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Low Leakage Charge Pumping Measurement Techniques for

Advanced CMOS with Gate Oxide in the 1nm Range

Student: Hsin-Jung Feng Advisor: Dr. Steve S. Chung

Department of Electrical Engineering
& Institute of Electronics

National Chiao Tung University

Abstract

As device scaling continues, the sub-100nm CMOS device needs a gate oxide
thickness in the range of 10-15A and with 75nm gate length in 2005, as predicted from the
SIA roadmap. How to monitor oxide quality for ultra-thin gate oxide with tunneling leakage
current is crucial for the next generation CMOS technology, in particular the monitoring of
interface traps (Nj) and oxide trapped charges (Q.) in the gate oxide. So far, various gate
oxide reliability diagnostic tools, such as DCIV, GD(Gated-Diode), CP(Charge-Pumping) etc.
have been employed for such a purpose. For ultra-thin gate oxide down to below 20 A, the
above methods are limited by the tunneling leakage through the gate oxide during the

measurement since direct tunneling exists.

This thesis has been focused on developing new techniques for the measurement of
ultra-thin gate oxide 90nm CMOS devices. We have successfully developed new method,

il



combing IFCP method to remove direct tunneling current and an improved three-steps

neutralization to separate Nj; and Q. measurement technique.

The test sample in this work is prepared based on the DPN gate oxide process. The
EOT of gate oxide thickness are 14A and 16 A, which have three different nitrogen
concentrations, respectively. We compare the oxide thickness dependence and concentration of
plasma nitridation of CMOS device under HC stress and NBTI stress from the lateral profiling
of interface traps and oxide traps. In short channel length, the dominate stress condition of
device degradation switched from I . to Vg= Vp. Under Vg= Vp stress condition, the gate
oxide with higher plasma nitrogen density and thinner thickness has better reliability for
nMOSFET and the gate oxide with lower plasma nitrogen density and thicker thickness has
better reliability for pMOSFET. Moreover, we found that nitrogen played an important role in
device reliability under NBTI stress. From the result of the distribution for interface traps, we
know that the highest plasma nittogen density in oxide has the worst case of device
degradation under NBTI stress for pMOSFET.-In addition, we have seen that NBTI-like stress
enhances HC effect at high temperature and the-lowest nitrogen content has the best reliability

in pMOSFET.
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Figure Captions

Fig. 2.1  Fabrication process for DPN gate oxide CMOS technology.

Fig. 2.2 The experiment setup for the current-voltage measurement. An automatic
controlled characterization system is set up based on the PC controlled instrument
environment.

Fig. 2.3  Basic experimental setup for the charge pumping measurement.

Fig. 2.4  The schematic of charge pumping (CP) for
(2) nMOSFET measurement.

(b) pMOSFET measurement.
Induced leakage current (Ig) occurs when t,,< 20A.

Fig. 2.5  Measurement Icp at two differentifrequencies. The low leakage IFCP method is
achieved by subtracting their respective Icp’s-at two successive frequencies.

Fig. 2.6 Illustration of AL, extraction from CP data.

(a) Parameter definition and extraction method.
(b) Interface traps distribution m short and long channel length device.

Fig. 2.7  Calculated ALy = 0.04um (a) nMOSFET, (b) pMOSFET in this work.

Fig. 2.8  Measured I currents for a fresh(1), stressed(2), and after neutralization(3) under
Vs= Vp stress.

Fig. 2.9  Measured GIDL currents for fresh, stressed(2), and after neutralization(3). Note
that hole trap is eliminated in the neutralization step.

Fig. 2.10 Measured Icp-curve(1) fresh, curve(2) stressed. curve(3) after the neutralization.

Fig.2.11 Experiment setup of GIDL current measurement. (a) for nMOSFET, (b) for
pMOSFET.

Fig. 3.1  (a) Charge pumping current with correction for a fresh device.

(b) Local threshold voltage distribution for a fresh device.

Fig. 3.2  Measured Ip current for fresh (1), stress (2), and after neutralization (3) under

viii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

33

3.4

3.5

3.6

3.7
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3.10
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3.13

3.14

3.15

3.16

Vp=Vg stress.

Measured GIDL current for fresh (1), stress(2), and after neutralization(3). Note
electron trap is eliminated in the neutralization step.

Measured Icp for fresh (1), stress (2), and after neutralization (3).

(nMOSFET) Measured device I, degradation at I max, Igmax, and V= Vp stress
condition.

Calculated lateral distribution of Nj; and N (= Qo/q) along the channel length
under Vg= Vp stress.

Comparison of the Nj; distribution between Ip max and Vg= Vp stress conditions.
Note that Vg= Vp has larger values of Nj.

Comparison of the generate Nj for two different plasma nitrided samples, where

PN3 reliability has been improved with a high plasma density and N, content close

to poly-Si.

Comparison of the generated N; for two different gate oxide thickness, where
thinner oxide shows better reliability.

(a) Charge pumping current with correction for a fresh device.

(b) Local threshold voltage distribution for a fresh device.

(a) Drain Currents for fresh, stressed, and after neutralization. Nj; is dominant from

these curves.
(b) The neutralization procedure is similar to Fig. 3.3.
Measured Icp for fresh (1), stress (2), and after the neutralization(3).
(pPMOSFET) Measured device I degradation at I max, Igmax, and Vg= Vp stress
conditions.
Calculated lateral distributions of Nj; and Ny (= Qo/q) along the channel length
under Vg= Vp stress.
Comparison of the Nj; distribution between Ip max and Vg= Vp stress conditions.
Note that Vg= Vp has larger values of Nj.

Comparison of the generate N;; for two different plasma nitrided samples, where
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Fig. 3.17

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

Fig. 4.6

PN1 reliability has been improved with a lower plasma density and lower N,
content.

