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中文摘要 

 
    利用自行組裝之量測電路於高介電常

數閘極介電層之研究，吾人發現有不規則

之負偏壓溫度不穩定性。在某種加壓加溫

之條件下，觀察到汲極電流增加之行為。

且隨著時間和電壓變化時，汲極電流產生

反轉之現象。吾人提出一物理模型—雙極

性電荷捕捉，來解釋實驗現象；最後，由

於雙極性電荷捕捉，吾人發現在加壓之後

單一電子和電洞自高介電常數閘極介電層

的缺陷中散逸之行為。 
 

ABSTRACT 
 

Anomalous negative bias temperature 
instability (NBTI) in pMOSFETs with 
HfSiON gate dielectric is presented. Drain 
current enhancement is obtained in certain 
NBT stress conditions, giving rise to a 
turn-around characteristic of drain current 
change versus stress time and stress Vg. A 
physical model incorporating bipolar charge 
trapping in HfSiON during NBT stress is 
proposed. Post-stress electron emission and 
hole emission from trap states in high-k gate 
dielectric are observed due to the bipolar 
charge trapping.  
 
Keywords: NBTI, high-k, bipolar charge 
trapping 
 

INTRODUCTION 
 

The NBTI in high-k (HK) gate 
dielectric pMOSFETs is less studied [1,2], 
compared to their n-type counterparts. We 
have shown that HK charge trapping 

/detrapping in a switching delay (up to 
seconds) between stress and sense in a 
conventional measurement method is 
significant [3-5] To retrieve the lost 
information between stress and Id sensing, a 
fast transient measurement technique [4] is 
utilized in this work. An anomalous NBT 
stress induced Id enhancement is observed. A 
physical model based on bipolar charge 
trapping in HK gate dielectric is proposed to 
explain the observed phenomena. 

The HfSiON pMOSFETs used in this 
work have a gate length of 0.08~1.2µm and 
a gate width of 0.16~10µm. NBT stress at 
Vg/temperature= -1.2V~-2.8V/25C~125C is 
applied. The linear drain current (Id,lin) is 
measured at Vg/Vd=-1.2V/-0.2V to evaluate 
the NBTI effect. 

 
RESULTS AND DISCUSSION 

 
(a) Id Enhancement and Degradation: 

Fig. 1 shows the stress time 
dependence of ∆Id.lin at different stress Vg 
and temperatures. A turn-around 
characteristic of ∆Id.lin is observed at a larger 
|Vg| and/or higher temperature stress. Fig. 2 
and Fig. 3 show the ∆Id.lin versus stress Vg 
and temperature. For a shorter stress time 
(t<10s), an anomalous Id enhancement is 
obtained in certain stress conditions. But for 
a longer stress time (e.g., t=1000s), ∆Id.lin is 
always negative and the drain current 
degradation increases monotonically with 
stress Vg and temperature. It should be 
mentioned that a conventional measurement 
method, which has a switching delay on the 
order of seconds, may fail to observe the 
abnormal Id enhancement. 
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(b)Bipolar Charge Trapping Model:  

Two carrier injection processes in NBT 
stress affect Id instability: (i) trapping of 
valence electrons injected from p+ poly-gate 
into HK traps (∆Id.lin>0) and (ii) trapping of 
holes from the inverted channel into HK or 
interfacial SiO2 layers (IL) (∆Id.lin<0). Fig. 4 
illustrates the band diagrams before stress 
(Fig. 4(a)) and in different stress conditions 
(Fig. 4(b-d)). In Fig. 4(a), the device is in 
thermal equilibrium and HK trap states 
below the Fermi level (EF) are occupied by 
electrons. The shaded area in Fig. 4 
represents the occupied trap states. At a low 
stress |Vg|/temperature (Fig. 4b), the empty 
HK traps available for poly-gate valence 
electron tunneling are very limited due to a 
small band-bending. In this case, electron 
trapping is negligible and ∆Id.lin is dominated 
by hole injection from the channel. As stress 
temperature or stress |Vg| increases, more 
poly-gate electrons can inject into 
pre-existing HK dielectric traps either by 
thermally assisted tunneling (Fig. 4(c)) or 
because of more available empty traps due 
to a larger band-bending (Fig. 4(d)). In these 
conditions, both electron trapping and hole 
trapping in HK gate dielectric are possible. 
Electron trapping is dominant in the initial 
stress period and hole trapping gradually 
supersedes electron trapping due to new 
hole trap creation in HK and IL layers, 
giving rise to a turn-around feature of ∆Id.lin 
in Figs.1-2. 
 
