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ABSTRACT 

Time-dependent dielectric breakdown (TDDB) is a major concern for low-k 

organosilicate (SiCOH) dielectrics. To examine the effect of plasma exposure on TDDB 

degradation, time-to-breakdown measurements were made on porous SiCOH before and 

after exposure to a variety of plasma exposure conditions. A capillary-array window was 

used to separate charged particle and photon bombardment. Samples exposed to full 

plasma conditions exhibit significant degradation in breakdown times.  However, samples 

exposed only to VUV photons also show marked TDDB deterioration, suggesting that a 

confluence of photon and ion damage effects may be responsible for time dependent 

breakdown. 

 



 
 

Porous low-k organosilicate dielectrics are replacing SiO2 as the preferred intermetal 

layer dielectric to reduce signal propagation delay and power dissipation in ULSI 

circuits.1 It is of considerable importance to characterize the chemical and physical 

stability of these films in order to determine the lifetime, and hence potential 

applications, of these materials.23 One of the most critical issues is the time-dependent 

dielectric breakdown (TDDB) of low-k dielectrics. TDDB failure can be exacerbated by 

by several effects, including electric field stress (resulting in damage-inducing leakage 

currents), thermal stress, as well as plasma processing induced degradation of the 

electrical, chemical, and mechanical properties of the dielectric materials.4,5,6,7 However, 

under normal operating electric field stress, the dielectric lifetime must be in years; hence 

to study the dielectric properties in experimentally plausible time period, an accelerated 

failure analysis technique must be used.8 

 

During plasma processing, both ion bombardment and vacuum ultraviolet (VUV) 

irradiation can occur.9,10,11,12 Defect states (and subsequent trapped charge) generated by 

both VUV irradiation and charged particle bombardment of low-k dielectrics have been 

shown to adversely affect the capacitance,13 breakdown voltage,14 and leakage currents15,16 

in addition to causing chemical and structural changes17 in organosilicate dielectric 

materials.  



 
 

 

In this Letter it is shown that both the energetic radiation and charged particles emitted 

during plasma processing have a deleterious effect on the time to dielectric breakdown, 

i.e. the dielectric lifetime. 

 

TDDB measurements are based on the hypothesis that stress produced by external 

electric fields eventually leads to a breakdown of the dielectric.18 This electric field stress 

provides energy to electrons that populate defect states in the bulk of the dielectric.  If the 

electrons are energetic enough to damage the dielectric material, they can create further 

defect states.  Over time, the cumulative effect of many such events leads to catastrophic 

failure (i.e., dielectric breakdown). To determine the time to breakdown, the leakage 

current under a specific electric field stress is measured as a function of time.19  

 

TDDB measurements have been previously made using several different methods, 

including constant voltage, constant current, ramping voltage and ramping current.20,21,22 

In this work, constant voltage TDDB measurements will be utilized. . This method 

applies a constant voltage bias applied across the dielectric while concurrently measuring 

the current as a function of time. This electric field generates leakage currents that are 

then measured as function of time..23 Under the influence of an electric field, a small 

steadily increasing leakage current persists until the breakdown point.  At this point, the 

current rapidly increases over multiple orders of magnitude. 

 



 
 

Although in typical device operation, the intermetal dielectric layer electric field stress is 

less than 0.5 MV/cm, higher electric fields are used here to simulate the breakdown 

process over a condensed time scale.24 By fitting the measurement results at elevated 

stress levels to a physical model, it is possible to estimate the reliability of the dielectric 

under typical (low-field) operating conditions.18 One of the best-known models is Lloyd’s 

model,25 which predicts the time to breakdown (tBD) as a function of applied electric field 

(E) in the dielectric based on the probability of an accelerated electron causing damage to 

the dielectric. The model predicts that the time to breakdown can be approximated by 

 

€ 

tBD = f ∝
1
E
 

 
 

 

 
 (exp(

1
E

+ E ))
. (1)

 

From  (1), it can be seen that the time to breakdown decreases as the applied electric field 

increases.  

 

The goal of this work is to understand how plasma exposure affects the TDDB 

characteristics of low-k organosilicate dielectrics. During plasma processing, dielectric 

films are subjected to both charged-particle bombardment and vacuum ultraviolet (VUV) 

irradiation.26,27,28 To elucidate the differences between photon and ion effects, charged-

particle bombardment and VUV irradiation can be separated by use of a capillary-array 

window.29 The capillary-array window shields the film from charged-particle 

bombardment without disrupting VUV irradiation. After simultaneous plasma exposure 

to both window-covered and uncovered dielectrics, the changes in TDDB properties can 

be examined. 

