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Abstract - Negative Bias Temperature Instability (NBTI) had become one of the most significant device reliability subject 
reported in this day and age. Not only does NBTI impose a big impact on circuit functionalities as well as product lifetimes, but 
also becoming the prominent limiting factor for further CMOS technology scaling. Hence accurate characterization and 
thorough understanding of NBTI is essential to follow or go beyond the Moore’s Law. Nonetheless the existence of NBTI 
recovery becomes a huge obstruction to this effort; whereby fast reduction in the degradation of the device parameter occurs 
after end of electrical stress. Moreover device characterization within the measurement stage further increases the NBTI 
recovery corresponding to the increase in delay. For these reasons in this paper we investigate the recovery of NBTI at different 
delay or relaxation periods, various pro-longed stress periods, a wide range of temperature dependency as well as the different 
cycle or stages of NBTI recovery. 
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I. INTRODUCTION 
 
Negative Bias Temperature Instability (NBTI) has 
been known as a critical integrated circuit device 
reliability concern affecting the P-type 
metal-oxide-semiconductor field-effect transistors 
(PMOSFETs)in recent years.As the constant CMOS 
devices scaling continues into the nm range and 
increased chip operating temperature, NBTI would 
entail to increasing reliability risk and lead to a major 
limiting factor for the device lifetime [1].Even though 
the real root cause for NBTI degradation is still not 
well understood and frequently being the focal point of 
debates, it is believed that the stress-induced oxide 
defects is the culprit to the degradation of the 
PMOSFET current-voltage characteristics [2].  During 
the stressing stage, localized traps in the transistor gate 
insulator capture charge from the channel and thereby 
degrade the transistor threshold voltage (Vth). This 
parameter shift increases with elevated temperature as 
well as negative gate bias, indicating that the 
trapping/de-trapping of charges in the gate insulator to 
be the predominant physical effect.  In contrast with 
previous studies which suggests the  reaction/diffusion 
theory as the prevailing NBTI effect [3].  
However to date quantization and comprehensive 
knowledge of NBTI behavior had been to no avail due 
to a recovery mechanism known as NBTI recovery 
[6].Conventionally NBTI measurements are done by 
stressing the device with constant negative gate bias 
and grounding the source plus drain terminals. Yet 
NBTI degradation substantially recovers after the 
removal of stress or applying a smaller stress or gate 
bias [4]. The time delay between stress and 
characterization is very important because the stress 
damage recovers very rapidly. It may take few seconds 
to generate NBTI damage but it recovers within a few 
seconds [5]. Extensive studies had shown that with the 
removal of the gate stress voltage the Vth or the drain 
current (Id) will recover to some extent, indicating that 

the generated oxide defects are partially relaxed [2]. 
In-depth understanding of the relaxation behavior of 
the PMOSFETs under NBTI stress is a vital issue for 
an accurate lifetime prediction of a device. Presently 
there are two different viewpoints on the recovery 
mechanism which is recovery due to the passivation of 
the Si/SiO2 interface states while the other ascribes 
recovery due to the relaxation of the positive bulk trap 
[2].  Up till nowNBTI recovery has been a challenging 
roadblock in PMOSFET devices NBTI reliability 
characterization since conventional stress 
overestimates the degradation and underestimates the 
lifetime of the device [4]. The implication of recovery 
results in failure to accurately characterize the NBTI 
performance of a particular device [6]. 
 
II. DEVICES AND EXPERIMENTS 
 
Throughout this study the PMOSFETs used were 
manufactured using a 180 nanometer process 
technology with Shallow Trench Isolation (STI) 
structure and Lightly Doped Drain (LDD) structure. 
Device width of 10 μm, length of 0.18 μm and 
operating voltage of 1.8V was kept similar. The 
devices were stressed under constant NBTI stressed 
conditions of Vgate = Vstress and Vdrain = Vsource = 0V 
during the course of the entire experiments. All stresses 
and measurements were conducted on a wafer level 
system at Temperature (T) of 175°C unless stated.  
 