Comparison of the generated Nj; for two different gate oxide thickness, where
thicker oxide shows better reliability.

Symmetrical NBTI stress where D and S are grounded and V= -2V, stressed at T=
100°C. The Nj; distribution with a double-hump can be seen at both the S/D side.
Asymmetrical NBTI stress where source is grounded while Vg= Vp=-2V is
applied at the drain side. Note that PN1 has a lower plasma nitridation density and
a better reliability.

Asymmetrical NBTI stress where source is grounded while Vg= Vp = -2V is
applied at the drain side (PN1). Note that Nj; is dominant of the device degradation
since Nj; has larger values inside the channel region.

Asymmetrical NBTI stress where sourceis grounded while Vg= Vp =-2V is
applied at the drain side (PN2). Note that.Nj; is dominant of the device degradation
since Nj; has larger values inside the channel region.

Asymmetrical NBTI stress where source is grounded while Vg= Vp = -2V is
applied at the drain side (PN3). Note'that N, is dominant of the device degradation
since Nj; has larger values inside the channel region.

The degradation region under

(a) NBTI stress, and

(b) NBTI-like HC stress (Vg= Vp stress at high-T).



Table 2.1

Table 3.1

Table 3.2

Table 3.3

Table Captions

Equations used to calculate the distributions of N, and N_,.

The split condition of samples used in this work, in which devices have
three different concentrations of plasma nitridation and two different gate
oxide thickness.

The AG,/G,, and Al g,/ Ip s, of nAMOSFET under Vg= V= 2V stress.
(a) The comparison with different concentrations of plasma nitridation.
(b) The comparison with different gate oxide thicknesses.

The AG,,/G,, and Alp, i,/ Ip 5, of pPMOSFET under Vo= V= -2V stress.

(a) The comparison with different concentrations of plasma nitridation.

(b) The comparison with different gate oxide thicknesses.
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Chapter 1
Introduction

1.1 The Motivation of This Work

As gate oxide thickness in MOS device is reduced below 1.6nm, the increasing gate
leakage current is crucial for a continuous transistor scaling. Reliability of the ultra-thin SiO,
presents another major concern. With the shrink of the channel length, electrons or holes in the
channel or in the saturated region of MOSFET’s can gain sufficient energy from the high
lateral field to trigger the impact ionization phenomenon. Part of these heated carriers can
surmount the energy barrier or tunnel into the gate oxide leading to the generation of traps at
the interface or into the oxide. This consequently induces the trapping of electrons or holes in
the stress region at the drain of tramsistor. The.damage effect results in current and
transconductance degradations, threshold voltage shifts,- which thereby significantly reduces

the device speed performance.

There are three major techniques, i.e., charge pumping [1-2], gated diode [3], and
DCIV [4], for the characterization of interface/oxide traps (Ni/Q.) in CMOS devices.
However, for sub-100nm device with t, in the range 10-20A, none of the above has been
provided for quantitative calculation of Ni/Q.. A recent one reported by our group using
gated-diode for a thicker oxide is given in [5] where Nj and Q, can be separated. The
gated-diode [3] and DCIV can measure the generation-recombination current due to Nj; and/or
Qo in the form of drain or substrate current, however, for very thin gate oxide, a quantitative
analysis is difficult and not available so far. Also, during measurement, we need to overcome
the induced leakage current using any of the above methods. In [6], it has demonstrated
successfully an IFCP (Incremental Frequency Charge Pumping) method for the interface
characterization. However, further effort is needed for a full characterization of device

reliability, including hot carrier and NBTI for devices with tox =20A.
1



In this thesis, a complete solution has been provided for the characterization of HC
(hot carrier) and NBTI effects. Results have been demonstrated for ntMOSFET and pMOSFET

with short channel length and ultra-thin gate oxide.

1.2 Organization of This Thesis

This thesis has been divided into five chapters. Chapter 2 describes the devices used in
this work and experimental setup. The low leakage IFCP method and a simple neutralization
method will be used to determine the lateral profiling of both interface traps and oxide traps.
At the same time, the improvement of GIDL measurement will be described. In Chapter 3, we
will use the method of Chapter 2 to discuss hot carrier reliability of CMOS device. In Chapter
4., we also use the same method to investigate the effect of concentration of plasma nitridation
under NBTI and NBTI-like stress condition. Finally, @-summary and conclusion will be given

in Chapter 5.



Chapter 2

Device Fabrication and Experimental Measurements

After long-term operation or hot carrier stress, MOSFET device interface will induce
damage, especially locating at the overlap region of gate to drain. This damage will cause
MOSFET device degradation, including drain current degradation, transconductance
degradation, and threshold voltage shift etc. In addition, as mentioned in the previous chapter,
the increasing gate leakage current due to decreasing oxide thickness must be overcome for

accurately evaluating the distribution of interface traps and oxide traps.

To investigate the hot carrier and NBTI induced MOSFET device degradation, the
technique which has been able to determine the interface traps and oxide traps distribution
becomes important. This chapter is divided into four sections. In the first section, the devices
used in this study are examined. Then, the experimental-analysis methods used in thesis will
be introduced, including the low leakage IFCP method, three steps neutralization method for

separate interface traps and oxide traps, and the improvement of GIDL method.
2.1 Device Fabrication

Fabrication process for gate oxide thickness technology used in this work is shown in
Fig. 2.1. Gate dielectrics were grown with a decoupled plasma nitridation (DPN) process,
consisting of three steps. First, a ultra-thin SiO, film with optical thickness of 12 A and 14 A
is grown using in-Situ steam generation oxidation or rapid thermal oxidation. The next step
consists of exposing the oxide to a high density, pulsed-RF N;-plasma, during which nitrogen
is incorporated in the dielectric film. The idea behind using a pulsed plasma, where the source
power is turned on and off at kHz frequencies, as compared to continuous (non-pulsed) wave
plasma, is to have ions striking the wafer surface with lower kinetic energy. This less

aggressive nitridation is then used in an attempt to, upon incorporation of higher amounts of