 

To investigate the TDDB characteristics, 640 nm of low-k porous SiCOH was deposited 



 
 

by plasma-enhanced chemical vapor deposition (PECVD) on Si wafers.30,31 A 1.5 nm 

thick native oxide was present before deposition. The deposition took place in a 

capacitively-coupled PECVD reactor utilizing a 13.56 MHz RF source in the presence of 

various inert and reactive gases with an organosilane precursor. It should be pointed out 

that neither structure forming techniques nor the introduction of porogen molecules were 

used in the deposition process.31 After deposition, the sample was UV cured with a 

Novellus System SOLA™ ultraviolet thermal processing system. Photons with energies 

between 3.1 and 6.2 eV were used in the curing process. The total UV fluence was 

approximately 1x1016 photons/s-cm2. After UV curing, the dielectric thickness was 

measured to be 500 nm. The dielectric constant (k) of the cured material was measured to 

be 2.55 using capacitance-voltage (C-V) characteristics.  A film density of 1.24 g/cm3 

was determinedusing X-ray reflectivity and Rutherford backscattering (RBS) 

measurements.  Ellipsometric porosimetry (EP) measurements determined a porosity 

fraction of 15-20%. 

 

An electron cyclotron resonance (ECR) plasma system was used to investigate the 

plasma-induced damage to the dielectric films.32 As stated earlier, a capillary array 

window over the sample was used to separate charged particle and photon 

bombardment.33  A mapping mercury probe (MDC 862) was used to make electrical 

contact with the dielectric. A computer-controlled DC power supply was used to apply 

voltage bias, and a picoammeter (Keithley 485) was used to measure leakage currents as 

a function of time. The experimental setup is shown in Figure 1. For each measurement, a 

constant voltage was applied across the dielectric sample, and current was measured as a 



 
 

function of time until breakdown occured.  The breakdown point was defined as an 

exponential increase of current over a single measurement period. Voltage biases were 

chosen so that each measurement corresponded to an applied electric field in the range of 

2.5 – 5.5 MV/cm. 

 

Figure 2 shows the voltage-stress induced leakage current profile as a function of time on 

a VUV-irradiated (i.e., capillary-array window covered) sample.  This sample was 

exposed to a wavelength-integrated photon fluence of 4.5x10^15 photons/cm2, while the 

plasma conditions utilized for these exposures have been previously found to exhibit 

strong emission peaks at 11.6 and 11.4 eV.  It can be observed from Fig. 2 that the stress-

induced leakage current reaches a maximum at the beginning of the measurement, and 

then decreases at a nearly constant rate for until breakdown occurs, at which point there is 

a sudden and dramatic increase in leakage current. The measurement was repeated at 

multiple locations on the same sample, and both the leakage currents and breakdown time 

were found to be highly reproducible.  A trend similar to that of Fig. 2 was observed 

regardless of exposure conditions, although the magnitude of the leakage currents and the 

length of time to breakdown were found to change considerably due to different 

exposures. 

 

Figure 3 shows the time-averaged leakage currents versus applied field for each of the 

exposure conditions studied.  As mentioned previously, the pristine samples underwent 

no exposure.  Each of the capillary-array window covered (VUV-irradiated) samples was 

exposed to a total fluence of 4.5x10^15 photons/cm2.  Uncovered samples were exposed 



 
 

to a photon fluence of 4.8x10^15 photons/cm2 and an ion fluence of 4.3x10^16 ions/cm2.  

From Fig. 3, it can be observed that the slope of the I-V curve steepens with increasing 

exposure.  Interestingly, the magnitude of leakage current was not found to be predictive 

of the time to breakdown.  Instead, there is an inverse correlation between the slope of the 

I-V characteristic and time to breakdown – steeper slopes indicate a shorter time to 

breakdown.  

 

Figure 4 shows the comparison of TDDB measurements between the three sets of 

samples. It can be seen that for each sample, the time to breakdown decreases as the 

electric field stress is increased. This is consistent with what has been predicted 

previously. We also find that the pristine samples take the longest to break down at all 

fields measured, indicating the highest reliability. Samples exposed to the full plasma, i.e. 

both charged particles and VUV radiation, exhibited the largest degradation.  Breakdown 

times for the plasma-exposed samples also trend quite linearly with applied field.  VUV-

exposed samples showed noticeable degradation relative to the pristine samples.  At the 

lower fields tested, VUV-exposed samples trend quite similarly to unexposed samples.  

However, as the electric field stress is increased, the breakdown effect accelerates and the 

trend approaches that of the plasma-exposed samples.  

 

Thus, plasma exposure has been found to degrade the TDDB characteristics of low-k 

dielectric films. It was found that both VUV photon and charged particle bombardment 

contribute to TDDB degradation. This indicates that VUV photon bombardment alone 

may be responsible for a significant portion of the damage previously ascribed to 



 
 

charged-particle effects.  Interestingly, the magnitude of leakage current was not found to 

be a reliable indicator of time to breakdown.  Instead, the slope of the I-V characteristic 

plot was found to correlate quite accurately, with steeper slopes indicating decreased time 

to breakdown. 
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FIGURE CAPTIONS 

 

Figure 1. Experimental setup for time-dependent breakdown measurements.  

 

Figure 2. Typical leakage current profile of VUV irradiated SiCOH with an electric field 

stress of 4 MV/cm 

 

Figure 3. Time-averaged leakage currents (prior to breakdown) versus applied electric 

field. 

 

Figure 4. Dielectric breakdown time under electric field stress for pristine, VUV 

irradiated and plasma exposed samples.  
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Figure 1. 
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Figure 2. 

 

 



 
 

FIGURES 

Figure 3. 
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Figure 4. 
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