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ABSTRACT 
The dielectric strength of a promising interlevel low relative permittivity dielectric is investi- 
gated for various film thicknesses and temperatures by using I-V measurements with metal- 
insulator-semiconductor (MIS) structures. It is found that the dielectric breakdown mecha- 
nism also depends on thickness. For relatively thick films (thickness >500 nm), the dielectric 
breakdown is electromechanical in origin, i.e. the dielectric strength is proportional to the 
square root of Young’s modulus of the films. By scanning electron microscopy (SEM) observa- 
tion, a microcrack in thicker films may contribute to a lower value of Young’s modulus, which 
may confirm that the electromechanical breakdown is the dominant mechanism for dielectric 
breakdown of thicker films. In addition, the thickness dependent dielectric strength can be 
described by the well-known inverse power-law relation by using different exponents to de- 
scribe different thickness ranges. However for thinner films, i.e. t500 nm, the experimentally 
observed relationships among the dielectric strength, Young’s modulus, and film thickness 
cannot be explained by the existing models. 

1 INTRODUCTION 

HE need for new low relative permittivity materials that can re- 
T P l  ace silicon dioxide as insulator in a future integrated circuit (IC) 
device already has started many efforts. As IC device sizes decrease, 
thinner and thinner dielectric films will be employed for insulation. As 
expected, the constraints imposed by thin polymer film geometry will 
lead to the deviation of film properties from that of their bulk coun- 
terparts. Recent studies on various low relative permittivity materials 
have demonstrated that most of structural, optical, mechanical, elec- 
trical, dielectric, and thermal properties of polymer films are expected 
to be film thickness dependent [l-71. Hence, the film thickness depen- 
dence of the key properties of dielectric films becomes an important IC 
issue [8,9]. 

Dielectric strength is always a vital factor in insulation. However, 
no investigation has been reported on the thickness dependent dielec- 
tric strength of low relative permittivity materials for submicrometer 
interlevel dielectric applications. In this paper, we present our results 
on thickness and temperature dependent dielectric strength of on-wafer 
polytetrafluoroethylene (PTFE) thin films, which has the lowest value 
among the nonporous low relative permittivity materials [S-151. PTFE 
thin films ranging in thickness from 90 to 1200 nm were investigated by 
using the current ramping voltage technique with MIS structures. The 
observed dielectric strength will be analyzed with respect to fit various 
models in different thickness ranges. It is also discussed in relation to 
the microstructure and morphology of the films, as characterized by 

X-ray diffraction (XRD), Fourier transform infrared (FTIR) and scanning 
electron microscopy (SEM). 

Figure 1. xRD pattern of crystalline PTFE thin film. 

2 EXPERIMENTAL 
All PTFE dielectric films were spin-coated on the silicon wafers and 

then baked and sintered on a computer controlled hot plate for 3 min 
with a curing temperature of 390°C. Samples of different thicknesses 
(94, 142,200,528,800, and 1141 nm) have been prepared to investigate 
the dielectric strength dependence. An ellipsometer has been used to 
measure the thickness of films. 

The dc breakdown voltage was measured using MIS structures in 
air. The dc voltage was applied to the sample, increasing at a linear rate 
and the dielectric breakdown voltage was measured. For the tempera- 
ture dependent dielectric strength, all electric stressing was performed 
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Figure 2. FTIR spectra of crystalline PTFE thin film. 

at three temperatures: 25T, 75°C) and 150°C. The temperature was 
controlled with an Athena XT16 temperature controller with a type K 
thermocouple thermometer. 

Microstructure and morphology were investigated to elucidate its 
relation to the dielectric strength of the film. X-ray diffraction (XRD) 
was performed by using a Siemens D5000 diffractometer with CuKa 
irradiation. FTIR spectra were measured by Midac (PRS 102) over the 
range of 4000 cm-l to 400 cm'l. The measurement is carried out with a 
resolution of 4 cm-' and the scan is done as many as 32 times. All spectra 
were collected at room temperature, in an air-tight sample holder. A 
scanning electron microscope (Philips XL 30 FEG) was used to obtain 
photomicrographs from gold-coated sample surfaces. 

