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Abstract—New observations on the correlation between the 

recoverable-to-permanent transformation of hole trapping and 

the generation of stress induced leakage current (SILC) under 

negative-bias temperature stressing are presented. Both effects 

are shown to exhibit very similar temperature dependence, 

activation energy and power-law time exponent. In addition, a 

“corner” temperature (~125 C), which marks an increase in the 

activation energy from the high to low temperature regime, is 

revealed in both the trapped-hole transformation and SILC 

generation, further highlighting the strongly correlated behaviors 

of the two effects. These findings corroborate an earlier 

hypothesis that both phenomena share a common degradation 

mechanism. 

 
Index Terms—Bias-temperature instability, high-k gate 

dielectric, hole trapping, MOSFET, oxide trapped charge  

 

I. INTRODUCTION 

WING to its significant impact on the characteristics of 

the p-MOSFET, the negative-bias temperature instability 

(NBTI) phenomenon has continued to attract considerable 

attention in recent years. Of late, studies made on small-area 

devices [1] corroborate earlier findings that the cyclical 

trapping and detrapping of holes by oxide and interface traps 

are mainly responsible for the parametric fluctuations observed 

under dynamic gate stressing [2], [3]. It is also found that after 

a period of stressing, a particular trap can be transformed into 

a semi-permanent charged state [4], [5] implying that the 

applied electrical stressing may have changed the nature of the 

trap thus allowing the hole to remain trapped for a longer 

period. This observation agrees with the earlier result which 

showed a progressive decrease in NBTI recovery under 

repeated stressing and relaxation, indicating that some trapped 

holes which were able to be emitted within the given 
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relaxation interval in the initial stage were unable to do so at a 

later stage [6], [7]. 

In addition, a generation of stress-induced (gate) leakage 

current or SILC that linearly tracks the decrease in NBTI 

recovery has been observed [6]-[8]. The correlated changes 

have prompted a hypothesis that both effects share a common 

origin, i.e. the same traps responsible for the cyclical hole 

capture and emission behavior also account for the generated 

SILC after they have transformed into a more permanently 

charged state. In this paper, we present new experimental 

evidence on correlated changes of the two effects, in terms of 

temperature dependence, activation energy and the power-law 

exponent. 

II. EXPERIMENTAL DETAILS 

P-MOSFETs with TiN/HfSiON and polysilicon/SiON gate 

stacks were tested. The drawn channel length/width are 40 

nm/2 µm for test devices with the high-k gate stack and 60 

nm/10 µm for those with the SiON gate dielectric. The 

TiN/HfSiON gate stack is made up of a 2.5-nm HfSiON layer, 

grown via atomic-layer deposition on a 0.9-nm thermal SiOx 

interfacial layer in a gate-first integration flow. The Hf 

composition is ~70 atomic percent and the equivalent oxide 

thickness is 1.6 nm. The SiON is 1.7 nm thick and was 

achieved via decoupled plasma nitridation of an in-situ steam 

generated SiO2 layer. 

Alternating NBTI stress (at 2 V gate voltage) and 

relaxation (at 0 V gate voltage) intervals, each lasting 1  103 

s, were applied for 40 times (arbitrarily determined) to a test 

device at a given temperature. Different temperatures, ranging 

from 100-200 C were examined and at each temperature, a 

pristine test device was used. Stress induced degradation was 

monitored in terms of the threshold voltage shift |Vt|, 

extracted from linear transfer curves measured at specific 

timings by the ultra-fast switching method [9]. Fig. 1(a) 

depicts the typical variation in |Vt| over several stress-

relaxation cycles. The amount of |Vt| recovery, denoted as R, 

during the relaxation interval was determined from the 

difference between |Vt| measured at the end of the stress and 

relaxation intervals as shown. R provides a measure for the 

extent of trapped-hole emission in the relaxation interval. 

In a separate set of experiments, a test device was first 

subjected to the same 2 V gate stress voltage for 1 × 103 s. 
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This was followed by gate current (Ig) measurement, using a 

quasi-static bi-directional gate-voltage sweep from 1.5 to 

+1.5 V and back, for the purpose of monitoring SILC 

generation. The above procedure was then repeated on the 

same test device for 40 times. Fig. 1(b) depicts typical SILC 

generation in the HfSiON and SiON test devices after 

numerous stress intervals.  It should be mentioned that the 

excursion to +1.5 V and back yielded no apparent decrease in 

the SILC, indicating that a majority of the oxide traps 

responsible for the SILC are relatively stable. 

