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Positive Bias Temperature Instability(PBTI)
Analysis and Simulation in 22 nm High-k Metal
Gate nMOSFETs

Student: Chih Yu Wang Advisor: Dr. Tahui Wang

Department of Electronics Engineering &
Institute of Electronics

National Chiao Tung University

Abstract

In this dissertation a new method to predict the post-stress threshold voltage
distribution is introduced. We proposed the fast transient measurement, which
minimizes the switching delay between stress and measurement. Consequently, a
staircase-like post-positive bias temperature (PBT) current instability caused by single
electron trapping is investigated.

To analyze the characteristic of PBTI stress induced threshold voltage
degradation. First, we extract the probability distribution of the single electron
trapping induced drain current degradation. Second, the time model is developed in

stress and recovery phase. According to the characterization of the single charge



phenomenon, we proposed a Monte Carlo simulation to simulate the post-stress

threshold voltage distribution.
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Chapter 1

Introduction

Metal oxide semiconductor field effect transistors (MOSFETs) have been
continuously scaled down since it was developed. Thickness of gate dielectric is
required to be smaller in the progressive technology node, as the device scaled down,
it reached the physical limit of conventional silicon dioxide (Si0,) MOSFETs, SiO; is
no longer an appropriate material of gate dielectric, because of the quantum
mechanical direct tunneling leakage current increase in MOSFETs with ultra-thin gate
oxide [1.1], which induced standby power consumption. In order to maintain the
scaling roadmap, MOSFETs with high permittivity (high-k) material and metal gate is
proposed. Recently, HfO, has been successfully integrated into CMOS as gate
dielectric. The MOSFETs with high-k/metal gate have good reliability, comparable
mobility (as Si0;), and the gate leakage is greatly reduced at the same equivalent

oxide thicknesses (EOT) [1.2-1.4].

Although the technique of high-k/metal gate is regarded as a good solution of the
device scaling problem, it also produced other reliability issues. Positive bias
temperature instability (PBTI) is one of the serious reliability concerns [1.5].
Threshold voltage (V1) of a MOSFET is observed to shift under a positive bias with
stressing time, this phenomenon which caused by single charge trapping is called
PBTI [1.6-1.8]. From Fig.1.1 compare with SiO,, PBTI induced Vr shift increased in
the Hafnium based high-k gate dielectric devices. It shows that the Hf plays the role

of creating traps in the high-k gate dielectric stack [1.5].



In Chapter 2, we showed how to set an experiment with a novel transient
measurement to characterizing single electron trapping in the PBTI stress phase, and
the single electron emission in the PBTI recovery phase. In the stress phase the single
electron trapping caused staircase-like drain current degradation, on the other hand the
post-stress recovery transient of drain current in recovery phase can be measured
[1.7-1.9]. Finally, the probability distribution of drain current fluctuation has been
developed [1.7], also we set up the time model in the stress and recovery phase, and a
comparison of different condition PBTI stress will be shown. Because of the random
telegraph noise (RTN) and PBTI are both single charge effect, the difference of Alg
probability distribution of these two mechanism is investigated. At last we showed the

dimensional dependence of device in PBTI stress.

In Chapter 3, based on the probability distribution of A4 and the time model of
PBTI stress and recovery phase in the previous chapter, we developed a new method
to simulate the PBTI stress induced Vr shift by a Monte Carlo simulation. Using this
method we can simulate the post-stress Vr distribution and the Vr distribution after
recovery, based on the simulation result the device lifetime can be well estimated.

Finally, we give a conclusion in Chapter 4.
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Chapter 2
Single Electron Phenomena in PBTI

2.1 Introduction

The cause of PBTI is believed to be essentially related to charge trapping in
high-k layer [2.1]. PBTI induced Vr shift is traditionally characterized by stressing
transistors at a high temperature and electric field, periodically interrupting the stress
to monitor threshold voltage or drain current, but these methods wasted lots of devices.
We proposed a new method to simulate the post-stress Vr distribution from the single

electron process.

First, to identify the charge trapping mechanism a novel method for
characterizing high-k gate dielectric is demonstrated [2.2-2.4], in which direct
measurement of ingle electron trapping manifested by discontinuous step-like drain
current is measured. Similarly, the charge de-trapping mechanism in recovery phase
can be observed by the drain current recovery. The Ald distribution is found by
analyzed the drain current fluctuation caused by electron trapping. We compare the
distribution in stress and recovery phase, and in different stress voltage. Because RTN
and PBTTI are both related to single charge effect, we also showed the difference of the

Ald distribution in these two mechanism.