3 RESULTS AND DISCUSSIONS 

3.1 MICROSTRUCTURE, 
MORPHOLOGY OF PTFE FILMS 

The key property of a polymer thin film for electrical insulation is 
its dielectric strength. It is affected by various factors, including the 
polymer structure and the sample geometry. The phase information 
of the film was studied by XRD. Figure 1 shows typical 20 XRD pat- 
terns of PTFE thin films of three selected thicknesses [13,16]. For all 
three (142, 528, and 1141 nm) samples, the typical (100) peak at 18" 
is observed which indicates that the film is crystallized, and the basic 
crystal structure is the same with all samples. However, it was found 
that intensity of the (100) peak increases with increasing film thickness, 
which is evidence of both a lower crystalline order than expected in 
the 142 nm specimen (possibly due to substrate interaction), and an in- 
crease in apparent crystallinity at 1141 nm specimen due to thickness. 
Further, the full-width half maximum (FWHM) of the (100) peak tends 
to narrow with increasing film thickness, which suggests an increase 
in the average crystallite size. The crystallite size was calculated from 
Scherrer's formula, D=0.9X/B cos 8, with D the crystallite size, X the 
wavelength of the incident X-rays, B is the FWHM, and 6 the angle of 
the peak, by using a Lorentz shape fit. It gives a crystallite size of 36, 
38, and 39 nm for 142,528, and 1411 nm specimens, respectively. The 
presence of the intense (100) peak in the XRD pattern overall 20 ranges 
also indicates that the molecular chains are parallel to their substrate 
surface. 

Figure 2 shows the FTIR spectra of the PTFE film with two different 
film thicknesses, 200 and 800 nm. There is a strong band in the region 

of 1000 to 1300 cm-l which is assigned to the asymmetrical and sym- 
metrical CF2 stretching vibrations. The CF2 wagging mode is observed 
at 635 cm-' and the CF2 bending and rocking modes appear at 500 to 
600 cm-', which are considerably weaker. The bands in the region of 
1400 to 1900 cm-' and around 2360 cm-' on the spectra of the film are 
due to H20 and CO2 in air, respectively. The peaks at 3000 cmP1 can be 
assigned to the CH, CH2, and CH3 stretching vibration. Additionally, 
peaks of the symmetrical and asymmetrical CF2 stretching vibration 
mode and the CF2 wagging mode are relatively strong which is a typi- 
cal characteristic of crystalline structure of PTFE thin films. As shown, 
the spectrum over the whole range becomes more pronounced as the 
thickness of film increases, indicating an increase in the structural or- 
der and a higher conformation of the polymer layer in the preferred 
orientation along the substrate surface. 

Figure 3 shows a typical SEM micrograph of the PTFE film. The film is 
formed by tightly packed parallel helices of long PTFE molecules which 
conform to the surface structure, and a mature lamellar structure can 
be observed in thicker films (528 and 800 nm). The shape of the lamella 
is not like the shapes reported [13,17,18], but instead has a worm-like 
shape. These worm-like shapes are connected together and may not 
be the same as in the bulk. For thicker films (528 and 800 nm), the 
film displays the 'fold-over' of the crystalline lamella, which would be 
considered to reflect the degree of the order with a repeat period. How- 
ever, for thinner films (94 and 142 nm), a lamella conforms on the top of 
the thin layer, and some of the helices of PTFE molecules are reentrant, 
which probably indicate the degree of disorder. Therefore, the lamella 
is nucleated on the surface of the top ultrathin layer of PTFE crystal, and 
grows three-dimensionally. Hence, this thickness dependent morphol- 
ogy may lead to the thickness dependence of other properties. 

