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TECHNICAL MEMORANDUM X-53 937 

EFFECTS OF SPUTTERING PARAMETERS ON 
TEFLON THIN FILM CAPACITORS 

SUMMARY 

It was expected that properties of sputtered Teflon thin films would 
differ from those of the bulk material. The sputtering parameters were 
varied in a controlled manner to determine the effect of these parameters on 
the properties of the sputtered thin film. Sputtering pressure (inert gas 
pressure) , rf voltage, and electrode spacing were varied. Dielectric 
properties of the resulting thin film capacitors were then determined. 

Film thickness was an almost linear function of sputtering time, as 
expected. Variation of sputtering voltage also produced a direct relationship, 
but lower voltage films were imperfect, and higher voltage films tended to be 
destroyed by intense heat build-up. Variattion in electrode spacing was non- 
linear but indicated a trend toward less thickness with greater electrode spacing. 

Dielectric parameters revealed some inconsistent behavior. The 
dissipation factor, however, will increase with film thickness, whereas 
resistivity and dielectric strength decrease with increasing film thickness. 
The dielectric constant varied with all parameters and could be optimized for 
each parameter. Al l  dielectric properties revealed a strong anomaly, almost 
a discontinuity, at 3 000 A. 

I NTR ODUCT I ON 

There has been interest in using thin Teflon films as insulators for 
printed microcircuits, printed circuit boards, and as the dielectric in 
capacitors for these circuits. Much information is available on the properties 
of bulk Teflon E I 3 , but it was not previously known whether rf sputtered 
films would have these same properties. The work reported herein is an 
attempt to determine what properties of the thin films differ from bulk 
properties, and what sputtering parameters are responsible for this difference. 



From the literature [ 2, 31 , it was determined that four sputtering 
parameters should have more effect on film properties than any other. These 
are: time, inert gas pressure, rf voltage, and sputtering electrode spacing. 
During the course of the program, it was found that several more parameters 
could be added to this list, but these four are extremely important, and easy 
to manipulate and measure. The dielectric properties which were studied 
included dielectric constant, K ;  dissipation factor, D. F. ; resistivity, p; and 
breakdown voltage, V , or  the dielectric strength, T V  

B. D. B. D. * 

The program for studying the Teflon capacitor was arranged according 
to six series of samples listed in Table I along with the sputtering parameter 
which was varied in each series. The range of values for time and pressure 
was arbitrarily chosen except that the shortest time value was kept long enough 
to insure a measurable film thickness. Voltage values covered the entire 
range of .u'seful voltages at fixed pressure and electrode spacing, while the 
electrode spacing was limited by the construction of the sputtering module. 

TABLE I. PARAMETERS VARIED DURING THE TEST PROGRAM 

Series Variable 

time, at - IIOp pressure of argon 

time, at Sop pressure of argon 

time, at 60p pressure of argon 

rf  voltage 

sputtering electrode spacing 

time, at 30p pressure of argon 

DESCRIPTION OF APPARATUS 

A block diagram of the basic sputtering system is shown in Figure I. 
The vacuum system is a glass bell jar with a mechanical pump. The pressure 
in the system is controlled by two mechanisms. A coarse adjustment is made 
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Figure I. Block diagram of sputtering system. 
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with an adjustable baffle over the mechanical pump orifice. A fine adjustment 
is made by a micrometer valve in the argon gas input line. A vent valve is 
added for bringing the system to atmospheric pressure following a deposition. 
A s  mentioned earlier, the pressure for these depositions was controlled at 
various values between 30 and I10 microns as measured by a thermocouple 
pressure gauge in the bell jar. 

The sputtering module itself was placed at the center of the bell ja r  base 
plate. Shown in the diagram are cooling water lines to the top of the module. 
These water hoses a re  made of a .relatively strong vinyl material. Not shown 
in the diagram is a second set  of hoses cooling the bottom of the module which 
is the substrate holder. The sputtering module will be more fully described 
later. 