(c) Measurement of Single Charge 
Emission:  

Direct measurement of single trapped 
charge emission from dielectric traps in a 
recovery period has been reported in our 
previous papers [3,4]. Fig. 5 shows typical 
recovery Id patterns after low (-1.5V) and 
high (-2.2V) |Vg| stress. The purpose of this 
measurement is to identify injected charge 
species during stress. An upward current 
jump in Fig. 5 corresponds to a single hole 
detrapping and a downward jump 
corresponds to a single electron detrapping. 
Only trapped hole emission is found for the 
low |Vg| stress (Fig. 5(a)), while both 

electron and hole emissions are observed for 
the high |Vg| stress (Fig. 5(b)). This 
measurement result provides direct evidence 
for bipolar charge trapping in high |Vg| 
stress. In addition, we measure a charge 
pumping (CP) current in low and high |Vg| 
stress (Fig. 6). A two-frequency technique is 
used to separate IL/Si interface traps (Dit) 
and bulk HK traps (NHK) [6]. Our CP result 
shows no new traps are created in low Vg 
(-1.5V) stress even for t=1000s, indicating 
that the Id degradation is mainly attributed to 
hole trapping in pre-existing HK traps. On 
the other side, both interface trap and bulk 
HK trap generation is observed in high Vg 
(-2.2V) stress. 
 

CONCLUSIONS 
 

The impact of stress Vg, temperature, 
and stress time on NBTI in HfSiON 
pMOSFETs is investigated. Bipolar charge 
trapping in HK dielectric by NBT stress is 
observed by using our fast transient 
measurement method. The drain current 
instability modes are summarized in Table I. 
At high |Vg| and/or high temperature stress, 
electron trapping into pre-existing HK trap 
is dominant in the initial stage, thus causing 
an Id enhancement. As stress continues, hole 
injection and new hole trap creation in 
HK/IL layers eventually becomes dominant. 
For low |Vg| stress, the Id instability is 
dictated by hole injection only throughout 
the entire stress period.   
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Fig. 1 NBT stress induced drain current 
change. (a) stress Vg effect, and (b) stress 
temperature effect. Anomalous current 
enhancement during initial stage of stressing 
is observed for high T and high |Vg|.
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Fig. 2 Stress Vg dependence. For a short 
stress time (t=0.1s and 10s),  the ΔId,lin
can be positive or  negative, depending 
on stress Vg.  For a prolonged stress time 
(t=1000s), a negative ΔId,lin is obtained 
(Id degradation).
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Fig. 3 Stress temperature dependence. 
For a short stress time (t=10s), ∆Id,lin
changes from a degradation at low stress 
temperature to an enhancement at high 
stress temperature.
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Fig. 4 Illustration of energy band diagrams in various conditions, (a) 
thermal equilibrium (before stress), (b) low |Vg|/low temperature 
stress, (c) low |Vg|/high temperature stress, and (d) high |Vg|/low 
temperature stress. The shaded area represents occupied trap states. 
Thermally assisted tunneling is shown in Fig. 4(c).
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Fig. 5 The recovery drain current transient immediately after NBT 
stress. The NBT stress time is 0.2s. (a) Stress Vg= -1.5V and (b) 
stress Vg= -2.2V. The discontinuous current change corresponds to 
a single trapped charge emission.
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Fig. 6 Interface traps (Dit) and bulk HK 
traps (NHK) growth rates for NBT stress at 
Vg= -1.5V and  -2.2V and T=25C. A two-
frequency charge pumping measurement 
technique is used.[6]

Table 1. Summary of NBT stress caused drain 
current instability and responsible mechanisms.

Stress Stress 
TimeTime

Stress |VStress |Vgg|        |        
and Tand T

low | Vg|

short

long

1.Hole trapping into 
HK traps

2.ID degradation

1.Hole trapping
2.HK/IL 

degradation
3.ID degradation

1.Electron/ hole 
trapping

2.HK/IL 
degradation

3.ID degradation

1.Electron trapping 
into HK traps

2.Hole trapping into 
HK traps

3.ID enhancement

1.Electron/ hole 
trapping

2.Accelerated HK/IL 
degradation

3.ID degradation

1.Electron trapping
into HK traps via
thermally assisted
tunneling

2.Hole trapping into
HK

3.ID enhancement

high | Vg| high temperature
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