The extraction of threshold voltage, Vth was 
performed to monitor the degradation of the device. 
B1500A Semiconductor Device Analyzer’s new 
B1530A waveform generator/fast measurement unit 
(WGFMU) module unit was employedto complete the 
investigations due to its ultra-fast measurement 
capabilitiescomplimented with a semi-automatic probe 
station. 
Since threshold Voltage, Vth is the most important 
parameter to be monitored in NBTI degradation, the 
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changes in between the initial Vth value at time = 0s or 
known as Vth0 and the subsequent Vth is being 
recorded as ΔVth.  

 
III. EXPERIMENT RESULTS AND 
DISCUSSIONS 
 
Orthodoxly NBTI investigation procedure involves the 
repetition of a stressing stage as well as a measurement 
stage; whereby during the stressing stage the gate 
terminal of the transistor will be biased with electrical 
stress for a certain predetermined period of time before 
moving over to the measurement stage whereby the 
gate bias during the stress phase is removed to start the 
voltage sweep in order to acquire the device transfer 
characteristic or IV curve and extract the Vth at a 
certain constant current value [7]. Nonetheless NBTI 
recovery occurs during the transistor relaxation period 
or the delay during the transition from the stressing to 
the measurement stage [8]. 
 
Figure 1 shows the impact of various delay periods or 
transistor relaxation periods on the ΔVth degradation 
recovery. The threshold voltage is measured at 
different delay periods of 1µs, 0.1ms, 1ms, 0.1s and 1s 
after the stressing stage is completed at 175°C.  
 

 
Figure 1: Changes in Vth after different delay periods 

 
From the graph in Figure 1 it can be observed that the 
longer the delay the lower it is the changes in the 
threshold voltage. Even the microsecond range data 
(1µs and 0.1ms) shows a clear occurrence of recovery 
in the threshold value.  
 
NBTI measurements recover almost immediately once 
the stress is lifted, with the extent of recovery being 
directly proportional to the length of delay. Hence 
lifetime extrapolations tend to overestimate the device 
NBTI performance if longer delays or larger recovery 
happens [9].The extent of NBTI recovery is still a 
contradicting topic, with Ershov et al. found out that 
NBTI degradations encompasses a permanent element 
that stays after stress removal and also a reversible 
element that regains after stress had been lifted [10]. 

On the other hand Rangan et al. [11] observes complete 
device recovery to its original state after stress was 
removed while Huard et al. detects partial recovery 
[12].  Therefore it is of utmost importance to mitigate 
the effect of NBTI recovery so as to know the real 
performance of a technology. One of the primitive 
solution is to perform NBTI experiments at much 
longer stress times using customary analyzers. The 
recovery or “error” caused by the predetermined delay 
due to the measurement equipment used can be 
reduced by largely extending the stress time [13]. This 
is because the Vth degradation slope saturates as 
shown in Figure 2; whereby the degradation plots of 
different delay times converges with longer stress time. 
This phenomenon happens due to the severity of NBTI 
recovery mechanism which is much more substantial 
in the early stages of the measurement [6].  
 

 
Figure 2: Vth degradation saturation and recovery deviation 

 
Figure 2 shows the impact of longer stress time on 
different delay periods at constant temperature of 
175°C. It can be observed that the extrapolations move 
towards a uniting point whereby all the degradation 
lines of 0.1ms, 0.1s and 1s will have approximately 
similar slope; indicating saturations happening. 
Theright x-axis represents recovery deviation which 
refers to the percentage of difference with reference to 
the 0.1ms data. This value can also be viewed as the 
“error” due to recovery in contrast with the 0.1ms plot. 
Hence the 1s dotted line curve is much higher than the 
0.1s curve; specifying more recovery happening. From 
the recovery deviation curves it can also be perceived 
that the percentage of error reduces significantly over 
time, with both curves plummeting for more than half 
its initial error value at the beginning. Therefore for 
technology qualifications which typically involve three 
or more accelerated gate stress for lifetime 
extrapolations, the degradations of each stress should 
reach identical level of degradation or slopeso as to 
compute a much more accurate extrapolation result 
[13].  NBTI recovery occurs due to the de-trapping of 
the inversion holes that gather at the channel surface 
and tunnel into the gate oxide during the stressing stage 
as well as the hydrogen species, H+and a number of 
positive charges that diffuses instantly within the oxide 
and the interface when the negative gate stress halts.  
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Consequently with all these influencing factors, the 
rate of recovery will not be constant as shown in Figure 
3 below. 
 