Pure SiO,

Nitrogen rich region

Nitrogen rich region

Step 1.
Form 12 A and 14 A oxide
(Choose RTO)

Step 2:

Exposing the oxide to a
high density, pulsed-RF
N,-plasma

(Choose DPN)

Step 3:

High temperature anneal
in an O, atmosphere

(Choose DPN)

Fig. 2.1 Fabrication process for DPN gate oxide CMOS technology.



nitrogen into the films, minimize degradation in reliability and effective mobility of the
carriers. Various nitridation time, pulsed RF frequencies, and plasma effective powers were
thus studied. A final stabilization step consists of a high temperature anneal, the so-called
post-nitridation anneal (PNA), in an O, atmosphere. The effect of using different PNA
temperatures and pressures was investigated. For electrical evaluation, these oxynitrides were
capped with 100 nm-thick polysilicon and incorporated into NMOS and PMOS transistors (90
nm technology) and capacitors. The EOT (equivalent of thickness) of gate oxide in these test
samples were 14 A and 16 A and the concentrations of plasma nitridation have three different

contents (low, medium, and high).

2.2 The Low Leakage IFCP Technique

2.2.1 Basic Experimental Setup

The experimental setup for the [-V measurement of MOS device is illustrated in Fig. 2.2.
Based on the PC controlled instrument environment, the complicated and long-term
characterization procedures for analyzing the.intrinsic and degradation behavior in MOSFET’s
can be easily achieved. As shown in Fig. 2.2, the characterization equipment, including the
semiconductor parameter analyzer (HP4156¢), the dual channel pulse generator (HP8110A),
low leakage switch mainframe (HP E5250A), the cascade guarded thermal probe station and

thermal controller, provides an adequate capability for measuring the device I-V characteristics.

2.2.2 Experimental Setup of Charge Pumping Measurement

The basic setup of charge pumping measurement is shown in Fig. 2.3. The source,
drain and bulk electrodes of tested devices are grounded. A 1MHz square pulse waveform
provided by HP8110A with fixed base level (V) is applied to NMOS gate, or with fixed top
level (V) is applied to PMOS gate. We keep Vg at —1.0V while increase Vg, from —1.0V to

1.0V by step 0.1V, or keep Vg, at 1.0V while decrease V from 1.0V to —1.0V by step —0.1V.
5
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Thermal Controller ooo
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HP 8110A
Pulse.Generator
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S| = — @
Cascade Guarded Thermal Switch Matrix Parameter Analyzer
Probe Station HP 5250A HP 4156

Fig. 2.2 The experiment setup for the current- voltage measurement. An automatic
controlled characterization system is set up based on the PC controlled

mstrument environment.
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Fig. 2.3 Basic experimental setup for the charge pumping measurement.



With a smaller voltage step, we get a higher profiling resolution. The parameter analyzer

HP4156C is used to measure the charge pumping current (Icp).

2.2.3 Principle of the Low Leakage IFCP Method

Figures 2.4 (a) and (b) show the schematic of a low leakage IFCP measurement for
CMOS developed by [6]. With both S/D grounded and by applying a gate pulse with a fixed
base level (V) and a varying high level voltage (Vq,) for NMOS, the channel will operate
between accumulation and inversion. This gives rise to the charge pumping current Icp (=Ig)
measured from the bulk. However, leakage current I is unavoidable, as we see from Fig. 2.4
(a), the leakage of Icp is very small when to, >30A. However, as reveals in Fig. 2.5 that the
leakage current increases, curves (1) and curves (2), for tested sample (EOT= 14A). From the

measured Icp for two frequencies, f; andif, can be expressed as

ICP, f 1 with-leakage™ ICP, f 1 correct + ICP, leakage@f 1> (2 1)
and
ICP, f 2 with-leakage™ ICP, f 2 correct + ICP, leakage@f2- (22)

When the frequency is sufficient high, the leakage components in these two
frequencies are almost the same (Icp, 1cakage@s1 = Lcp, leakage@s2 )- We take the difference of Icp
(Alcp, 71- 2) between two frequencies. From equations (2.1) and (2.2), the difference of these

two CP curves gives

Alcp, £1- 72= Icp, 7 1 with-leakage — IcP, 72 with-leakage- (2.3)


mailto:leakage@?1
mailto:leakage@?2
mailto:leakage@?2

—varying Van

ﬂﬂ lep
—fixed V, 4

L ICPmaX ............... Normal CP Curve
(e.g., t,, > 30A)

— — =+ Abnormal CP Curve
................. _(with AC leakage)

g =

—
|_
Leakage
~

o

N/ Y (9. tox < 20A)
P-sub >

(2)

fixed Vg,

“U — varying V, Normal CP Curve ICPJ“..E%% .........................
(e.g., ty, > 30A)
[ Abnormal CP Curve -
I = (With AC leakage)  .feeeemmn.,
(e.9., toy <20A)

DN L

N-sub V

11,

e

(b)

Fig. 2.4 The schematic of charge pumping (CP) for
(a) nMOSFET measurement. (b) pMOSFET measurement.

Induced leakage current(I;) occurs when t, < 20A.
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Fig. 2.5 Measurement I, at two different frequencies. The low leakage
IFCP method is achieved by substracting I, at two successive

frequencies
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Since the correct CP curve is directly proportional to the frequency, it will be equal to
the difference of two CP curves. Therefore, in the IFCP method, the correct CP curve at

frequency (f1- f2) can be given by

Icp f1- f2=Alcp, f1- 2. (2.4)

For example, Icpomuz) — lcpimiy) 1s regarded as the Icp at their difference frequency,

IMHz. The correct result is shown in curve (3).