Second, with the record of the electron trapped time, the time model in PBTI
stress 1s developed, based on the model we can predict electron trapped time. On the
other hand, the recovery time model is found in the same way. At last we investigated

the device width dependence in the recovery phase.

4



2.2 Measurement setup

BTI induced Vr shift is traditionally characterized by stressing transistors at a
high temperature and electric field, periodically interrupting the stress to monitor
threshold voltage or drain current as shown in Fig. 2.1. Although the fast transient
method solved the problem of the delay time between switching from stress and
threshold voltage measurement, still, these method should waste lots of devices and
measurement time to complete the Vrdistribution. Due to these disadvantages of the
traditional method, we proposed a new method to simulate post-stress V distribution
which showed in Fig. 2.2. In our method, the step-like drain current induced by single
electron trapping is measured. According to Aly4 probability distribution and the time
model, we can simulate the process of every single electron trapping. Finally the

post-stress V distribution is found.

Fig. 2.3 showed the device structure in the following experiment, and the
instrument setting is shown in Fig. 2.4. A two channel Agilent 8110 pulse generator
connected to drain and gate electrode to simultaneously change the bias of each
electrode, and the source electrode connected Agilent 4156 to measure the current.
The trapped charge behavior in high-k dielectric is studied by “stress phase” and
“recovery phase”, Fig. 2.5(a) and (b) illustrates a typical measurement result in stress
phase, and the pulse pattern applied the gate and drain, respectively. A step-like drain
current caused by single electron trapping is measured [2.2]. Similarly, the
measurement result in recovery phase, and the pulse pattern applied are shown in Fig.
2.6(a) and (b). During the recovery phase, the phenomenon of trapped electrons
discharge is observed [2.3-2.4]. The fast transient measure technique is proposed to

minimize the switching delay time between stress and measurement, reduced the



amount of charge de-trapping in the delay time.

2.3 Al Distribution of PBTI
2.3.1 The Probability Function of Alin Recovery Phase
After a PBTI stress (1.8V 1sec), the recovery 14 exhibits a step-like evolution in a

small device (W/L=0.08um /0.03um), and the Al amplitude is extracted as shown in

Fig. 2.7, we defined the A 14 amplitude as following Eq. (2.1):

. Al o
Ald amplitude(%) = %/(ﬁ‘esh)XIOOA) Eq. (2.1)

In order to have an equitable standard of the statistic, the current fluctuation Aly is

normalized with 14 (Fresh) which measured before the device being stress.

According to the result illustrated in Fig. 2.8, the probability distribution
exhibited an exponential function, which showed that the amplitude of the drain
current recovery induced by single electron de-trapping obeyed percolation theory. An

empirical formula had been studied as following [2.5]:
1 Al
Al )=—exp| —% Eq. (2.2
f(d)ap((,] q. (2.23)

For convenience to observe the characteristic of the probability distribution, Fig. 2.8
is plotted in cumulative. In this case, Eq. (2.2a) should be integrated, Eq. (2.2b)

showed the cumulative probability Function:

Al
f(AL)=exp (—761] Eq. (2.2b)



As the result of Eq. (2.2b), the slope of distribution showed in Fig.2.8 is -1/c, a
larger 6 denoted the average Alginduced by single electron is larger. From Fig. 2.7,
we compared the devices with two different dimensions (W0.08um/0.16pum L0.03um),
a dimensional dependence of ¢ is investigated, which a larger device demonstrated a

smaller ¢ [2.5], this phenomenon also followed the percolation theory.

When the device area is large the dopant can regard as uniform distributed in the
substrate, as the device scaled down, the random dopant induced surface potential
non-uniformity caused a current-path percolation, which called the percolation theory
[2.6]. Compared the two figures of Fig. 2.9(a) and (b), an occupied interface trap is
located on a critical path in Fig. 2.9(a), which induced larger current fluctuation than

the Fig. 2.9(b) one.

2.3.2 Comparison of the Al; Distribution in Different Condition

Based on the same method in recovery phase, we extracted the Alqamplitude in
stress phase (stress1.3V 100sec), which illustrated in Fig. 2.10(a). Consequently, as
the result showed in Fig. 2.10(b), Alq4 distribution is consistent in stress and recovery

phase, which implied it followed the same mechanism in these two phase.