3.2 DIELECTRIC STRENGTH OF 

3.2.1 THICKNESS DEPENDENCE 
I-V measurements were performed for samples with area 1x1 cm2. 

Figure 4 shows the variation of the dielectric strength of PTFE films as a 
function of the film thickness, which can be fitted well by the following 
well-known relationship [6,19-211, 

where EB is the dielectric strength, h the film thickness, and n is the 
fitting parameter. Then  factor can be varied with experimental configu- 
ration, and may be related to microscopic structure and charge transfer. 
It also has been discussed in terms of the electron affinity [6,19,21,22]. 

Equation (1) is known to correlate with the breakdown strength and 
film thickness for thick polymer films [6,19], but it is the first time to 
demonstrate that Equation (1) is also valid for sub-micron thickness 
low-&polymer films. As indicated, the dielectric strength decreases 
with increasing thickness. For an ultrathin film thickness (ht100 nm), 
the film has the a strength >10 MV/cm at room temperature. In thinner 
regions with more grain boundary volume (small grain size), the lower 
the local field across the boundary, the higher the dielectric breakdown 
strength. In thicker films, the higher crystalline order (Figure 1 by XRD 
observation) can cause a weak dielectric strength spot [23]. 

All data can be well described by Equation (l), but not with a single 
value of n. In the present case, for a thickness between 90 and 500 nm, 

PTFE THIN FILMS 

EB hK" (1) 
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Figure 3. SEM images of crystalline PTFE thin film with thicknesses of (a) 94, (b) 142, (c) 528, and (d) 800 nm. 

Thickness (nm) 

Figure 4. Thickness dependent dielectric strength of PTFE thin films. 

n=1.5 and n=1.0 for the thickness between 500 and 1200 nm. The value 
for the thinner thickness range is relatively larger than the reported 
values, - 0.5 to 1.0, at room temperature [19-211, but the value for 
thicker specimens is in the range of the reported values. 

The morphological difference for relatively thicker and thinner films 
also correlated with the observed difference in the dielectric strength 
of different thicknesses. From SEM observation, as presented by Fig- 
ure 3, it is evident that the morphology for relatively thinner films is 
totally different from that of thicker films. The well-attached struc- 
ture of the top layer was observed for thinner films (Figures 3(a) and 
(b)), and a homogeneous surface with mature lamella was observed for 
thicker films (Figures 3(c) and (d)). This difference may relate to two 
breakdown regions; a relatively high n value for hi500 nm, and a rel- 
atively low n value for h>500 nm. Furthermore, thinner films with the 
well-conformed structure show a higher dielectric strength. 

The film thickness effect has been related to charge trapping and de- 
trapping [24,25], material structure, morphology, and for polymers, the 
value of n depends on the electron affinity [19]. For relatively thinner 

films, trapped charges can flow easily because trapped charges do not 
accumulate within the insulator due to its small size. Hence, a higher 
electric field is needed to induce electron avalanches. 

3.2.2 ELECTRO M EC HAN I CAL 
BREAKDOWN MECHANISM 

There is much similarity between mechanical property and dielec- 
tric strength. In general, when the insulation is under electric stress, 
a mechanical stress also is produced. If the strain energy released at 
electric stress is higher than that required for the deformation of mate- 
rials, mechanical crack propagation is introduced. Since the mechanical 
stress also can alter the dielectric strength of materials, the factor that 
can affect the mechanical property, also can affect the dielectric strength 
[26,27]. Figure 5 presents Young's modulus as a function of the film 
thickness at room temperature. Mechanical properties were measured 
by using the dynamic contact module (DCM) option of the Nan0 In- 
dentor XP [3]. As a result, Young's modulus decreases with increasing 
film thickness, like the dielectric strength decreases with increasing film 
thickness (Figure 4). Additionally, Young's modulus has two regions 
that show a similar behavior with the dielectric strength. 

For thinner films, their confinement to a surface structure can be at- 
tributed to a higher Young's modulus. Additionally, for thicker films, 
by SEM observation, a microcrack (Figure 3(d) at the arrow) can induce 
a localized bond breaking [28]. Therefore, the energy required to cause 
dielectric breakdown will be decreased, and Young's modulus would 
be less than that of thinner films. Lower values of Young's modulus may 
suggest that the electromechanical breakdown is the dominant mecha- 
nism for the dielectric breakdown of thicker films. 