2.2.4 Extraction of the Effective Channel Length

Figure 2.6 shows the non-uniform interface trap distribution for extraction of effective

channel length. Using two different.channel lengths, the interface traps can be represented by

Nit, 1, otal = Nit, 11(edge) + Nj;, 12(center), (2.5)
and

Nit, 2, total = Nit, 21(edge) + Nt 2o(center). (2.6)

Since the mechanical stress in two different channel devices are almost the same, Nj, 1; is
approximately equal to Nj, »;. To eliminate the traps generated at the edge region, the
difference of these two interface traps can be used, which is directly proportion to the AL.

Hence, we have

Alcp, max = A Nit, total = Nig, 1, total — Nit, 2, total = Nit, 12— Nig, 20 @& AL. (2.7)

Figure 2.6 (a) shows the definitions of AL;, AL,, and AL, which can be expressed by

11
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Fig. 2.6 Illustration of AL, extraction from CP data. (a) Parameter definition and

extraction method. (b) Interface traps distribution is short and long channel
length device.
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AL = Lmask — Lgate, (28)
AL2 = Lgate - Leff, (29)
and

AL = Lmask — Lesr = AL; + AL,. (2.10)

Figures 2.7 (a) and (b) show the calculated interface traps, Nj;, per unit width and offset
length, ALy= Lmask — Lefr, for measured 24 devices with nMOSFET and pMOSFET in this

work.

2.3 Principle of the Interface/Oxide Traps Profiling Technique

Based on [7-8] and Table 2.1, we can separate the Q, from Nj; and then we get the lateral

profiling of interface and oxide traps. The steps arésas follows.

1. For a fresh device, the drain current (at Vg= -2V ) is measured, curve (1). Again, the
device is stressed and its current;-curve (2), is measured, Fig. 2.8.

2. To identify whether Q, is generated, we-monitor the GIDL current as given in Fig. 2.9,
from which we see a threshold voltage shift, V1, caused by the Q.. The process of
neutralization is performed in three-step [5], in which curve is moved to curve (3) and then
be aligned with the fresh one, curve (1).

3. Simultaneously, Icp’s are measured as in Fig. 2.10, the difference between curve (1) and (3)
gives the value of Ny, while the difference between (2) and (3) gives the value of Q.

4. A local Vi(x) is calculated, following [1] and [2], and from Eq.(2.13) in Table 2.1,

calculation of Nj(x) and Q(x) is completed.

2.4 The Improvement of GIDL Current Measurement

2.4.1 Experiment Setup of GIDL Current Measurement
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Al p = W_[;sz (x)dx (2.11)

1 dAl_, dng

it (2.12)
gW dv, dx

Vg _dV; () (2.13)

dx dx

N, (x)=0, (x)/q= c”jVG (2.14)

Table 2.1 Equations used to calculate the distributions of N, and N,.
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As shown in Figs. 2.11 (a) and (b), we give the measurement range of Vg in the
accumulation region, Vs floating, Vp= 1.5V (-1.5V) and Vg ground for NMOSFET

(pMOSFET). We extract the drain current I, for GIDL current.

2.4.2 Removing Tunneling Current from GIDL Current

As aforementioned, we monitor the GIDL current to observe the generated Q, and its
annihilation by a three-step neutralization. However, the amount of gate to drain FN tunneling
current can not be ignored during the bias condition of GIDL measurement. Therefore, the
drain current Ip is not applied for monitoring GIDL current. Instead, we use the base current

I gipL for monitoring. As shown in Figs. 2.11 (a) and (b), the reason we choose I gipr is that

’ IB,leakage ’< ’ IFN ’

GIDL current ( ID,GIDL) = IB,total 3l IFN, (2 14)

and

IsgipL = IBtotal — IB jeakage- (2.15)

From Egs. (2.14) and (2.15), we ensure that using Ig gipr. as @ monitor is more suitable

than Ip gipL during the GIDL measurement of ultra-thin gate oxide.

2.5 Summary

In this chapter, experiment analysis methods have been described. In the later
discussions, we will use these experimental techniques to discuss the lateral profiling of
interface traps and oxide traps for CMOS device under HC stress and NBTI stress By using
the IFCP method and the method of separating Nj; and Q,, the degradation of CMOS device

will also be studied.
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Chapter 3
The Analysis of HC Reliability in Ultra Thin Gate Oxide
CMOS Devices

3.1 Introduction

Reducing the size of MOSFET transistors enables high speed, lower power, denser and
cheaper circuit, but introduces many challenges in process technology. As the gate oxide
thickness is reduced, and as electric field in the MOSFET increase, there are increased
concerns about hot carrier damage and dielectric breakdown. The hot carrier induced localized
negative oxide charge in nMOSFET device, positive oxide charge in pMOSFET device and
interface traps in CMOS device. This HC effect induced damage will be one of reliability
problem of scaled ultra-thin gate MOSEET devices, [9-10]. As the gate oxide reduce to the
ultra-thin region, the direct tunneling current of gate oxide increase. Therefore, the leakage
current will induce measurement error for ultra-thin gate oxide CMOS devices. For
investigating HC induced damage correctly, we-will eliminate the leakage current from the
measurement by IFCP method. In addition, weuse the three-step neutralization to separate
interface traps and oxide traps which are induced by HC stress. Recombination of this two
methods, we will get accuracy lateral profiling of interface traps and oxide traps under HC

stress.

