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Abstract

As the scaling of the CMOS technology advances aggressively, the Random
Telegraph Noise (RTN) becomes an important reliability issue.[1] Since RTN is a
stochastic fluctuation between two levels of either the device drain curggrir(l
threshold voltage (¥ induced by trapping/de-trapping of a single charge in a gate
trap.

In this work, we demonstrate a method to extract RTN trap position both in
vertical direction (channel surface to gate electrode) and lateral direction (source to
drain). Therefore, the traps.in gate dielectric can be profiled.

Finally, we extract RTN trap energy at zero-electric field conditiof) (kb

vertical direction.
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Figure Captions

Chapter 1

Fig.1.1 lllustration of a channel electron capture and emission by an interface trap
in our highx metal-gate MOSFET. And drain current waveform resglt
from electron emission and capture at an interface trap.

Fig.1.2 RTN is observable when trap of energy leveld€a few kT different from
theFermi level E.

Fig.1.3 Atypical drain current waveform of single level RTN induced current
fluctuation @(\¢=0.45V \p=0.05V).

Fig.1.4 Drain currentwaveform of Multi-level RTN. RTN amplitudes are different

from the same device caused by percolation effect.

Chapter 2

Fig.2.1 lllustration of lateral position.extraction of RTN trap. The voltage in
channel is proportion to lateral position.

Fig.2.2 Band diagram of a trap with a vertical positionr2dnd a trap energy
in SO layer.

Fig.2.3 Reference values of negative (a) and positive (b) slopes using 1D Poisson
equation simulation.

Table.1 is a trap vertical position extraction in different gate dielectric layers.

Chapter 3

Fig.3.1 lllustration of measurement setup and we use Agilent 4155 to measure the
high« and metal gate stack CMOS devices.

Fig.3.2 First, focus on a RTN and sweep a wide rangegWith two drain bias

\



Fig.3.3

Fig.3.4

Fig.3.5

Fig.3.6

Fig.3.7

Fig.3.8

Vp1 and \by. Second, obtain the time constant ratig>f<te> in different

Vg with Vp;. Third, plot IngJ/te) versus \§ with Vp1, obtain its slope and
conpare with our reference points which indicates the trap locates in either
HK or IL. Therefore, we can extract the trap vertical position from Table.1.
Finally, repeat the steps before with,VThen obtaim\V+s and the trap

lateral position can be extracted by Eq.2.1.

Atwo level RTN pattern with varies gate voltagebecomes smaller as

gate voltage \ increases.A Vs is the voltage difference at same time
condant ratio.

Atwo level RTN pattern with varies gate voltage. Capture time constant t
bemmes larger as gate voltage Mcreases.

(a) is trap distribution along vertical direction. Most of traps locate i, HfO
layer. (b) is trap distribution along lateral direction, which exhibits an
uniform distribution.

lllustration of channel surface potential and current pattern.

When interface trap charge position locates on the main current path, will
induce large drain current fluctuatiay.

RTN amplitude distribution with different cell width.lecomes large as

cel width is decrease.

Chapter 4

Fig.4.1

Fig.4.2

Fig.4.3

Definitions of two different types trap. We regard negative and positve V
depeardence as Type A trap and Type B trap.

Cause of ¥ dependent difference. Type A traps and Type B traps are
interact with channel and gate electrode respectively.

lllustrates band diagram about extraction of trap energy at zero electric field

vi



Fig.4.4

Fig.4.5

Fig.4.6

Fig.4.7

Fig.4.8

Table.2

condition Eo. The gate voltage varies from flat band voltagg % V.

When V=V g, the trap energy{aligns to Fermi level £

Window on B over X; plane where the trap locates within the window can
be daracterized.

Shows the traps energy distribution in common case and our case. For our
devices, we consider surface potential variation rate.

Shows the number of traps in different EOT devices. Type B traps is
observable when EOT scaling down to 7.8A

Type B trap is observable due ta4y/decreases. Therefore the defect band
ovellap the triangle window, Type B trap can be characterized.

