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SYNOPSIS 

Contact electrification experiments have been performed for the purpose of studying the 
effect of varying film thickness on charge transfer during metal-insulator contact. Thin 
films of plasma polymerized methane are deposited on silicon substrates using a magnetically 
enhanced glow discharge system. Film uniformity across the wafer is verified by ellipsometric 
techniques. Variations in film thickness from approximately 100 to 600 8, result in a variable 
amount of charge transfer when the films come in contact with a metal probe. Charging 
of the polymer film increases with increasing film thickness up to a limiting thickness of 
approximately 375-400 8,. Similar results are obtained when various substrate treatments 
are performed previous to film deposition and charge measurements are obtained as a 
function of film thickness. Contact electrification measurements show the metal-insulator 
contact is influenced by the insulator/substrate interface up to the same limiting film 
thickness (375-400 8,). The instrumentation used in this series of experiments is based on 
measurement of the currents associated with the contact and subsequent separation of the 
surface state systems of a metal and an insulating polymer. This technique relies on mea- 
surement of currents in the picoampere range and appears to be a novel method to exper- 
imentally determine charge penetration depth. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

For some time, investigators have been attempting 
to determine the nature of the charge transfer that 
takes place when two dissimilar materials are 
brought into contact and subsequently separated. 
There are a variety of opinions as to whether elec- 
trons, ions, or material transfer is responsible for 
charge transfer and whether this is a bulk or surface 
effect. There has also been extensive experimental 
investigation to determine the depth of charge pen- 
etration.’-’ An excellent review by Lowell describes 
research performed in the general area of contact 
electrification.” Instrumentation has been devel- 
oped in our laboratory for the purpose of studying 
contact electrification. The technique is based upon 
measurement of small currents that occur for con- 
tacts made between a metal and an insulating film 
and the small currents that occur upon their sub- 
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sequent separation. The measurement technique, 
termed “contact-separation,” has been used to 
characterize polymers formed by plasma polymer- 
ization. Validity of this technique has been estab- 
lished by acquiring “contact-separation” measure- 
ments in conjunction with conventional measure- 
ment techniques for these dielectric materials.” 

One of the major problems in the study of contact 
electrification is the fact that most investigators 
have been unable to achieve reproducible results for 
charge measurements associated with metal-insu- 
lator contacts. This results in experimental data 
which are difficult to interpret. The problem of 
charge variability has been resolved for plasma 
polymer films on silicon substrates using the con- 
tact-separation technique.12 The progress in repro- 
ducibility of charge measurements is believed to be 
due to the fact that the films are uniform in thick- 
ness, deposited on smooth substrates, with con- 
trolled and reproducible deposition conditions. Once 
reproducible charge measurements were obtained, 
experimental studies were performed to evaluate the 
effect of variations in film thickness on charge mea- 
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surements. Charge transfer upon contact between a 
polymer film and a metal probe, as evidenced by 
measurement of contact current, is found to in- 
crease as a function of film thickness. Current 
measurements reach a saturation value for films 
approximately 400 A thick. Additionally, contact 
charge measurements are found to be highly de- 
pendent on specific processing conditions which 
allow control over the surface roughness a t  the 
polymer/silicon interface for films in the same 
thickness range (t400 A). 

EXPERIMENTAL DETAILS 

Contact-Separation Technique 

Most of the work in the area of contact electrification 
has been concerned with conventional polymers 
several microns thick. Our work involves thin 
plasma polymerized films in the thickness range 100 
to 600 A. Plasma polymerized methane films of 
varying thickness are prepared by keeping system 
parameters constant and varying the deposition 
time. All samples are held under vacuum for 24 h 
after completion of the deposition before subsequent 
storage in a nitrogen atmosphere. A systematic study 
concerning charge measurements as a function of 
time after deposition has given us a great deal of 
information about the aging effect for these polymer 
films." To minimize effects due to aging, all samples 
are tested at an age of 90 days. 