The last item in the sputtering system is the power supply. The radio 
frequency voltage from an rf generator was delivered to the sputtering module 
by a coaxial cable. Inside the vacuum chamber the coaxial cable was fabri- 
cated from heavy gage copper wire ,  Teflon tubing, and copper braid. The rf  
generator used was an existing 12 kW, 3.2 MHz power supply primarily used 
for induction heating. The power capabilities of this generator were not used. 
Instead the generator was operated with an internal induction load, and the 
voltage variation taken at the electrical center of the tank circuit was transferred 
to the sputtering module via the coaxial cable. The voltage measured and 
quoted in this report was the d. c. driving voltage used to power the oscillator 
tube. 

A more detailed view of the sputtering module is shown in Figure 2. 
Shown is the Pyrex tube which is used both for containing the glow discharge 
and for supporting the top electrode assembly. The top electrode assembly 
consists of a grounded back shield or  dark space shield, the Teflon source, 
and the metal electrode to which the rf voltage is applied. The bottom electrode 
consists of a grounded metal plate which supports the three glass substrates 
and a thin copper sheet used to mask the appropriate areas on the substrates 
from Teflon deposition. The inter-electrode spacing is variable and is controlled 
by raising or lowering the top Teflon support. A s  mentioned earlier, both the 
top and bottom electrode a re  water cooled to dissipate the heat generated by 
the glow discharge. 
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Figure 2 .  Radio frequency sputtering arrangement. 
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The experimental capacitors were vacuum deposited on ,025 by .076 
meter (I by 3 inches) glass microscope slides. These slides were cleaned by 
a 3-past wash-rinse cycle in an ultrasonic washer, followed by an alcohol rinse 
and air drying with a hot air blower. Since the capacitor's electrodes are 
alumind thin films, it was impossible to solder leads to them; therefore a 
thick spot of conductive paint was placed at the two positions on the slide which 
would give best contact with the aluminum electrode while not affecting the 
shape of the capacitor. The paint was allowed to air-dry, then was baked at 
about 250'F. 

The slide was then ready for deposition of the bottom electrode (Fig. 3).  
This was performed in a large vapor deposition vacuum system using a tungsten 
heater coil to evaporate the pure aluminum wire. Pressure for this deposition 
was nominally IO* torr. 

Af te r  removing the slide from this system, it was placed in the 
sputtering system for deposition of the Teflon film. The sputtering electrode 
spacing would have been adjusted before closing the system. The rf voltage 
was set on the power supply, and the pressure in the system was regulated by 
both the argon input valve and a movable baffle located above the exit to the 
diffusion pump. When the voltage was applied, a glow discharge would begin 
and would continue, thus continuing film deposition until the voltage was re- 
moved after a specified amount of time. 

The top electrode, which was deposited next, was made long enough to 
cover both ends of the rectangular Teflon film. This specification provided a 
reflecting surface at each end (one on top of the Teflon, one on top of bottom 
electrode) separated in height by exactly the height of the Teflon film. This 
reflecting surface made possible the measurement of film thickness with a 
source-imaging multiple-beam interferometer. 

EXPERIMENTAL PROCEDURE 

After  soldering small copper wi re  leads to the paint terminals of the 
electrodes, a capacitor was ready to be tested. The capacitance and D. F. 
were measured first using an ordinary capacitance bridge, as indicated in 
Figure 4. Data were  recorded at frequencies of 100 Hz,  1 kHz, and 10 kHz. 
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The circuit shown schematically in Figure 4 also was  used to determine the 
current-voltage characteristic of the sample capacitor. The outputs were 
plotted on an X-Y recorder. Driving voltage was a low-frequency triangular 
waveform from a function generator. 

Figure 5 [ 41 is a schematic of the breakdown voltage measuring circuit. 
The "ramp voltage" applied to the capacitors was the sawtooth output of the 
oscilloscope. This circuit was necessary to shunt the "ramp voLtage" when 
the voltage reached values greater than the breakdown strength of the capacitor. 
A t  breakdowh, the test capacitor discharge created a signal at the 0 . 0 5  uf 
capacitor which, after amplification, opened the gate of the SCR, thus shunting 
the voltage to the ground without passing through the Teflon in the test capac- 
itor. The ramp voltage was displayed on a Tektronix 549 storage oscillo- 
scope screen which stored the trace until the exact breakdown voltage had. 
been measured from the screen grid. This process eliminated the need for 
taking photographs of each trace as it appeared. 