The average of RTN amplitude of Type B trap is nearly equal to that of Type
A. Type B trap will induce reliability problems in modern devices.

is trap energy at zero electric fielgokn different condition.

vii



Chapter 1

Int roduction

Metal-Oxide-Semiconductor-Field-Effect-Transistor (MOSFETS) has been
widely utilized in the past few decades. When device geometry scale down to
nanotechnology, the random telegraph noise (RTN) becomes an important reliability
issue. It will reduce the device performance in both analog and digital circuit.[2] RTN
has been proposed in recent years. Fig.1.1 is an illustration of our MOSFETs cell
structure and typical Two level RTN pattern, where @><means not only capture
time but average of empty trap. state time, (i)><means either emission time or
avaage of empty trap state time, and (flily is the current fluctuation between two
levels. Fig.1.2 shows RTN is observable when trap of energy leved & few kT
differences to the Fermi_levelgEwhere k' is the Boltzmann's constant, T is
equiibrium temperature. The trap of energy level can be extracted from RTN

according to the following equation [3]:

<T,
<T

e

—9 exp————- T = )0 eXpL Eq.1.1

where g is degeneracy factatT.> and <1.> are average of capture and emission
times, k is the Boltzmann’s constant and T is temperature. If we can obtain the time
constant ratic<t.>/<t¢>, the trap of energy £can be extractedrig.1.3 shows a
typical single level RTN and obtains the time constant Kitj&/<t>. Fig.1.4 shows
example of multi-level RTN. However, the RTN amplitudes are different from the
same device caused by percolation effect. The percolation effect will be introduced in

the chapter 3.



There are five chapters in this thesis. Chapter 1 is a brief introduction to RTN
andits most important three parameterg> <te> andAlg. In Chapter 2, we will
extract trap position both in lateral direction (source to drain) and vertical direction
(channel surface to gate electrode). In Chapter 3, demonstrate the measurement
process flow chart and its result discussions. The extraction of trap energy at zero
electric field condition & will be characterized in Chapter 4. Finally, we make

condusions in the last chapter.
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Fig.1.1 lllustration of a channel electron capture and emission by an interface trap in
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emission and capture at an interface trap.
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Chapter 2
Trap Position Extraction

2.1 Introduction

From Chapter 1, we obtained the relationship between the time constant ratio
<1.>/<te> and trap energy+E In this chapter, we will derive trap position equations
in both lateral direction (source to drain) and vertical direction (channel surface to
gate electrode). In order to investigate the reference point of HK/IL interface, a 1D

Poisson simulation is used to evaluate @ln)/dV¢ in the end of this chatper.

2.2 RTN Trap Lateral-Position Extraction

From the above discussions, we know the time constant <atky<ts> has
relationship to E-Er according to Eqg.2.1. Therefore we can manipulate
different of bias conditions to reach the same time constant ratio.

Fig.2.1 illustrates the trap lateral ‘position extraction. Since MOSFETSs operate in
linear region, the voltage inside channel is proportion to length direction. Thus we can
extract the trap position in lateral directiops¥according to the following equation:

AV,

YTszﬁzxLDs Eq.2.1
where Lps is the distance from source to dra\/+s is the voltage difference under
same time constant ratio amiVps is drain bias difference. All we have to do is to

extract the A/1s from measurement data analysis, and thgn&’extracted.



2.3 RTN Trap Vertical Position Extraction
Fig.2.2 illustrates the band diagram where a trap with trap energy BiO,
layer. From the Eg.1.1, assume degeneracy factor g=1 [4][5], we get:

(e B (B E)- 0y

In(-) =-_—
G aw, #OZT (Vy Vi W, - W) Bq. 22

902

whee Ecso, is the conduction band edge of Si@y is trap energy level, Eis the
condudion band edge of silicon,s&s Fermi level, @y is the difference between the
electron affinities of Si and SiQ Ws is the surface potential band bending,iXthe
vertical position from channel surfacesgid; is the thickness of SiQ Vg is gate to
souce voltage, ¥z is the flat band- voltagey; is.the poly gate band-bending, q is
elementary electronic charge. The right hand side in brackets is the difference
between trap energy level-and Fermi level E By differentiating Eq.2.2 with ¥,
Eq.2.2 beomes the following equation:

din(z/z.) _ q v, , dw

s T s
av, fT|av, T, VIV Eq.2.3

Finally, the trap in vertical position from channel is obtained by the following

equdion:
. krdin(z C/r :
Xr ‘TsoZ[F av, ]/( Eqg. 2.4

But our device is shown high-and metal gate stack MOSFETSs. Thus the equation he
poly gate energy variation rate is zero and EOT substitute ta Si@ally, Eq.2.4

becomes:



€ KT din(z,/7,) , dW dw
X =T +&T' o~ c/ ‘el 4 s s —1
! ( I h'gh'K][ q dv, dv ]/ ( dv, ) Eq.2.5

In addition, similar procedure can be made as the charge exchanges with gate. A
positive slope is observed in gate-exchanging case. All condition is listed in
Table.1.[6]

In order to investigate the reference point of HK/IL interface, a 1D Poisson
simulation is used to evaluate digif.)/dVs in both negative and positive slope
case.[6] Fig.2.3 shows the reference value in both negative and positive conditions.
For our device, the negative reference point value is about*2a¥is about 12V.

If the experimental value din(te)/dVe, for example, is over -27V, the trap is

located in HfQ layer, otherwise, is located in Si@yer.
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Table.l is a trap vertical position extraction in different gate dielectric layers.

A trap in Oxide interact with channel

X, =| T+ oy Toe KT din(z./7,) _ d¥, (quS _1)
q dvg dVg dVg

high-

A trap in High- K interact with channel

4 E.
XT = Thi h-x + ghlgh_K Tox kl d In(TC/Te) * quS (dLPS _1) +| 1- o Tox
g £ q dv, dv, dV, £

0oX 0oxX

A Trap in Oxide interact with gate electrode

X, = 1_kdeIn(rc/re) 1_dL|JS Tox+iThigh-K
q dVg dVv, £

high-«

A trap in High- K interact with gate electrode

Eriohn T,
XT = 1_kl d In(z—c/re) 1+ high-« " ox 1- dq}s Thi . +Tox
q dVG goxThigh—K dVG ’
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Chapter 3

Measurement Data Analysis and Discussions

3.1 Introduction

Firstly, we extract the parameters from measurement data. Then we can obtain
trap position both in lateral direction and vertical direction. Secondly, we make result

discussions. Finally, we introduce percolation effect.

3.2 Measurement Setup and Analysis Method

We use Agilent 4155C to measure the highrd metal gate stack CMOS
devices with gate length of-30 nm,-width of 0.03~Quiband two different EOT 7.8,
12.89A under an appropriate sampling rate as shown in Fig.3.1.

Fig.3.2 is the flow chart of our<analysis process. Fig.3.3 shows a two level RTN
pattern with varies gate voltage, 1git.) becomes smaller as gate voltage increases,
tha is, a negative slope can be observed. We measured nMOS with.4V,
Vp=0.1V and \&se25mV. As i increase, the capture timac decreases and
emission time <g> increases. In other words, the time constant ratie/<t>
bemme smaller when ¥increases. We can obtain the slope valuegdi)/dVe, is
about-13.426V". Since the slope value was smaller than the reference valué,-27V
the vertical trap position can be calculated by Eq.2.5 is 5.79A in the ISi@r and
lateral trap position can be calculated by Eq.2.1 is about 0.4428m source. The
othe one is shown in Fig.3.4. On the contrary, Ag Mcrease, the capture time
congant <> increases and emission time constaigt decreases. Therefore the time

condant ratio €.>/<1> become larger whengdincreases. Similarly, the slope value,

14



din(tJ/1e)/dVe, is about 3.2161V. It's smaller than reference value 12VThe trap
postions in vertical and lateral direction are 19.8A in the Hi&Yer and 0.14624s

from source. Finally, we measured 124 nMOS RTN samples and the trap
distribution along vertical and lateral direction is shown in Fig.3.5. Most of RTN trap
position in vertical direction locates in HfQayer. And RTN trap position has a

uniform distribution.