In this chapter, we first introduce device fabrication with different plasma nitrogen
concentration and gate oxide thickness. Second, we will show the IFCP method and
neutralization step to separate Nj; and Q. for nMOSFET device. Subsequently, the stress bias
dependence hot carrier induced degradation for nMOSFET including I max stress, I max stress,
and Vg= Vp stress will be investigated. We also discuss the plasma nitrogen concentration
dependence and gate oxide thickness dependence of HC stress. Third, we discuss the HC
stress result of pMOSFET like nMOSFET. Finally, we compare the result of hot carrier stress
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in nMOSFET and pMOSFET device.

3.2 Device Fabrication

The devices which are used in this work were fabricated using 0.09um CMOS
technology. Test samples are nMOSFET and pMOSFET which have shallow S/D extension
structure with gate oxide thickness of 14A and 16A, respectively. Furthermore, both of the

gate oxide thickness have three different plasma nitrogen concentrations (see Table 3.1).

3.3 The Analysis of HC reliability in nMOSFET Devices
3.3.1 Lateral Profiling Steps of Interface/Oxide Traps

1. Figure 2. is the experiment-setup for CP.method. Here, we can find CP current with
leakage current without cotrection._ The 1FCP-method can eliminate the error of
leakage current by using two different frequencies. From now on, the CP current
measurement use [FCP method to get accuracy CP current without leakage current.

2. According to the CP current (Fig. 3.1(a)), we can get local threshold voltage
distribution. We select the Icpmaxat Vgr= 0.25V and then use the Eq. 3.1 to calculate
the relation figure of x(the position of channel length) - V (local threshold voltage),

as Fig. 3.1(b) .

L = ICP(Vgh)

I CP,max

X= (3.1)

3. To measure Ip-Vps, GIDL, and I¢p for fresh, stress, and after neutralization, as Figs.
3.2, 3.3,and 3.4. To observe the GIDL, we can find the GIDL of stressed device shift

to right due to negative charge inject to gate oxide. We have to use three
22



Tox 14A 16A
Low PN1 PN1
The
concentration
of
plasma Medium |  PN2 PN2
nitrogen
High PN3 PN3
W/L 10y m/0.09 ;x m

Table 3.1 The split condition of samples used in this work, in which device have three

different concentration of plasma nitridation and two different gate oxide

thickness.
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neutralization steps to separate interface/oxide traps. First, we inject positive charge
from gate edge (Vg=-0.5V, Vp= 2V, time= Ssec). Second, we inject positive charge
by FN tunneling under gate channel (Vg=-2.5V, time=5sec). Finally, we use the bias
condition (Vg= -0.5, Vp=Vp= 2V, time= 30sec) for eliminating the electron trap
completely. In Fig. 3.3, we see the GIDL shift back to fresh state.

4. At the same time, Icp are measurement in Fig. 3.4 , the difference between curves (1)
and (3) gives the Alcp. In accordance with Eq. 2.12, we calculate the value of
dAlcp/dVgn and dVgn/dx to get the Nj(x). On the side, the difference between curves

(2) and (3) give the Qq¢(x) by using Eq. 2.14 in Table 2.1.

3.3.2 Ip Degradation at Different Stress Bias

In Fig. 3.5, we measure Ip degradationof nMOSFET device at Igmax (Vo= 0.5V, Vp=
2V), Ig max (Vo= 1.4V, Vp=2V), and Vg= Vp (V= Vp=2V) stress condition. The maximum

Ip degradation is at Vg= Vp stress condition;

The reason why Vg = Vpstress is the worst-case stress condition may be understood
by considering the shape of the Isyg versus Vg characteristic [11]. With a given technology,
the Isyp versus Vg curve becomes flatter, as the channel length is reduced. When the ratio of
IsuB| i, peak t0 Isup|ve=va 1s smaller, the worst-case stress condition may switch from Ig max to

Vi = Vp. This explanation of the cross over effect has been proposed by E. Rosenbaum et al.

[11].

3.3.3 Experimental Results

We adopt the above method to separate Nj; and Q. and then we get the lateral profiling
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of interface traps Ni(x) and oxide traps Q(x), as Fig. 3.6. As Fig. 3.6 shown, we observe the
greater part distribution of oxide traps at the region of gate-drain overlap and the distribution
of interface traps under gate channel. To follow the precedent of Fig. 3.2, we discover that the
Ip increase a little after neutralization step. This result indicates the effect of oxide traps to Ip
degradation not dominant. In Fig. 3.2, the different between curves (1) and (3) is the effect of
interface traps. Interface trap is the dominant effect to Ip degradation. Due to interface traps
occupy the larger area under gate channel for dominate to Ip degradation, the Ip-Vpg result is
consistent with lateral profiling of Nj(x) and Qu«(x). Moreover, we compare of Nj; distribution
between Ip max and Vg= Vp stress condition, as Fig. 3.7. We find the larger amount of interface
traps under gate channel at Vg= Vp stress condition. From the previous section, we know the
V= Vp stress condition have larger Ip degradation than I max stress condition. Hence, we can

find the reason of larger I, degradation at Vg= Vp stress condition from Nj(x).

3.3.4 The Dependency of Hot Electron Reliabtlity on Plasma Nitridation

Table 3.2(a) show the comparison of Ip ¢ degradation and G, degradation between the
PN1 and the PN3 at the same gate oxide thickness (Tox= 16A). We observe the PN1 sample is
worse than PN3 sample after Vo= Vp= 2V stress. As the Fig. 3.8 shown, the Nj(x) of PN1
sample is larger than PN3 sample whether in gate channel or in overlap region. For the
reason, we get a conclusion that the higher concentration of plasma nitridation is better to
resist channel hot electron injection. In other words, higher concentration of plasma nitridation

has better HC stress reliability for nMOSFET. This result is consistence with [12].

