _
{
| 25cm

Strength of photometer signal

— W e —

i | | ]

0

1 ! l
10 20 30 {+0
Distance across line (divisions]

50

Figure 5.14 Micro-
prhotometer curves of
a diffraction line

width

(2) before annealing

(b) after annealing
(PP =1600%)



149

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 capacitors 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, electiron-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 material which is
dissipated as heat and is irrecoverable. The permittivity
is an important characteristic of particular dielectric
materials at particular frequencies. Most common polymer

materials can be divided into two groups: (i) polymers
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having high resistivity, low rermittivity and negligible
ﬁower 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. POlypropylene belongs to the former group. It

has a high value of electrical bulk resistivity of order

1017 ! —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/pm). |

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 White26 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 >. 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

1
44’145. Scott146 pointed out that

of the conduction process
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 havé examined the current-voltage characteristics of
polypropylene films, sandwiched between different metal
electrodes and formed by vacuum evaporation. The film
thicknesses were between 7503 and 2400&. It was not possible
to explain the conduction by the standard mechanisms, e.g.
tunnelling, Schottky emission, Poole-Frenkel effect or the
spaée—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
14

high resistivity of the film, which was of the order of 10

Q —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 symnmetrical
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current-voltage characteristic. Also, it has 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 >
aﬁd the trap depth was estimated by using the thermally-
stimilated current technique and was found equal to 0.33 eV15.
Thin films of evaporated polypropylene also showed electro-
forming and electron emission under suitable conditions6o.
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 coﬁld be used to identify the hopping conduction
at low and room temperatures.

Pollack and Geballe19 have given an equation for the process
which is o) = AJE, where A is a complex constant, & is

the angular frequency, 0 (W) is the conductance and

0.54 S <1. TFor 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
9008 and 26008. A vacuum heat treatment of the sample at

110°C for about 30 minutes and followed by its gradual cooling
to room temperaturg increased its resistivity as compared with
its value before annealing. In case of a sample of typical
thickness of 9008, the resistivity was found to increase from
3.4 x 1O12Jl—cm t0 1.2 x 10 2N—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 1503 to 16002 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 previouslys, 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. The links

(of polypropylene) formed during the deposition 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 permittivity of the film can be calculated from the

following relation.

" ed
£= RE (6.1)

Where € is the permittivity or dielectric constant of the
material, C is the capacitance and A is the area of the sample

_12Fm_1).

and €& is the permittivity of the free space. (8.85 x 10
A polypropylene film sandwiched between copper electrodes and
having a thickness of 18003, gave the capacitance value equal
A

to 0.9 nF (at 20 kHz), using A = 0.1 x 10 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 snnealing. 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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permittivity of the sample after amnealing. The capacitance

of an evaporated layer of polypropylene (25898 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 meﬁtioned, 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
4o break the links between the particles, so that the average
distance between them is increased. As is clear from the
a.c¢. measurement, the electrical conduction takes place due
to the electron hopping between the particles and an increased
spacing would lead to a reduced electrical conductivity.

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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