The relation between the dielectric strength and Young's modulus 
is shown in Figure 6. For thicker films, the relationship between the 
dielectric strength and Young's modulus according to the electrome- 
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Figure 5. Young's modulus as a function of the film thickness. 
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Figure 6. Dielectric strength as a function of Young's modulus. 

chanical breakdown theory [26,29-311 is 

where Y is Young's modulus. 

1 
E g m Y 2  

This result presented in Figure 6 thus supports the electromechani- 
cal breakdown mechanism for the relatively thicker films. However, the 
relationship between EB and Y for thinner films cannot be fitted with 
Equation (2). Thus there is a fundamentally different breakdown mech- 
anism for the relatively thinner films. The exact mechanism remains to 
be investigated. 

3.2.3 T E M PER ATU RE DE P E N DEN C E 
The thermal energy is another external stress, added to that of the 

charge distribution. Due to the structural change with increasing tem- 
peratures, the liberated free electrons in the polymer accelerate, and 
lower its dielectric strength. At very low temperature, all charged par- 
ticles are trapped. When the temperature is increased, the trapped elec- 
trons will be detrapped more easily, and less electric field is needed. 

Further, when the temperature increases, the overall volume of Sam- 
ples will expand, and the dielectric strength decreases with the decrease 
of the film density, Thus, it is expected that Eg decreases with increas- 
ing temperature, exactly as observed in the present case of PTFE thin 
films, shown in Figure 7. The dielectric strength decreases with increas- 
ing temperature at all sample thickness ranges. From the inserted graph 
in Figure 7, the activation energy of dielectric strength increases with 
increasing film thickness for thinner film thickness range, i.e. 0.004 eV 
for 90 nm, 0.017 eV for 142 nm, and 0.030 eV for 200 nm. However, the 
activation energy is almost constant for thicker films, i.e. 0.035 eV to 
0.039 eV for 500 nm to 1200 nm. This is consistent with the suggestion 
that the dielectric strength is less sensitive to temperature for thicker 

llkT (ow 

Figure 7. Temperature dependent dielectric strength of PTFE thin 
films. 
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films since the electromechanical breakdown is the dominant mecha- 
nism for the dielectric breakdown. 

This different behavior at high and low temperatures also can be 
explained by the morphology of the samples. For thinner films, the 
strong attachment due to their confinement by a surface structure gives 
high resistance for thermal stress. Hence, the thinnest film (94 nm) 
shows a relatively lower activation energy compared to thicker films 
(141 and 200 nm). 

4 CONCLUSIONS 
HE thickness and temperature dependent dielectric strength of low T relative permittivity PTFE polycrystalline thin films on Si substrates 

in the thickness range of 90 to 1200 nm have been investigated by means 
of I-V measurements. The dielectric strength decreases with increas- 
ing film thickness, which is found to vary as h-" (h being the film 
thickness). In particular, two regions have been observed with two 
different n values; a relatively high one, i.e. 1.5 for h<500 nm, and a 
relatively low n value, i.e. 1.0 for h>500 nm. The dielectric breakdown 
for the relatively thicker film range, i.e. 500tht1200 nm, is controlled 
by the electromechanical breakdown mechanism, as demonstrated by 
EB 0~ Y'/ ' .  However, the relationship among the dielectric strength, 
Young's modulus, and the film thickness for thinner films, i.e. 1500 nm, 
cannot be explained by the existing models. The exact cause for the ob- 
served behavior remains to be investigated. Additionally, the observed 
two dielectric strength regions can be explained by microstructural and 
morphological studies. The dielectric strength also has been found to 
decrease with increasing temperatures for all sample thicknesses. The 
activation energy of dielectric strength increases with increasing film 
thickness for the thinner film thickness range. However, the activation 
energy is almost constant for the thicker films. This is consistent with 
the suggestion that the dielectric strength is less sensitive to temper- 
ature for thicker films, since the electromechanical breakdown is the 
dominant mechanism. 
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