3.3.5 The Dependency of the Hot Electron Reliability on the Gate Oxide Thickness

At this experiment, we choose different gate oxide thickness (14A and 16A) device at

the same concentration of plasma nitridation (PN1). We also compare the change of Ip ,r and
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Gate Oxide Thickness

16A

The Concentration of

Plasma nitridation PN1 PN3
| AGm| / Gm (%) 17.9 15.2
| AID,sat | / ID,Sat (%) 10 95
(@

The Concentration of
Plasma nitridation

PNI1

Table 3.2 The AG,,/G,, and Aly, g,/ Iy i, of nNMOSFET under V=Vp= 2V stress.

(a)The comparison with different concentrations of plasma nitridation.

Gate Oxide Thickness 14A 16A
| AGm|/ Gm (20) 14.5 17.9
| AID,sat | / ID,sat (%) 73 10
(b)

(b)The comparison with different gate oxide thicknesses.
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G, between the two sample after hot electron stress. (Table 3.2(b)) We find the thicker sample
has worse case after stress. This result is consistence with lateral profiling of two different
gate oxide thickness. The thicker sample (16A) has larger area of Nj; than thinner sample (14A)
so that it has worse hot electron reliability. We think the Nj; at p-sub at fresh device is donor
type interface trap, so above the quasi fermi level Eg,, the polarity of Nj; is positive. In Fig. 3.9,
we find thinner sample (14A) has less Nj; than thicker sample (16A) at fresh device condition.
So, we think the Nj of thinner sample (14A) provide less attractive force to channel hot
electron injection cause less ANj; after stress. According to the reason, we think the Nj; of fresh

device will affect the amount of hot electron injection for nMOSFET device.

3.4 The analysis of HC Reliability in pMOSFET device

3.4.1 Lateral Profiling Steps of Interface/Oxide Traps

1. Figure 2. is the experiment setup for CP method. Here, we use the similar step in
3.3.1 for nMOSFET. The IFCP method can eliminate the error of leakage current by
using two different frequencies. Fromnow on, the CP current measurement use [FCP
method to get accuracy CP current without leakage current.

2. According to the CP current (Fig. 3.10(a)), we can get local threshold voltage
distribution. We select the I¢pmaxat Vo= -0.3V and then use the Eq. 3.2 to calculate
the relation figure of x(the position of channel length) - V; (threshold voltage), as Fig.

3.10(b).

Lo |
X = *I CP(VgI) (32)

CP,max

3. To measure Ip-Vps, GIDL, and I¢p for fresh, stress, and after neutralization, as Figs.

3.11 and 3.12. To observe the GIDL, we can find the GIDL of stressed device shift to
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left due to positive charge inject to gate oxide. We have to use three neutralization
steps to separate interface/oxide traps. First, we inject negative charge from gate
edge (Vg= 0.5V, Vp= -2V, time= S5sec). Second, we inject negative charge by FN
tunneling under gate channel (Vo= 2.5V, time=5sec). Finally, we use the bias
condition (Vg= 0.5, Vp=Vp= -2V, time= 30sec) for eliminating the hole trap
completely. In Fig. 3.11(b), we see the GIDL shift back to fresh state.

4. At the same time, Icp are measurement in Fig. 3.12, the difference between curves (1)
and (3) gives the Alcp. In accordance with Eq. 2.12, we calculate the value of
dAlcp/dVg and dV/dx to get the Ni(x). On the side, the difference between curves (2)

and (3) give the Q(x) by using Eq. 2.14 in Table 2.1.

3.4.2 Ip Degradation at Different Stress Bias

In Fig. 3.13, we measure Ip degradation of pMOSFET device at Igmax (V=-0.5V, Vp=
-2V), Igmax (Vo= -0.8V, Vp= -2V), and Veg=Vp (Ve= Vp= -2V) stress condition. The
maximum Ip degradation is at Vg= Vpstress.condition. Except for Vg= Vp stress condition,

we can find Ip hardly unchanged at the others stress condition.

From the comparison of Ig max and Vg= Vp stress, we can see that the most degradation

occurs at Vg= Vp. This is consistent with nMOSFET as above.

3.4.3 Experiment Result

Using the above method to separate N and Qo , we can obtain the lateral profiling of
interface traps Ni(x) and oxide traps Q.«(x), as in Fig. 3.14. Here, we observe that a larger

portion of the distribution of oxide traps in the region of gate-drain overlap and the
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Fig. 3.14 Calculated lateral distribution of N;, and N, (= Q,,/q) along the channel
length under V4= Vp, stress.
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distribution of interface traps under gate channel. To follow the precedent of Fig. 3.11(a), we
discover that the Ip increases a little after the neutralization step. This result indicates the
effect of oxide traps to Ip degradation is not dominant. In Fig. 3.11(a), the different between
curves (1) and (3) is the effect of interface traps. Interface trap is the dominant factor of Ip
degradation. Since interface traps occupy a larger area in the gate channel which dominates
the Ip degradation, the Ip-Vpg result is consistent with lateral profiling of Ni(x) and Qu(x).
Moreover, we compare of Nj; distribution between I max and Vg= Vp stress condition, as Fig.
3.15. We found that a larger amount of interface traps under gate channel at Vg= Vp stress
condition. From the previous section, we know the Vg= Vp stress condition have larger Ip
degradation than Ign, stress condition. Hence, we can find the reason why larger Ip

degradation occurs at Vg= Vp stress condition from Nj(x).