DATA ANALYS IS 

For bookkeeping purposes, each set of three slides was given a sample 
number, and each slide in the set was designated as I, 2, or  3, depending on 
its position behind the deposition masks. For example, Sl80-3 was on the 
right side of all masks, while S l 8 0 - I  was on the left. The thickness of each 
slide was measured at both ends and the average of these readings was the 
thickness recorded for the sample. It was noted that the thickness between 
one end of a capacitor and the other often varied by as much as a factor of 2, 
and the average thickness variation among the three slides was almost half 
as great. 

'" 

The area (A)  of the capacitor samples was 5.76 cm2. From the equation 
for the capacitance of a parallel plate capacitor, the dielectric constant is 
given by: 

CT 
A 

K = -  
E 
0 

where C is capacitance and T is Teflon film thickness [ 51. 
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The resistivity of thin film Teflon was calculated from [ 51 : 

RA 
P =T 

where R ,  the ohmic resistance of the capacitor, was found from the current- 
voltage characteristic of the sample by: 

AI  
AV 

R = - .  (3)  

The quantities on the right were  calculated in the following manner. Voltage 
change, AV, is simply the product of the change in the X axis, with the recorder 

calibration factor 'F (in - ) : volts 
inch 

AV = (AX) (F) (4) 

Current change, AI, is the corresponding product on the Y axis divided by the 
value of the monitoring resistor (I@ ohms) whose voltage drop indicated the 
current. That is: 

Breakdown voltage was obtained by averaging the value of V 

a series of eight ramps which comprised one sweep over the screen of the 
storage oscilloscope. The average value was rounded to the nearest volt. 

over 
B. D. 

RESULTS 

In preparation for this study, three tests were conducted on Teflon films 
to learn something about their molecular structure. Samples of bulk and film 
Teflon were placed in a vacuum system and the outgassing analyzed as a function 

il 



of temperature with a mass spectrometer. The only result was that both types 
of Teflon were  found to consist of the same basic monomer. When bulk and 
film samples were placed in a high vacuum, it was discovered that the thin 
film outgassed more and at lower temperatures than did the bulk sample. In 
an attempt to determine the type of bonding of Teflon molecules and their 
polarization ( i f  any), an infra-red spectroscopic study was performed on three 
different films. Unfortunately all films were completely transparent to the ir 
radiation (too thin) and no information was obtained. 

Film thickness was approximately a linear function of sputtering time 
(Fig. 6 ) ,  as had been expected. There was much scatter in this data, and it 
is possible that at longer times, the time dependence becomes non-linear and 
increases more rapidly because of substrate heating effects. Also it can be 
seen that for a given interelectrode spacing and sputtering voltage, the gas 
pressure has no appreciable effect on sputtering rate from 60 to loop. Figure 
7 shows the voltage dependence of film thickness for the range 800 V to 1200 V. 
The samples prepared at 700 V had measurable thickness, but because each 
capacitor was shorted, no dielectric data were obtained. The samples pre- 
pared at 1300 V were destroyed by the intense heat which cracked the glass 
substrates or caused shorting of the aluminum electrode plates. In Figure 8, 
the variation in dielectric thickness with sputtering electrode separation is 
plotted. A non-linear decrease in thickness with increasing electrode separation 
is indicated, as would be expected. 

The graphs of the dissipation factor as a function of time, voltage, and 
electrode spacing (Figs. 9-1 I) reveal no consistent behavior. However, 
Figure 12 indicates that D. F. will increase with film thickness, and that 
something causes a drastic change in D. F. in the neighborhood of 3000 8. 
This ff3000 8 anomaly" occurs in other data, as will be seen. It should also be 
noted (Table 2)  that the D. F. for Teflon films is larger than the bulk Teflon 
value. 

TABLE 2. COMPARISON OF BULK AND THIN FILM TEFLON 

I. 9 x i o 1 9  a cm ioi3 - io15 Q cm 

2 x  105 - 5 x  1 0 6 v  
cm 
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Figure 8. Film thickness versus electrode spacing. 
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Resistivity is shown (Fig. 13) only as a function of thickness, since it 
exhibits the same behavior for all series. Recall that in each series, a different 
combination of sputtering parameters was used to produce the different film 
thicknesses. In this graph, the anomaly occurs over the range of 3000 to 5000 8, 
and at all times the resistivity is decreasing with increasing thickness. It was  
also found (Table 2) that the resistivity of the thin film Teflon was five orders 
of magnitude less than the bulk Teflon value. 