The equipment used for this measurement in- 
cludes a Keithley 617 programmable digital elec- 
trometer and a Fluke 8842A multimeter under pro- 
gram control. The electrometer is used to measure 
the extremely small currents which occur during 
contact and subsequent separation between a metal 
and an insulator. The output of the electrometer is 
connected to the input of the multimeter in order 
to take advantage of the multimeter's higher data 
output rate. The contact-separation measurement 
apparatus and principle of operation are described 
in detail el~ewhere'~*'~ Current in the picoampere 
range is observed during contact and subsequent 
separation between the polymer film and a metal 
probe. The current reaches a peak value and then 
dies out. The total charge transferred can be cal- 
culated by integrating the current vs. time curve. A 
similar measurement is then made by measuring the 
current when the metal and polymer film are sep- 
arated. The measurement sequence is repeated for 
a total of 10 times. With our instrumentation, after 
several repeated measurements, the peak current, 

or maximum current, readings settle into a small 
range of values. This usually has occurred by the 
time the fifth test has taken place.14 Contact charge 
values are compared to peak contact current values 
for a variety of films to determine the feasibility of 
using peak current values to characterize the films 
under test. The resulting curves are essentially the 
same. Because the peak height is a single value which 
is quickly and easily determined, and because this 
value varies with the amount of charge transferred, 
peak current data, instead of charge data, are used 
to characterize the charge transfer upon metal- 
polymer contact. The theory which justifies using 
peak heights instead of calculated charge is given 
e1~ewhere.l~ 

Plasma Polymerization of Methane 

Plasma deposition of organic coatings has become 
an important technique for the deposition of amor- 
phous, pinhole-free, highly crosslinked, conformal 
thin films of superior physical, chemical, and me- 
chanical properties. A schematic representation of 
the vacuum system that is used to deposit the poly- 
mer films is shown in Figure 1. The vacuum depo- 
sition chamber is a bell jar with parallel internal 
electrodes. The electrodes are capacitively coupled 
and permanent magnets are arranged on the back 
side of each electrode in a circular configuration. 
The effect of the magnetic field is to confine elec- 
trons near the electrode and increase the chance for 
a dissociative collision with a molecule. Without a 
magnetic field, electrons essentially travel in a 
straight path between electrodes. The presence of 
the magnetic field causes the electrons to travel in 
a spiral path, decreasing the effective mean free path, 
resulting in a higher effective electron concentration 
within the di~charge.'~ The magnetic field makes it 
possible to create and sustain a plasma at  a lower 
pressure. 

The monomer gas, methane, is fed in through a 
tube whose outlet is above the electrodes. Mass flow 
controllers and pressure controllers are used to allow 
reproducible system conditions. Power is supplied 
to the electrodes by an Advanced Energy 40 kHz ac 
power supply. Silicon substrates, p-type, (100) ori- 
ented, are mounted with double sided conducting 
copper foil tape on a circular disk that rotates in the 
interelectrode space. It is well known that rotation 
of the substrate through the glow improves the uni- 
formity and reproducibility of the film.16 Rotation 
of the substrates in the interelectrode space also 
makes it possible to fabricate multiple samples with 
the same film thickness in a single deposition. This 
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Figure 1 Schematic of vacuum system for plasma polymerization of methane. 

results in practically identical samples with minimal 
variation in film composition, and is useful in com- 
parison studies. 

Deposition rates of approximately 90-100 A/ 
minute are achieved with the following system pa- 
rameters: monomer flow rate of 1.65 sccm; system 
pressure of 50 mTorr; and a power setting of 50 
watts. The thickness of the resulting plasma poly- 
merized methane film is controlled by holding sys- 
tem parameters constant and varying the deposition 
time as previously mentioned. Ellipsometry mea- 
surements over the entire film are used to evaluate 
film thickness. After deposition, samples are re- 
moved from the vacuum system and placed in a ni- 
trogen chamber for storage in a controlled environ- 
ment prior to testing. 