In this section, we compared the Alydistribution in different stress voltage, Fig.
2.11(a) and (b) displayed the comparison of different stress voltage in stress and
recovery phase respectively. Alqdistribution exhibited independent with stress voltage

neither in the stress and recovery phase.

2.3.4 The Difference of Al; Distribution between Initial Trap and Stress Induced

Trap



In previous section, we discussed the Algdistribution with different stress voltage
in stress and recovery phase. Currently, we compared the difference between initial
trap and trap induced by PBTI stress. First, the Alg4 distribution of RTN in a fresh
device and the PBTI Alqdistribution are illustrated in Fig. 2.12(a), from Table. 2.1 the
o of PBTI is two times bigger than RTN in fresh device. Due to this phenomenon, we
proposed an assumption. According to Fig. 2.12(b), on the random dopant region the
surface potential is lower, which means the electron density is lower in this region. On
the other hand, the electron density of the critical current path region is higher, it
caused a higher probability of trap generation on the critical current path region.
Hence, most of the stress induced trap located on the critical current path, it makes the

o of PBTI larger.

In Fig. 2.12(a), we also showed an evidence to support our assumption, the Alg
distribution of post-stress RTN is similar to the PBTI one, and demonstrated a larger ¢
compared with the fresh one. As the result, the reliability problem of the stress

induced trap is more serious than the initial trap.

2.4 The Time Model in Stress and Recovery Phase

2.4.1 The Time Model in Stress Phase
Vr degradation can be measured in stress phase by the fast transient
measurement. Average each step-like data, as shown in Fig. 2.13 the threshold voltage

shift versus stress time follows a perfect time-power law of the form [2.7-2.9]:

AV (t)oct” Eq. (2.3a)



log (AV;) < nlog(t) Eq. (2.3b)

Fig. 2.14 showed that parameter n~0.232 in Eq. (2.3b) is consistent in different stress

voltage.

Since the trap density has a power-law relationship with time, and the number of
electron trapped should be proportional to trap density, we record the time of each
electron trapped as illustrated in Fig. 2.15(a). We found that the number of electron

trapped followed the same roles with time as in Eq. (2.4):
log () ec nlog(r) Eq. (2.4)

Fig. 2.15(b) showed that the time dependence with number of electron trapped can be

well explained by Eq. (2.4).

2.4.2 The Time Model in Recovery Phase

There are three possible paths for electron de-trapping as illustrated in the energy
band diagram in Fig. 2.16, i.e. Frenkel-Poole (F-P) emission, thermally assisted
tunneling (TAT) to gate electrode, and TAT to substrate [2.4]. Using the Arrhenius

equation in Eq. (2.5):

dln(t)

B, =R d( 1T) Eq. (2.5)

The extracted activation energy (E,) is only 0.52eV as the result showed in Fig. 2.17.

The tunneling path is ruled out, since the activation energy for F-P tunneling should
9



be equal to the trap energy (Et), which is over leV. According to the electron
emission time is proportional to the gate voltage, the tunneling path of TAT to gate
can be excluded. TAT to substrate is the only reasonable explanation of the electron
emission mechanism. Consequently, an analytical model of SRH-like thermally

assisted tunneling is developed [2.4].

The analytical model of the tunneling mechanism can be displayed by the energy

band diagram and trap distance in Fig. 2.18 [2.3-2.4]:

v =vexp(-a,, T, )exp(—o,x) Eq. (2.6)
where
E
v=N.(1- f)v,0, exp(— . j Eq. (2.6a)
kT
22m, q(E +®, 2\2m, qE,
a, = J 75 ) o :TA Eq. (2.6b)

Eq. (2.6) reveals the nature of tunneling for trapped electron emission time, t;. The
pre-factor v, a lumped parameter referred to as the attempt-to-escape frequency” can
be written as Eq. (2.6a), where N¢ s the effective density-of-state in the Si conduction
ban, N¢(1-f;) is the amount of available states in substrate for out-tunneling electrons

from high-k traps, o and E, are the cross-section and the activation energy.

According to the traps in the high-k layer can be recognized as a uniform
distribution, the emission number increased with logarithmic time dependence as

shown in Fig. 2.19.
10



2.5 Width Dependence in PBTI Recovery

In the previous result, the larger device exhibited a smaller o, but as a result of
Eq. (2.6), it showed that as the cross section of the device increased, the more
electrons had de-trapping in the same recovery time, which showed in Table. 2.2.
According to Fig. 2.20, the analytical model of electron de-trapping is available in

different dimension of device.