3.4.4 The Dependency of Hot Hole Reliability on'Plasma Nitridation

Table 3.3(a) shows the comparison-of Iy i degradation and Gy, degradation between
the PN1 and the PN3 at the same gate oxide thickness (Tox= 16A). We observe the PN3
sample is worse than PN1 sample after Vg= Vp= -2V stress. As Fig. 3.16 shows, the Nj(x) of
PN3 sample is larger than that of PN1 sample either in gate channel or in overlap region. For
the reason, we have a conclusion that the higher concentration of plasma nitridation is worse
to resist the channel hot hole injection. In other words, higher concentration of plasma
nitridation has worse HC stress reliability for pMOSFET. This result is consistence with [12].
We think it might be acceptor type interface trap at n-sub and if the interface traps are under
the quasi fermi level Eg, the polarity of Nj; are negative can attract hot hole injection. Since
PN3 has higher amount of Nj, PN3 has higher attractive force for hot hole injection during the

stress and leads to more damage, as shown in the experimental result in Fig. 3.16.

3.4.5 The Dependency of Hot Hole Reliability on the Gate Oxide Thickness
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Fig. 3.15 Comparison of N, distribution between Iy, ., and V5= Vy, stress conditions.
Note that V= V|, has larger values of N, .
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Gate Oxide Thickness 16A
The Concentration of
Plasma nitridation PNI PN3
| AGm |/ Gm (%) 1.8 2.5
| Alpsat |/ Ipsat (%0) 10.7 12.3
(a)

The Concentration of

Table 3.3 The AG,,/G,, and Al i,/ Iy i, of pMOSFET under V5=Vp= -2V stress.

(a)The comparison with different concentrations of plasma nitridation.

Plasma nitridation PNI
Gate Oxide Thickness 14A 16A
| AGm|/ Gm (20) 2:6 1.8
| AID,sat|/ IDsat (%) 131 107
(b)

(b)The comparison with different gate oxide thicknesses.
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Fig. 3.16 Comparison ofthe generate N;, for two different plasma nitrided
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samples, where PN1 reliability has been improved with a lower

plasma density and lower N, content.
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In this experiment, we choose different gate oxide thickness (14A and 16A) device at
the same concentration of plasma nitridation (PN1). We also compare the change of Ip s and
Gp, between the two sample after hot electron stress (Table 3.3(b)). We find the thicker sample
has worse case after stress. This result is consistent with lateral profiling of two different gate
oxide thickness. The thinner sample (14A) has larger area of Nj; than thicker sample (16A) so
that it has worse hot hole reliability. We think the Nj; at p-sub at fresh device is acceptor type
interface trap, so above the quasi fermi level Eg,, the polarity of Nj; is negative. In Fig. 3.17,
we find thinner sample (14A) has more N than thicker sample (16A) at fresh device condition.
So, we think the Nj; of thinner sample (14A) provide more attractive force to channel hot
electron injection cause more AN after stress. According to the reason, we think the Nj of

fresh device will affect the amount of hot hole injection for pMOSFET device.

3.5 Summary

In this chapter, we combine IFCP method and neutralization steps to obtain lateral
profiling of interface/oxide traps. TFhe TFCP-method improves traditional charge pumping
measurement by eliminating direct tunneling leakage current. On the side, three steps of
neutralization successfully separate Nj and Q. in accordance with GIDL current

measurement.

In both of nMOSFET and pMOSFET, we find the interface traps cause the dominant I,
degradation at Vg= Vp stress condition and the worst Ip degradation is at Vg= Vp stress

condition.

For the comparison of plasma nitridation with different concentrations, we find PN3
sample has better hot electron reliability for ntMOSFET device and PN1 sample has better hot
hole reliability for pMOSFET device. For the comparison of different gate oxide thickness, we

find thinner sample (14A) has better hot electron reliability for nMOSFET and thicker sample
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Fig. 3.17 Comparison of the generated N;, for two different gate oxide thickness,

where thicker oxide shows better reliability.
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(16A) has better hot hole reliability.

According to the result of experiment, we think the polarity of interface trap will affect
the amount of hot carrier damage the device. In nMOSFET, we think higher Nj; at fresh device
is donor type can attract hot electron injection to induce more ANj; . In contrast to pMOSFET,

we think Nj; at fresh device is acceptor type which can attract hot hole similar to nMOSFET.
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Chapter 4
The Analysis of NBTI Degradation in pMOSFET

4.1 Introduction

In order to improve the electrical properties and reliability of ultra-thin gate dielectric
films for MOS devices, intensive studies have been made. Nitrogen incorporation is one of the
promising way to modify a silicon dioxide film. However, it has been found to significantly
increase the device degradation such as negative-bias temperature instability (NBTI) of a
pMOSFET device [13]. In NBTI, a threshold voltage shift and a transconductance degradation
are caused by negative bias of the gate at high temperature. These stresses generate interface
trap and positive fixed oxide charges in the; Si/dielectric interface. NBTI is expected to be
enhanced by the incorporation of nitrogen jinto.gate oxide [13] and Nj will increase with

increase in nitrogen concentration in the gate oxide [13].

In chapter 3, we have already ‘used:-the new method to investigate the hot carrier
degradation. In this chapter, we will also use the method to investigate the NBTI degradation
and the NBTI enhanced HC effect. The NBTI effect arises at high temperatures under the
influence of small negative voltages on the gate of p-channel transistors. The effect seen is a
shift in the threshold of the transistor to more negative gate voltages, and a decrease in the
Ipsat curve due to an increase in the amount of positive oxide charge, as well as an increase in

interface state densities [14-15].

It was found that the hot carrier stress damage at Vg = Vp stress increases as
temperature increases, contrary to conventional hot carrier induced degradation. Finally, we

further investigate the correlation of the CHC and NBTI contributions to the device damage.

4.2 NBTI Degradation in PMOSFET
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4.2.1 The Devices Under Test

In this section, we use the devices with gate oxide thickness (EOT= 14A) to
investigate the NBTI and NBTI-like characteristics under different concentrations of plasma

nitridation (PN1, PN2, and PN3), as in Table 3.1.