FILM UNIFORMITY 

Before conducting experimental studies with the 
objective of determining the effect of film thickness 
on contact electrification, it is necessary to ensure 
the deposited films are uniform in thickness. For 
magnetically enhanced plasma deposition systems, 
film thickness and index of refraction vary across 
the e1e~trode.l~ A minimum deposition rate occurs 
at  the center of the electrode and increases with ra- 
dial distance from the center and reaches a maxi- 
mum rate at  a few centimeters from the electrode 
center axis." This variation in deposition rate is 
apparent when observing the pattern on the elec- 
trode after the deposition is complete. However, 
polymers formed by plasma polymerization deposit 
uniformly across a moving substrate positioned 
midway between capacitively coupled  electrode^.^^,^^ 

In fact this has been proven necessary to ensure film 
uniformity for large  substrate^.'^^'^ 

Characterization of the polymer film thickness is 
done ellipsometrically. A Gaertner model L117 el- 
lipsometer with a helium neon laser source ( A  
= 6328A) is used for this purpose. Profilometry 
measurements are compared to measurements ob- 
tained with ellipsometric techniques. A plastic 
scribing tool inserted in a semiconductor wafer 
scribing machine is used to scribe a smooth line 
through the polymer film without scratching the sil- 
icon substrate." This produces a sharp step in the 
film which can be traced using a profilometer (Ten- 
cor Alpha-Step 200). Thickness measurements re- 
sulting from profilometer traces are in excellent 
agreement with ellipsometry measurements for 
plasma polymerized methane films.13 

A total of 25 data points ( 5  X 5 array) are taken 
across the surface of the sample in the area involved 
in the contact to the metal probe. Interpolation 
software is used to generate points between mea- 
sured data points for smoothing and increased res- 
olution. The data are illustrated three-dimensionally 
in Figure 2 and represent data for a sample allowed 
to rotate through the plasma zone as opposed to the 
case of a stationary substrate. The film is very uni- 
form in thickness with a small well in the center of 
the sample. From the ellipsometry measurements, 
an average film thickness and index of refraction 
are calculated, along with a maximum, minimum, 
and standard deviation for four different samples. 
The results are shown in Table I. The variable ( 6 )  
is defined as the difference between the maximum 
and minimum measurements for a particular sample 
and is indicative of the deviation in film thickness 
across a sample. Figure 3 represents the variation 
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Figure 2 Thickness profile for rotating substrates. 

in film thickness (high-low-average) for rotating and 
stationary substrates. This figure clearly illustrates 
why rotating substrates are necessary for this work. 

Experimental results from reproducibility studies 
confirm the fact that reproducible charge measure- 
ments can be obtained when the deposition process 
is carefully controlled. Reproducible charge mea- 
surements have been confirmed for each of the fol- 
lowing cases: sample to  sample from the same de- 
position; place to place on one sample; and sample 
to sample from different  deposition^.'^.'^ Establish- 
ing a reproducible deposition environment is critical 
to depositing reproducible films and is crucial when 
films with different treatments are being compared. 
Film thicknesses of approximately 600 A were used 
in reproducibility studies, however, reproducible 
charge measurements have been observed in our 
work on 100 A films on metal substrates.".21 

rotating and stationary substrates. 