III. RESULT AND DISCUSSION 

Fig. 2(a) shows the |R40,1| versus (kT)1 plot for the 

HfSiON gate p-MOSFETs; k is Boltzmann constant, T is 

temperature in Kelvin and R40,1 (= R40 – R1) is difference in 

|Vt| recovery of the 40th and the 1st cycles. Each data point 

represents the average value for several test devices. A non-

Arrhenius behavior over the range of temperatures (100-175 

C) studied can be observed. Two piecewise linear fittings of 

the data points, demarcated by T ~398 K or 125 C, may be 

attempted. For T > 398 K, the best fit yields an activation 

energy Ea of 0.09 eV while the best fit for T < 398 K gives an 

Ea of 0.76 eV. Similar results are obtained for Rj,1 extracted 

at other jth cycles (30  j < 40). The lower boundary of j is 

limited by the measurement resolution for R (~1 mV). 

As the number of stress/relaxation cycles is increased, R has 

been observed to either remain constant or decrease gradually 

[2], [3], [6]-[8]. A constant R implies that it is always the 

similar group of traps that capture holes during the stress 

interval and emit them during the ensuing relaxation interval 

[2], [3]. This inference is supported by measurements on 

small-area p-MOSFETs, which revealed highly consistent, 

cyclical hole trapping/detrapping behavior of individual traps 

[1]. The decrease in R implies that some of the trapped holes 

that were emitted in the 1st relaxation interval remained 

trapped after the same relaxation period in a later cycle [6]-[8]. 

It has been proposed that the repetitive application of an oxide 

stress field, coupled with phonon effects, may cause permanent 

structural relaxation of oxygen vacancy defects (major source 

of hole traps) and convert them into stable hole-trapping sites 

[6]-[8]. In recent studies on small-area p-MOSFETs [2], the 

direct observation of a loss in the ability of a trap to emit the 

trapped hole after a certain number of stress/ relaxation cycles 

lends strong support to the proposed explanation [6]-[8]. 

The observation of a non-Arrhenius behavior of R40,1 in 

Fig. 2(a) may then be generally explained as follows. At a low 

temperature, the phonon effects are relatively weak and 

therefore a certain energy barrier would have to be overcome 

in order to change the structure of a given trap. With an 

increase in temperature, the energy barrier is decreased 

because of the enhanced phonon effects, which can now aid in 

the structural change of the trap. However, the exact reason 

behind the existence of a critical temperature of ~125 C 

beyond which a decrease in Ea happens remains a question that 

requires further study. 

Interestingly, the non-Arrhenius behavior of R40,1 is also 

mirrored in the results for SILC generation (Fig. 2(b)). Similar 

to R40,1, the temperature of 125 C, where a change in Ea 

occurs should be noted. A similar critical temperature which 

signaled a changed in the mechanism driving SILC generation 

in the HfSiO/SiOx stack was earlier reported by Sahhaf et al. 

[10]. Piecewise linear fitting of the SILC versus (kT)1 plot 

yields an Ea of 0.12 eV for T > 398 K and an Ea of 0.71 eV for 

T < 398 K, in excellent agreement with those obtained from 

the R40,1 versus (kT)1 plot. The close correspondence 
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Fig. 1. (a) The shift in threshold voltage, |Vt| of a HfSiON gate p-MOSFET 

subjected to stress/relaxation cycling. The |Vt| recovery in the respective 

cycles are denoted as Rj, where j is the cycle number. (b) Stress induced 

leakage current (SILC) versus gate voltage (Vg) curve after 40 stress/ 

relaxation cycles; (i) HfSiON and (ii) SiON gate p-MOSFETs. The gate 

voltage was swept from 1.5 V to 1.5 V and then back to 1.5 V. 
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Fig. 2. (a) |R40,1| as a function of (kT)1 (k is Boltzmann constant; T is 

temperature in Kelvin) for the HfSiON gate p-MOSFET. R40,1 is defined as 

R40 – R1, where R40 and R1 denote the overall |Vt| recovery in the 40th and 

1st cycle, respectively. (b) SILC generation (defined as Ig/Ig0 at Vg  = 1 V) 