4.2.2 NBTI Degradation

First, we stress on pMOSFET with V= -2V at 100°C for 250 seconds. After finishing
the stress process for different three samples, we use the method of lateral profiling of
interface trap, as described in chapter 2.  We can draw the distribution of interface trap along
the direction of gate channel. As reveals in'Fig. 4.1;,we observe the concentration dependence
of NBTI effect. The amount of Nj; inCreasesialong with increasing the concentration of plasma
nitridation. The PN3 sample, i.e., the largest plasma density has the largest value of interface

trap. We can find the worst-case degradation occurs near'the drain junction region.

The degradation near the gate edge is caused by the locally enhanced degradation
reactions between the holes and oxide defects, since the region of gate edge and gate-S/D
overlap have a higher concentration of holes. In addition, during device processing, there are
many initial oxide defects as induced by gate etching and S/D ion implantation. Because the
number of holes and initial oxide defects are higher near gate edge, the Nj; has a higher value

for three samples locally in these regions.
For longer-channel pMOSFET, local degradation does not greatly affect device

characteristics. In contrast, for shorter-channel devices, this local degradation affects the

device characteristics significantly, and results in a larger NBTI degradation.
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Fig. 4.1 Symmetrical NBTI stress where D and S are grounded and V= - 2V,
stressed at T= 100°C. The N,, distribution with a double-hump can be
seen at both the S/D side.
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4.2.3 NBTI-like Degradation

In this section, we stress the pMOSFET under NBTI-like condition (Vg= Vp= -2V,
Temp.= 100°C) for 250 seconds. We may expect the damage of NBTI-like include with NBTI
effect and HC effect. From the lateral profiling of interface trap of three different samples, as
shown in Fig. 4.2, we can observe the amount of Nj; under NBTI-like stress condition is far
larger than NBTI stress condition. Furthermore, the peak value of Nj; go toward gate-S/D
overlap region from junction. From Fig. 4.2, we make comparisons for devices with different
concentrations of plasma nitridation. We can find the PN3 sample has a worst case
degradation after NBTI-like stress which is similar to the result of previous section. Plasma

nitrogen density affects pMOSFET reliability indeed.

As shown in Figs. 4.3, 4.4, and 4.5; it shows the comparison of interface trap and oxide
trap respectively. We can find the peak of oxide trap, is close to the gate edge and the amount
of oxide trap is almost located at gate-S/D overlap region. Moreover, we may find the plasma
density independence of value of ‘oxide:trap—-and the interface trap is dominant of the
degradation in pMOSFET owing to Ny is larger than Q, at the position of gate channel. Also a
summarized device degradation region under the NBTI and NBTI-like stresses, is given in Fig.

4.6.

4.3 Summary

In this chapter, we use the IFCP method and the neutralization method to obtain the
lateral profiling of Nj and Q, after various stress conditions. We have investigated the
degradation of NBTI and NBTI-like degradation from the distribution of Nj; and Q.. We can
find that the PN3 is the worst case either under NBTI or NBTI-like stress condition. Therefore,
we conclude that the amount of Nj;increase with the plasma nitrogen density after NBTI and

NBTI-like stress. In addition, the results of NBTI degradation show that most of the oxide
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Fig. 4.2 Asymmetrical NBTI stress where source is grounded while V= V,=-2V is
applied at the drain side. Note that PN1 has a lower plasma nitridation density
and a better reliability.
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Fig. 4.3 Asymmetrical NBTI stress where source is grounded while V= Vp=-2V is
applied at the drain side (PN1). Note that N;, is dominant of the device

degradation since N;, has larger values inside the channel region.
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Fig. 4.4 Asymmetrical NBTI stress where source is grounded while V= V= -2V is
applied at the drain side (PN2). Note that N, is dominant of the device

degradation since N;, has larger values inside the channel region.
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Fig. 4.5 Asymmetrical NBTI stress where source is grounded while V= Vp=-2V is
applied at the drain side (PN3). Note that N;, is dominant of the device

degradation since N;, has larger values inside the channel region.
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Fig. 4.6 The degradation region under
(a) NBTI stress.
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damage occurred near the channel edge region (gate-S/D overlap), which is caused by the
locally enhanced degradation reactions between the holes and oxide defects. Finally, we know
that the NBTI will enhance the hot carrier degradation from the experiment of NBTI-like

stress.
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Chapter 5

Summary and Conclusion

As gate oxide thickness continues to scale, it will cause experiment measurement error
as a result of direct tunneling current. Under such circumstances, the accuracy is poor for the
determination of interface traps and oxide traps of device after HC and NBTI stress. On the
basis of this reason, we develop a new method that combines IFCP method and three-steps
neutralization to obtain the distribution of Nj and Q. after the hot carrier stress. The IFCP
method has been validated to remove the tunneling leakage current during measurement and

neutralization step was used to separate the Nj; and Q.

In this thesis, the test samples:were fabricated using DPN treatment to have nitrogen
rich on the top of silicon dioxide, including three diffetent concentrations of nitrogen with
14A and 16 A, respectively. The concentration-dependence and oxide thickness of HC effect
were performed. Subsequently, the concentration-dependence of NBTI and NBTI-like effect

were evaluated.

Based on the experimental results, we found that the interface trap is the dominant I
degradation at Vg= Vp stress condition and the worst Ip degradation is under Vg= Vp stress
condition in both of nMOSFET and pMOSFET. From the distribution of interface traps, we
found the oxide degradation under HC stress has better reliability in nMOSFET with thinner
gate oxide thickness and higher nitrogen content and has better reliability in pMOSFET with
thicker gate oxide thickness and lower nitrogen content. Furthermore, NBTI and NBTI-like
effect enhance the device degradation with higher nitrogen content. Therefore, for reliability
test, the content of nitrogen in gate oxide will become increasingly important in future

nanoscale CMOS devices before using high-k dielectric.
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