THICKNESS OF CHARGE LAYER 

The objective of this work is to  investigate the effect 
of film thickness on contact electrification and to  
use this information to speculate on the relative 
thickness of the charged layer. In previous experi- 
mental studies performed in our laboratory, film 
thickness is kept constant to  determine the effect 
of various conditions on virtually identical films. The 
individual studies are concerned with charging 
characteristics of the films over time, postdeposition 
treatments, storage in different atmospheres, and 
reproducibility in charge measurements. Results of 
contact electrification experiments on a variety of 
polymers formed by plasma polymerization indicate 
that the amount of charge exchange upon metal- 
insulator contact varies with film thickness." The 
experiment described in this paper is designed to 
evaluate the relationship between film thickness and 

Table I Film Thickness (A) and Index of Refraction Data for Rotating Substrates 

Film Thickness (A) 
6 

Sample # Mean Maximum Minimum Standard Deviation (Max - Min) 

413.3 
420.3 
429.4 
421.4 

1.589 
1.637 
1.609 
1.586 

426 
443 
447 
432 

1.618 
1.663 
1.662 
1.653 

403 
408 
415 
409 

Index of Refraction 

1.557 
1.601 
1.579 
1.603 

5.42 
8.07 
8.66 
6.44 

0.015 
0.015 
0.020 
0.014 

23 
35 
32 
23 

0.061 
0.062 
0.083 
0.050 
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contact electrification for plasma polymerized 
methane films. 

There has been considerable disagreement among 
various investigators as to whether contact electri- 
fication is due to a very thin layer of charge in surface 
states or the other extreme, to charge extending 
several hundred angstroms into the bulk. It is com- 
monly believed that states deep in the bulk of an 
insulator are unlikely to play any part in contact 
electrification, because they are inaccessible to elec- 
trons from the contacting metal. However, bulk 
states which happen to lie very close to the surface 
can communicate with a contacting metal because 
electrons can tunnel short distances into the insu- 
l a t ~ r . ~ , ~  One of the advantages of the contact-sepa- 
ration measurement technique is that ultrathin films 
(-100 A )  can be evaluated. This information aids 
in determination of the influence of the insulator/ 
substrate interface on charge exchange in metal- 
insulator contacts. 

There is experimental evidence that contact elec- 
trification is a surface effect. A measurement of in- 
ternal photoinjection from a metal to the polymer 
conduction band has been carried out by Mizutani 
et a1.6 The barrier height was determined for Cu and 
A1 contacts with polyethylene terephthalate (PET).  
The difference in barrier height between Cu and A1 
contacts was found to be much smaller than the work 
function difference of the metals. The existence of 
surface states was inferred and their density esti- 
mated with simple models. Exposure to oxygen 
strongly affected the measured barrier height, sug- 
gesting that adsorbed molecules could act as electron 
traps. Similarly, Hays has shown that exposure to 
ozone increases the charging of polyethylene by 
mercury, presumably because of new chemical 
groups formed at the polymer surface.' Hays has 
also shown that ultraviolet (UV ) radiation induced 
changes, localized within 8 A of the surface, can de- 
termine the magnitude of the charge transfer in 
mercury-polystyrene contacts." Kittaka and Mur- 
ata found that polyethylene and polypropylene, 
which normally charge negatively when contacted 
by metals, will charge positively if exposed to high 
energy UV light before ~ o n t a c t . ~ , ' ~  Pre-exposure to 
UV results in electrons being transferred from deep 
occupied levels into previously unoccupied shallow 
levels. The polymer charges positively because the 
electrons excited into the higher states of the poly- 
mer transfer to the metal when contact is estab- 
lished. 

Homewood obtained a value for charge penetra- 
tion depth of approximately 4-8 A in polymethyl- 
methacrylate ( PMMA ) contacted by mercury.' 

Controlled surface enrichment of a polyblend by the 
addition of increasing quantities of a fluoropolymer 
has shown that charging upon contact with other 
polymers is related to composition to a depth of 
about 15 A, but the charging upon contact with met- 
als depends on composition to a depth which is in- 
termediate between surface and b ~ l k . ' ~  It has been 
postulated that the charge penetration depth into a 
polymer is greater when contact is made with metals 
than with other polymers, though the magnitudes 
of the charges are comparable. 