 
Figure 3: Different phases of NBTI recovery 

 
Figure 3 illustrates the phases of recovery that happens 
during an NBTI investigation. This study was 
conducted at 175°C with the device being stressed for 
1000s before undergoing 1000s of recovery. From the 
recovery characteristics it can be deduced that there are 
3 different phases in the recovery phases, all with 
different rate of recovery. Cao, Yanrong, et al 
identifies these 3 phases as 3 different recovery stages 
namely first, second and third recovery stages [4]. 
Phase 1 or first recovery stage refers to the fast 
recovery stage which resulted from the de-trapping of 
the oxide charges. Phase 2 or the second recovery stage 
refers to the slow recovery stage which causedby the 
passivation of the interface traps by the H+ related 
species. Lastly phase 3 or the third recovery stage 
refers to the recovery saturation stage whereby no 
recovery occurs and left only as saturation. This 
happens due to the lock-in effect during the 
degradation process, whereby H related species gets 
into the gate, and the recovery process, whereby the H 
related species move out of the gate. The final recovery 
amount is smaller than the degradation amount 
resulting in lock-in or recovery saturation [4]. 
So far the NBTI recovery investigations in this paper 
were all done at 175°C. Nonetheless the impact of 
various temperatures has on NBTI recovery is also 
vital information. Thus the severity of recovery due to 
different temperatures was studied as shown in Figure 
4 below. 
Figure 4 demonstrates the temperature dependency of 
NBTI recovery at different relaxation or delay periods 
of 10, 100 and 1000 seconds. It can be observed that 
the severity of recovery is directly proportional to the 
increase in temperature; with the highest temperature 
(200°C) experiencing the highest degree as well as 
speed of recovery. This is in line with the findings by 
Aichinger, T, et al which speculates that NBTI 

recovery is accelerated at higher temperature 
[14].However one community in between all 
temperature variances is that the devices did not 
encounter full recovery. Moreover the extent of 
recovery is also in correlation with the delay period 
even for temperatures below 0°C. 

 
Figure 4: Impact of temperature on NBTI Recovery 

 
The rate of recovery of different stress cycles is also 
observed to be different even with recovery happening 
in between them. Figure 5 (a) below shows the 
threshold voltage shifts of two different stress cycles at 
175°C. The actual time of the first stress cycle is 
1000-3000s while the second stress cycle is 
3000-5000s, with 100s delays in between as shown in 
Figure 4. Overall it can be seen that the gradient of the 
first cycle (slope=0.1573) is much higher compared to 
the second cycle (slope=0.127). Therefore it can be 
deduced that the first cycle experiences higher 
degradation rate than the second cycle. Conversely 
when the second cycle is taken as an independent 
process with its Vth shift taken in relative to the last 
point of the 100s delay recovery stage, it is obvious 
that the gradient of the second cycle is similar as the 
first cycle; meaning that both cycles are following the 
same degradation model [4]. 

 

 
Figure 5 (a): Threshold voltage shift of 2 different cycles 
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Figure 5 (b): Threshold voltage shift of 2 different cycles taken 

as individual processes 
 
CONCLUSION 
 
As a conclusion, the severity of NBTI recovery on 
device characterization has been shown throughout 
this paper. Delays or relaxation periods can greatly 
impact NBTI recovery which in turn causes 
overestimation of device reliability performance. 
However overestimation was proven to be negligible 
even for 0.1ms and 1s delay extrapolation results if 
longer stress times were used. The characteristics of 
NBTI recovery were also explored, with the discovery 
of the three recovery phases: the first phase - fast 
recovery stage, the second phase - slow recovery stage 
as well as the last phase – recovery saturation stage. 
Temperature likewise plays a vital role in the extent in 
addition to speed of NBTI recovery. Devices operating 
at higher temperature experiences much more recovery 
at a faster pace in contrast to lower temperature, even 
so with the same degradation model. 
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