as a function of (kT)1. Ig is difference between the Ig (at Vg = 1 V) of the 

40th and 1st cycle. Temperatures are indicated in degree Celsius. 
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Fig. 3. (a) |R40,1| and (b) SILC generation (Ig/Ig0) as a function of (kT)1 

for the SiON gate p-MOSFET. Temperatures in degree Celsius are as 

indicated. 
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between the SILC and R40,1 data in terms of temperature 

dependence and activation energy provides another key 

evidence (on top of the direct proportionality observed earlier 

[7], [8]) that the two effects stem from a common degradation 

mechanism. A non-Arrhenius behavior of SILC generation 

under electrical stressing has earlier been reported [10]-[12] 

but the underlying mechanisms are still not clear. Its 

correlation with R40,1 revealed in this work suggests the 

transient-to-permanent hole-trapping conversion as a possible 

mechanism. 

Measurements on the SiON gate p-MOSFETs give similar 

results – a correlated non-Arrhenius behavior in both R40,1 

and SILC (Fig. 3). However, some subtle differences as 

compared to the results of the HfSiON p-MOSFET should be 

highlighted: (1) A slower roll-off in SILC as compared to R 

is observed in the SiON device for temperatures below 100 C 

(as is also evident from the smaller Ea of 0.76 eV for the SILC 

as compared to the Ea of 0.91 eV for R40,1). No apparent 

difference, however, can be noted in the HfSiON device. A 

non-negligible SILC contribution from the stress induced 

interface states, due to the much thinner SiON dielectric [13], 

may have caused a more gradual SILC roll-off. Further study 

is needed to validate this. (2) The extracted activation energies 

are smaller for the HfSiON device. This may be due to the 

more ionic nature of HfSiON, and thus the effect of the 

applied stress field on structural change in this dielectric is 

stronger than in the SiON dielectric [6]. 

Another indication that R40,1 and SILC may share a 

common origin lies in the excellent agreement between the 

time exponents of the two effects. Fig. 4(a) shows an example 

of the evolution of SILC generation in the HfSiON device on a 

set of log-log axes. The temporal data may be fitted using a 

power law, with time exponent n ~0.3. Interestingly, the 

evolution of |R40,1| also exhibits a power-law time 

dependence, with a time exponent m that closely matches that 

of SILC generation. The correlation between n and m is 

consistently observed at other temperatures, as depicted in Fig. 

5(a).  A similar observation applies to the SiON device as 

shown in Figs. 4(b) and 5(b). The power-law time exponent of 

a parametric shift is usually regarded as the reflection of a 

particular degradation mechanism (e.g. an exponent of 0.16 

has been linked with a molecular-hydrogen-driven degradation 

process whereas an exponent of 0.5 is associated with an 

atomic-hydrogen-driven process [14]). However, such 

associations are still to be confirmed, given the lack of direct 

experimental evidence on the degradation mechanisms and 

recent experimental evidence which does not support the 

hydrogen transport model [1]-[3], [5]. For instance, an 

exponent of 0.16 may also be explained using a model 

involving hole trapping at oxygen vacancy defects [15]. 

Nonetheless, the excellent agreement between exponents n and 

m provides further support for the hypothesis that both R40,1 

and SILC are driven by the same degradation mechanism, 

although its exact nature would remain elusive until further 

details on the atomic defects are available.  

IV. SUMMARY 

New experimental evidence for a correlated evolution of 

transient-to-permanent hole trapping transformation (as 

measured by the decrease in NBTI recovery after a given 

number of stress/relaxation cycles) and SILC generation under 

NBTI stressing is presented. Both effects are shown to exhibit 

very closely matched temperature dependence (over the range 

100 to 200 C), activation energies and power-law time 

exponents, further corroborating an earlier hypothesis that the 

two effects arise from a common degradation mechanism. 
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Fig. 5. Correlation plot of the power-law time exponent m for R40,1 versus 

the power-law time exponent n for SILC generation. Temperatures in degree 

Celsius are as indicated. 
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Fig. 4. Both SILC generation (Ig/Ig0) and |R40,1| show very similar 

dependence on stress time. Data may be fitted using a power-law relation, 

with closely matched exponents (as indicated). 
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