Nordhage and Backstrornz5 used externally ap- 
plied fields to measure the depth of charge distri- 
bution. They found the charged layer to be approx- 
imately 400 A thick. This is too high to correspond 
to surface states, which led them to conclude that 
charge cannot be confined to states on the insulator 
surface but must penetrate approximately 400 A into 
the bulk of the insulator. Davies also found charge 
penetration depths ranged from 100 to 500 A by 
conventional field mill techniques.' Fabish et al. 
propose the thickness of the charge layer must be 
of the order of 2-4 microns because of deviations 
from theoretical predictions in charge transfer be- 
tween metal and polystyrene when the sample 
thickness is less than a few  micron^.^*'^ Lowell pre- 
sents experimental evidence indicating that it is not 
possible to estimate the depth of penetration of 
charge from observations of the effect of an electric 
field on contact electrification.' It is obvious the va- 
riety in experimental findings related to determi- 
nation of charge penetration depth. 

EXPERIMENTAL RESULTS 

Variation in Film Thickness 

A typical contact sequence for plasma polymerized 
methane (125 A )  on p-type silicon contacted by a 
gold probe is shown in Figure 4. A commonly ob- 
served phenomenon is the accumulation of charge 
on the surface of an insulator following repeated 
contact with another materia1.3-5f'7 Usually the rate 
of increase of the charge decreases as contacts are 
repeated and, after many contacts, the charge may 
appear to saturate. This same phenomenon is ob- 
served in our experiments and for this reason, the 
last five current values are averaged to characterize 
a given film. The reasons for charge accumulation 
after repeated contacts to an insulator with a solid 
metal are not fully understood. Several explanations 
have been suggested but each seems applicable only 
to a specific insulator or experimental technique. 
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Figure 4 
merized methane on p-type silicon. 

Contact-separation peaks for plasma poly- 

Figure 5 is a graph of average peak contact current 
vs. film thickness for films contacted by a gold probe. 
An increase in average peak contact current is ob- 
served for increasing film thickness in the range of 
150-400 A. Increased contact charging has also been 
observed by Fabish et  al. for increasing film thick- 
ness of polystyrene films contacted by i n d i ~ m . ~  
Plasma polymerized methane films exhibit a steady 
increase in average peak contact current as a func- 
tion of film thickness. Increasing film thickness 
greater than approximately 375 8, has little effect 
on the contact current measurement indicating, 
perhaps, that there is a limiting film thickness be- 
yond which charge penetration depth does not in- 
crease. 

This figure also suggests that the metal-insulator 
contact could be influenced by the insulator/sub- 
strate interface up to  a limiting film thickness. For 

0 
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Figure 5 
thickness for a gold probe. 

Average peak contact current versus film 

0 
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Index of refraction vs. film thickness. Figure 6 

film thicknesses below 100 A, an increase in average 
peak contact current with decreasing thickness is 
observed. One possible explanation for this obser- 
vation is that there is a difference in the composition 
of ultrathin films. The index of refraction for each 
film is determined and is shown graphically in Figure 
6. Polymer films less than 100 i\ thick do exhibit a 
higher index of refraction than that of thicker films. 
The same trend is illustrated in Figure 7, which 
shows average peak contact current vs. film thick- 
ness for films contacted by an alternate metal probe 
made of brass. One difference to note is that the 
average peak contact current for ultrathin films does 
not show a marked increase compared to slightly 
thicker films. 

0 100 200 300 400 500 600 700 800 
Film Thickness (A) 

Figure 7 
ness for a brass probe. 

Average peak contact current vs. film thick- 



FILM THICKNESS AND CONTACT ELECTRIFICATION 53 

Variation in Substrate Treatment 

Because of previous observations in our laboratories 
in regard to the interaction of the substrate in con- 
tact electrification experiments for thin polymer 
films, the objective of another set of experiments is 
to alter the substrate previous to plasma deposition 
and evaluate the effect of the polymer/substrate in- 
terface on charge measurements. It is well known 
that variations in processing may strongly influence 
properties of the interface between a silicon dioxide 
film and the silicon substrate. Two processing vari- 
ations that consist of high temperature annealing 
and substrate polishing are used to purposely change 
the silicon surface before deposition of plasma po- 
lymerized methane films. 