11
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Fig. 2.1 Traditional method needs long measurement time and wastes lots of devices.
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Our method
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Fig. 2.2 Our method is based on characterizing the single charge phenomena, in order

to simulate single electron trapped in PBTI.
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Fig. 2.3 The high-k/metal gate device structure used in the following experiment.
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Fig. 2.4 The instrument setting in order to achieve the fast transient measurement.
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Fig. 2.5 (a) A typical pattern of 14 degrade in PBTI stress phase, which cause by single
electron trapping.(b)Schematic of the constant voltage stress procedures.
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Fig. 2.6(a)
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Fig. 2.6 (a) A typical pattern of I4 recovery in PBTI recovery phase, which cause by

single electron de-trapping.(b)Waveforms applied to gate and drain during stress and
measurement.
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criterion.
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Fig. 2.9(a) A interface trap located at critical path would make Alq4 larger.(b) A
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distribution followed the same mechanism in stress and recovery phase.
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Fig. 2.11 The Alq distribution had no stress voltage dependence in (a) stress and (b)

recovery phase.
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Table. 2.1 The stress induced trap exhibited a larger .
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Fig. 2.12(a)
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Fig. 2.12(a) The Algdistribution of PBTI and post-stress RTN exhibited larger o,
which means the stress induced traps located on the critical current path.
(b) The higher probability of trap generation on the high electron density region.
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Fig. 2.15(a) We record the time of each electron trapped in the stress phase.

(b) The number of electron trapped versus stress time followed the same power-law.
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Fig. 2.16 Energy band diagram illustrating possible paths for trapped charge emission.
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Fig. 2.17 Temperature dependence of emission time.
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Fig. 2.18 Schematic representation of gate dielectric band diagram in recovery phase

and trap positions, and the proposed model is described in detail in the text.
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Number of
Width G electron
detrapping

Table. 2.2 A smaller device exhibited a larger o, but when the cross-section increased

more electrons are trapped in the same stress time.
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Chapter 3
Monte Carlo Simulation of V1 Distribution in

PBTI Stress

3.1 Introduction

Using the result of the Aly distribution and the time model respectively in stress
and recovery phase, we can simulate the Vr shift after each electron trapped or
emission. Furthermore, the post-stress Vt distribution can also be predicted by our
method, which is we can’t obtain from the traditional method. Finally, the divination
of device lifetime is displayed, moreover, the V distribution at lifetime is

investigated.

3.2 Simulation Flow

The model of single electron trapping/de-trapping is constructed in chapter 2. In
this section, the procedure of Monte Carlo is introduced. Fig. 3.1 displayed the flow
chart of the simulation.

First, as the result showed in Fig. 3.2, the fresh threshold voltage distribution can

be finely approach with a Gaussian distribution Eq. (3.1):

IR B G C50 )
f(xa.uaa)_amexp T._z

Eq. (3.1)

Second, from the Alg distribution extracted in the experiment, we applied a random
number y into the probability function to obtain the Aly for each sample, moreover,

integrated with the time model, the V1 degradation behavior in PBTI stress can be
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simulated, as shown in Fig. 3.3(a) and (b) [3.1], respectively. Third, as the result in the
last step, every sample had the correspondent AVr. Repeat the second and third step,
we can obtain the post-stress V distribution, and the Vr distribution after recovery is
simulated in a similar way. Fig. 3.4 illustrated the final result of the V1 distribution of
the devices (W/L=0.08um/0.03um) under a PBTI stress (1.8V lsec), and after

1000sec recovery.

3.3 Simulation of Width Dependence in PBTI Stress

Since the Alydistribution is extracted in previous chapter, as the result in Table.
3.1, the smallest device (W/L=0.03um/0.03um) exhibited a largest ¢ in these three
different dimension devices, which means a single electron trapped in these devices
induced more Vr shift. On the other hand, the o of the largest device
(W/L=0.016pm/0.03um) is smallest, but there are more electrons trapped in the same
stress time due to the larger cross-section of the device. Fig. 3.5 demonstrated the
simulation result of these three different dimension devices under the 1.8V 1sec PBTI
stress. According to the result showed in Table. 3.1, Vrshift is larger in the largest
device, which means not only the ¢ but also the number of trapped electrons effected

the amount Vr shift.

3.4 Simulation of Device Lifetime in PBTI Stress

Generally, we defined the device lifetime as the stress time that made the average
Vr shifted 0.1V, Fig. 3.6 illustrated how do we estimated the device lifetime in the

traditional method. Since the Vr distribution after each electron trapped can be
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simulated, we proposed a new method to evaluate the device lifetime under a PBTI

stress.