Dielectric strength, or breakdown field (Fig. 14), is similar to 
resistivity in its dependence on thickness. This similarity is consistent in that 
a higher electric field is required to break down a relatively thin capacitor 
whose resistivity is higher than a thicker capacitor. These dielectric strength 
data agree in order of magnitude with the bulk Teflon dielectric strength [ I 3 . 
It was observed that on all capacitors tested, breakdown occurred in the thin 
region of the Teflon film where the electric field has largest magnitude. 

The graph of the dielectric constant, K ,  as a function of sputtering 
pressure indicates that for given time, voltage, and electrode spacing a certain 
pressure will give the highest value for K [ Fig. 151. The value of pressure at 
which this occurs is apparently dependent on the time of sputtering. A larger 
range of pressures should be studied to corroborate these statements. 

The 113000 8 anomaly" is most obvious when the dielectric constant, K ,  

is plotted versus thickness [ Fig.o 161. In this case the measured values of K 

are very inconsistent near 3000 A and do not f i t  smoothly into any curve through 
the remaining points. It is also seen that series I, 2, and 3 have K values near 
the bulk Teflon value, while series 4 and 5 (increasing voltage, decreasing 
electrode separation) increaseoalmost linearly to much higher values at 
thicknesses greater than 6000 A. In all cd;ses, except series 2, K increases 
monotonically with thickness above 6000 A. 

CONCLUS IONS 

Several facts are clear from the figures presented and the inclusive 
data of Tables 3 through 8. Thickness of the Teflon films depends on sputtering 
time, rf voltage, and electrode separation, approximately as had been reported 
in the literature [ 2, 3 1 , while argon gas pressure had no consistent effect on 
the thickness. The dissipation factor increases with film thickness for most 
series, and shows anomalous behavior near 3000 8. Its value is always higher 
than the bulk Teflon D. F. value. 
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Resistivity of Teflon films was appFoximately I O 5  acm less than bulk . 

Teflon resistivity, and exhibits- the ff3000 A anomaly. 
increase with decreasing film thickness. Dielectric strength also increased 
with decreasing thickness and exhibited values comparable to bulk Teflon over 
most of the thickness range. 

Resistivity was found to 

The dielectric constant of Teflon films is within 36 percent of the bulk 
Teflon value for the series in which time and pressure were varied, but becomes 
3 times larger (at higher thickness) for the series where rf voltage and 
sputtering electrode spacing were varied. The ?‘3000 A anomalyff is most 
obvious in these data; and for thicknesses above 6000 A in series 4 and 5,  the 
dielectric constant increases in an almost linear fashion with thickness. 

It can now be seen that r f  sputtered Teflon thin films differ from bulk 
Teflon in their dielectric properties, and that the differences are caused by 
parameters in the sputtering process. The dielectric constant is influenced 
by electrode spacing in the sputtering module, and by the rf voltage applied to 
the electrode, The dissipation factor is influenced by sputtering time, though 
it is not certain what causes it to differ from bulk Teflon by one to two orders 
of magnitude. The dielectric strength for the films was comparable to bulk 
Teflon in value and showed a thickness dependence similar to bulk samples. 
Resistivity of the films differed most drastically from bulk Teflon resistivity 
values. The difference is believed to be caused by impurities and the state of 
the Teflon molecules when deposited on the substrate in the sputtering chamber, 
though more work is required to verify this. Studying the dependence of resis- 
tivity on temperature and applying a d. c. bias voltage to the grounded sputtering 
electrode should give insight into this question. 

Other items deserve further consideration, such as the ff3000 A anomaly” 
and the almost linear relation between K and thickness for some samples which 
yields very large values of K. The large variation in film thickness on a given 
sample is a practical problem yet to be solved. Bonding the Teflon disk to be 
sputtered to the metal electrode instead of bolting it (with Teflon bolts as was 
done in the present work), would eliminate non-uniform fields which may now 
exist on the sputtering face of the disk causing non-uniform sputtering rates 
and deposition. 
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