An important processing technique to improve 
the quality of the interface between silicon and 
thermally grown silicon dioxide is the postoxidation 
anneal (POA). Annealing in an inert atmosphere is 
a standard procedure for minimizing the fixed oxide 
charge and interface state density. The annealing 
technique is used on chemically clean silicon sub- 
strates with only a native oxide layer present. An- 
nealing of the substrate is done at  1000°C in a ni- 
trogen atmosphere for 30 min to improve the elec- 
trical properties of the interface previous to plasma 
deposition. Silicon substrates without the high tem- 
perature anneal are also used as control samples for 
comparison. 

In addition to the anneal, a substrate polishing 
procedure is employed to purposely roughen the 
surface and offer an increased surface state density. 
A fine polishing abrasive (0.3 microns) is used for 
this purpose. An aluminum contact is formed on the 
back side of each substrate before plasma deposition. 
A thin plasma polymerized methane film ( N 100 A) 
is deposited on each type of substrate. Contact-sep- 
aration tests are performed and Figure 8 shows peak 
contact current vs. number of contacts to a brass 
probe for the three different substrates. If contact 
charging is caused by electron transfer from or to 
interface states, the charging tendency of thin films 
will be changed by substrate treatments. It is ap- 
parent from Figure 8 that there is an inverse rela- 
tionship between contact current for plasma poly- 
merized methane in contact with brass and surface 
state density at  the insulator/substrate interface. 

One way to view the relationship between contact 
current and substrate treatment is in the context of 
a triboelectric series. A triboelectric series is an ar- 
rangement of materials which relates their charging 
behavior. The relative polarity of charge acquired 
on contact between materials in the series is pre- 

40 -- I t Control 
--C Rough Silicon 

O , l l l l l l l l / l j l l  
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

Number of Contacts to Brass Probe 

Figure 8 Peak contact current vs. number of contacts 
to brass for plasma polymerized methane (100 A) on an- 
nealed, control, and rough silicon substrates. 

dictable by its location. By polishing the substrate 
with an abrasive powder, electronic states are in- 
troduced, creating a negatively charged surface 
which corresponds to the bottom of a triboelectric 
series defined in such a way as to place negatively 
charged materials at  the bottom. On the other hand, 
annealing the substrate decreases the density of 
states and can be associated with positive charging, 
or placement at  the top of the series. The results 
from this experiment show that when a substrate is 
treated in such a way as to reduce the density of 
interface states, the most positively charged insu- 
lator results, and increasing the interface state den- 
sity allows for movement down the series toward a 
more negatively charged insulator. 

This study is extended to include films of varying 
thickness. Each treated substrate is coated with 
plasma polymerized methane films of varying thick- 
ness. The substrates treated with the polishing pro- 
cedure are eliminated due to difficulties associated 
with the lack of reproducibility in this processing 
procedure. Contact-separation measurements are 
performed on each type of substrate (annealed and 
control). Peak contact current for two samples of 
each substrate type contacted by a gold probe is 
shown in Figures 9-13. Each figure corresponds to 
a different film thickness. From this series of graphs, 
the effect of the substrate treatment on contact cur- 
rent can be observed in relation to film thickness. 
The polymer films deposited on annealed substrates 
charge more positively than the control substrates 
until a limiting thickness of approximately 300-375 
A is reached. Beyond that thickness, the substrate 
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Figure 9 Peak contact current vs. number of contacts 
to gold for plasma polymerized methane (80 A) on sub- 
strates with processing variations. 

treatment has no substantial effect on peak contact 
current. 