As shown in Fig.3.7 we can simulated the number of electron trapped that made
the average threshold voltage shifted 0.1V. Consequently, the lifetime is calculated
from the time model in the previous chapter. According to the experiment result, the
Alq distribution is consistent in the different PBTI stress voltage, we can derive the
conclusion that the post-stress Vr distribution is the same at the device lifetime. Fig.
3.8 showed the corresponding Vr distribution with an average threshold voltage
shifted 0.1V. Finally, we can predict the stress time which made the device reached a

respective Vr variation from the time model of each stress voltage Eq. (3.2).

N=At" Eq. (3.2)

As the result of Fig. 3.9, our method can perfectly estimate the device lifetime.

In the previous simulation we figure out the average device lifetime, although the
average device lifetime exceed the 10 years line, there still have some devices
couldn’t bare with the stress condition, the following theme discussed about the
lifetime distribution of every devices. First, we simulate how many electrons should
be filled that makes each sample across the deadline (post stress V1=0.464) as shown

in Fig. 3.10, and Fig. 3.11(a) demonstrated the probability distribution of the number
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of jumps needed in every samples, as the previous result the Aly distribution is the
same in different stress voltage, which means the probability distribution showed in
Fig. 3.11(a) must be consistent in different stress voltage. Second, the number of
jumps can be transformed to the device lifetime from the time model Eq. 3.2, the
device lifetime distribution in stress voltage is shown in Fig. 3.11(b). Finally, the
failure rate of the device in PBTI stress can be estimated, Fig. 3.12 demonstrated that
in the stress voltage 1V condition, although the average device lifetime exceed the 10

years line, but there still have 9% devices failed.
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Fig. 3.1 Flow chart of Monte Carlo simulation for post-stress Vr distribution.
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Fig. 3.2 Gaussian distribution approach is appropriate in this simulation.
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Fig. 3.3(a)

m
&

80 120
Al (nA)

1. 1
3 |
)

0.1 I v=expl =X
AN
£ 001 |
) b 1
) 1
P |
R )

1
1
1
;
40

1E4
0

Fig. 3.3(b)
25

20+

10}

|AV|(mV)

(|| == I wevr " RPN
10> 10" 10° 10" 10°
Stress Time(s)

Fig. 3.3 (a) A random number y is applied to obtain the corresponding Al4 according
to the Alq distribution.(b) Using ¢ and the time model extract from experiment, we

can simulate the step-like V variation.
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Fig. 3.4 The simulation of Vr distribution under a PBTI stress (1.8V 1sec) and after

1000sec recovery.
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Fig. 3.5 Due to the result, larger device exhibits more threshold shift under the same

stress condition, which because more electrons trapped.
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Averase V Number of
Width sevr c trapped

V) electron

0.08pum | 0.38765 1.846

Table. 3.1 As the result, the variation of threshold voltage is concerned not only the ¢

but also the number of trapped electron.
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Fig. 3.6 The traditional method to estimate the device lifetime.
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Fig. 3.7 Evaluate the device lifetime due to the simulation of post-stress threshold

voltage distribution.
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Fig. 3.8 According to the Al distribution is irrelevant to stress voltage, the post-stress

VT distribution is consistent due to the same Vt variation.
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Fig. 3.10 The number of filled electron to make VT across deadline (0.464V) is

different.
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under the PBTI stress.
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Chapter 4

Conclusion

Single Electron Phenomena in PBTI is characterizing in this work. We investigated
the Alg amplitude distribution followed the same mechanism in stress and recovery
phase, which is irrelevant to the stress voltage. Consequently, the Aly distribution of
initial trap and stress induced trap is compared, as the result the stress induced trap
caused more current fluctuation. On the other hand, based on the characterization in
the stress and recovery phase, we derived the time model of PBTI. Also we observed
that when device scales down, ¢ becomes larger but I degradation cause by PBTI

stress 1s reduced, which because less traps.

According to the Aly amplitude distribution and the time model obtained from
the experiment, a Monte Carlo simulation of Vr distribution in PBTI is developed.
Due to the simulation we obtained the post-stress Vr distribution, moreover, the
device lifetime can be estimated. Since the Aly distribution is independent with the
stress voltage, Vr distribution is the same at device lifetime in different stress
condition. The proposed method of simulate the post-stress Vr distribution is a

powerful tool according to the PBTI induced reliability.
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