A final experiment concerning plasma polymer- 
ized methane films involves deposition of a variety 
of metals on silicon substrates to again purposely 
alter the substrate previous to deposition of the in- 
sulating films. For this study, platinum, aluminum, 
gold, and silver are deposited on silicon substrates. 
Each silicon sample is first coated with a thick layer 
of aluminum (=5000 A) by thermal evaporation. 
Aluminum of the same thickness is then evaporated 
on the back side for good ohmic contact. DC sput- 

t AnnealX2 
--C Control11 
t Control#2 

30 

v 
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O i l  ; j l l / ; j j [ ; ; ;  
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Figure 10 Peak contact current vs. number of contacts 
to gold for plasma polymerized methane (130 A) on sub- 
strates with processing variations. 
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Figure 11 Peak contact current vs. number of contacts 
to gold for plasma polymerized methane (300 A) on sub- 
strates with processing variations. 

tering of high purity metal targets is used to provide 
uniform coatings (=500 A) of platinum, gold, and 
silver with high electrical conductivity on top of the 
aluminum coated silicon. Evaporated aluminum 
with no additional sputtered metal comprises the 
fourth substrate type. Plasma polymerized methane 
films approximately 100 A thick are then deposited 
on the four types of metal coated silicon substrates. 

Contact-separation measurements are performed 
to determine the effect of each of the metal sub- 
strates on contact current measurements. Peak 
contact current for thin polymer films on a variety 

.- I I 

t Anneal#l 
t Anneal#2 
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1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

Number of Contacts to Gold Probe 

Figure 12 Peak contact current vs. number of contacts 
to gold for plasma polymerized methane (375 A) on sub- 
strates with processing variations. 
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A Control#l 
t Control%? 

30 

of metal substrates as measured upon contact with 
a brass probe is shown in Figure 14. Peak contact 
current varies depending on the metal substrate 
chosen because of the difference in work function 
for each of the metals. Charge exchange takes place 
between the insulating film and its metal substrate. 
Work function values for the metals used in this 
experiment are 4.1, 4.3, 4.75, and 5.3 eV for alumi- 
num, silver, gold, and platinum, r e s p e ~ t i v e l y . ~ ~ ~ ~ ~  
Average peak contact current vs. work function (eV) 
of the substrate metal is shown in Figure 15. There 
appears to  be a linear relationship between peak 
contact current and work function of the substrate 
metal. This is an important observation because the 
dependence of contact current on substrate metal 
work function gives evidence of electron transfer 
upon contact between plasma polymerized methane 
films and a metal probe. Electron transfer is gen- 
erally believed to be the mechanism for contact 
electrification of polymers in contact with metals. 

SUMMARY 

The main objective of this set of experiments is to 
evaluate polymer films of varying thickness and de- 
termine the relationship between contact electrifi- 
cation characteristics and film thickness. In addition 
to  film thickness, substrate treatments are shown 
to affect contact electrification measurements for 
the polymeric materials studied. Experimental re- 
sults show that either true surface states or bulk 
states which are sufficiently close to  the interface 

t Aluminum 

t Platinum 
15 s - 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

Number of Contacts to Brass Probe 

Figure 14 Peak contact current vs. number of contacts 
to brass for plasma polymerized methane (100 A) on sub- 
strates with various metal substrates. 

play an important role in contact electrification. 
States available a t  the insulator/substrate interface 
may communicate with the contacting metal by 
tunneling or some other mechanism. The insulator/ 
substrate interface has been shown to have a strong 
effect on measured contact current. The contact- 
separation measurement technique is an experi- 
mental method which makes it possible to determine 
charge penetration depth due, in part, to the capa- 
bility of the instrument in making charge measure- 
ments on thin insulating polymer films. Experimen- 
tal methods for determining the depth of charge 
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Figure 15 
tion of metal substrate. 

Average peak contact current vs. work func- 
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penetration are either not very reliable or are of lim- 
ited applicability, and more research is needed in 
regard to this important aspect of contact electri- 
fication. 
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