3.3 Percolation Effect

While device technology node scaling down, the number fluctuation can't
explain that RTN amplitudes are different. Therefore, the atomistic random dopant
induced percolation effect is. ‘proposed. RTN @amplitudes in current generation are
dominated by percolation. effect. Fig.3.6-is-the illustration channel surface potential
and current pattern at channel surface.[7] The current will percolates through valleys
from source to drain. When interface trap trapping a channel carrier, it will generate
local potential barrier to disturb the current percolation path. Fig.3.7 shows the current
fluctuation result from an interface trap charge at varies positions. If the interface trap
charge position locates on the critical current path, then RTN amplitlislas
relatively large. On the contrary, interface trap charge position locates on the minor
percolation path will induce small current fluctuatioly A

Moreover, RTN amplitudes obey exponential distribution and have the following

equation [1] [8]:

1 Al
F(Al,) = —exp-0
(Aly) UeXp( o ) Eq.3.1

15



where ¢ is distribution standard variation and is a functiordoping concentration,

cell length, width and oxide thicknedategrating Eq.3.1, we obtain:
Al
f(Aly) =exp—) Eq. 3.2
o

We measured devices with same cell length and controlled different cell width.
Fig.3.8 is the RTN amplitude distribution. The distribution standard variatiois,
increase while cell width is decrease. In other words, cell width is decrease, the

interface trap position has higher probability locates on the main percolation path.

16
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Fig.3.1lllustration of measurement setup and we use Agilent 4155 to methe

high« and metal gate stack CMOS devi
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Focus on a RTN and sweep a range of
Vs with small V5, and Vj, bias

\ 4

Analyze RTN and obtain itst /Tt ratio in different V 4

\ 4

Plot In(t /t.) versus \j; with V 5, and obtain its slope
—vertical position

¥

Plot In(t /t,) versus \ with V 5, and obtain itSAV
—lateral position

Fig.3.2First, focus on a RTN and'sweep a wide range ®fWith two drain bias W

and Vp,. Second, obtain the time constant ratig>#<t> in different \i with Vp;.

Third, plot IngJ/te) versus & with Vp;, obtain its slope and compare with our
reference points which indicates the trap locates in either HK or IL. Therefore, we can
extract the trap vertical position from Table.1. Finally, repeat the steps before with

Vp2. Then obtaim\V+s and the trap lateral position can be extracted by Eq.2.1.
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Fig.3.3Atwo level RTN pattern with varies gate voltagebecomes smaller as gate

voltage % increases.A Vs is the voltage difference at same time constant ratio.
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Fig.3.4A two level RTN pattern with varies gate voltage. Capture time constant t

becomes larger as gate voltage Wcreases.
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distribution.
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Chapter 4
Analysis of Trap Energy

4.1 Introduction

In this chapter, we demonstrate the extraction of trap energy at zero electric field
condition Ero. First of all, we explain that dingte)/dVs has different dependences as
Vgincreases. Second, we derive the trap energy at zero electric field congltion E
othe words, extraction of trap energy at flat band condition. Finally, result

discussions.

4.2 Cause of ¢ Dependent Difference

From chapter 3, we know that digite)/dVe has-different ¥ dependences. To
simplify the explanations, we define-two types of trap as shown in Fig.4.1. We regard
negative and positive 3/dependences as Type A trap and Type B trap. Fig.4.2 shows
theband diagram on differentaonditions. From the Fig.4.2, Type A trap exchanges

cariers with channel. Type B trap exchanges carriers with gate electrode.

4.3 RTN Trap Energy in Flat Band Extraction

Fig.4.3 illustrates nMOS band diagram with a Type A trap in IL layer at different
V¢ biases Vg and V0[9] Where X is trap vertical position from channek E trap
enagy, Ero is Er at zero electric field, &s bottom of conduction band, 5 bottom

of valance band, Eis Fermi level of channels is surface potential band-bending,
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¢ sioz IS dielectric constant of IL layerg wioz is dielectric constant of higk-layer,

Tsioz is IL layer thicknessTwio2 is highk layer thickness.Y is defined as the value

of dIn(tJ/te)/dVe is zero. It means that the condition where the trap energy aligns with
Fermi level. To simplify the equations,s\b, and M0, are voltage crossed on IL and

high-k layer respectively and have following equations:

T /5-

Vi =(V.,—V _l'Ps X T

SiO, ( Go "FB ) TSioz/£Si<32 +THfOZ/£Hf02 Eq.4.1
THfOZ/ ngOz B

Vo, = (Voo =V — ¥
e ( e FB S) " TSiOZ/gSiOZ +THfOZ /‘E‘HfO2

Thusthe trap energy at zero electric fielghEEan be extracted according to Eq.1.1 and

equdion becomes:

e SiQ,

T 1 X
In[l’_j ZH[ETO —E _qT_TVSioz _qwsj Eq.4.2

where Kk is the Boltzmann’s constant and T is temperature. Wheis ¥qual to o,

theEqQ.4.2 becomes:

T.. )
Ero—E- = qﬁ(veo ~Vig — qu) X 2 /ESIOZ

+q¥
TSio2 TSio2 / 3 Sio, + THfo2 / 3 HfO,

< Eq.4.3
Finally, the extraction of trap energy at zero electric field in other conditions listed in
Table.2.

Moreover, traps in the triangular area in thg &ver X plane can be extracted
by RTN measurement as shown in Fig.4.4.[10] The equipotential line sweeps within
this window by varying the applied gate voltage. Fig.4.5 shows the trap energy

distribution in common case and our case. The former is measured in strong inversion
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condition and surface potential variation rate is zero. But the latter was our
measurement condition. Most of Type A trap locates within kidayer. And Type B
trap located within highe metal gate interface surface.

It is found that Type B trap is observable when dielectric EOT scaling down as
shown in Fig.4.6. Fig.4.7 demonstrates trap energy distribution in two different EOT
devices. Type B trap concentrates in a defect band [10]. Thus the traps can be
characterized by RTN measurement. It is found that Type B trap is observable due to
|Veg| decreases. pd| decreases as device dielectric EOT is decrease.[11][12] When
the defect band overlaps the triangle window, the trap can be characterized by RTN
measurement. Average of nMOS RTN amplitudes in different types trap as shown in
Fig.4.8. The amplitude of Type. B trap will induce reliability problem in modern

device.

27



Type A trap Type B trap

05 F 06 |
S0l o
E EOA -
£ £

15 b on L

y = -|13.426X+|6.5565 ' y:3;2161x-0|.239P
0.63 0.66 0.69 0.10 0.15 0.20 0.25
Vg (Volt) Vg (Volt)

Fig.4.1 Definitions of two different types trap. We regard negative and posigve V

dependence as Type A trap and Type B trap.
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Fig.4.3 lllustrates band diagram about extraction of trap energy at zero electric field
condition Eo. The gate voltage varies from flat band voltagg; Yo Veo. When

Vs=Vao, the trap energy-aligns to Fermi level £
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Table.2 is trap energy at zero electric fielgh i different condition.

Trap in Oxide interact with channel

X T. /&
E.,-E. =q—I (VgO -V, - LPS) % sioz/ €sioz +qW

S
TSiOZ TSiOZ/gSiOZ + T HfOZ/g HfO2
Trap in High-k interact with channel
Tsioo/ €si
(Vgo _VFB _qu) soz/ Sio2 +
_ TSiOZ/ 2 Si02+THf02/ € hioz

ETO_EF_q T /8 X. -T +qu5
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Vh Vg -highest/lowest Equipotential line

Vs at RTN measurement JRe 1 at Ve =Veu
4 < g

\é, | Equipotential line
IETO « =27 [|atVe=Va

X+ E.
Window

EG (Type A traps)
Window - \
(Type B traps)

Metal HfO, Sio, Si

Fig.4.4 Window on Iy over X plane where the trap locates within the window can

be characterized.
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General case
(Strong inversion)
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Fig.4.5 Shows the traps energy distribution in common case and our case. For our
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Our case
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devices, we consider surface potential variation rate.
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Type of Ty.pe A Ty.pe B
AL 1 i g
EOT=7.8A 28 10

EOT=12.89A 37 0

Fig.4.6 Shows the number of traps in different EOT devices. Type B traps is

observable when EOT scaling down to 7.8A
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EOT=7.8A case EOT=12.89A case
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Fig.4.7 Type B trap is observable due teg]\decreases. Therefore the defect band

overlap the triangle window, Type B trap can be characterized.
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Type of (t Ty_ptte . t|(t Ty_pcte ; t
rap interact | (trap interac
RTN traps with channel)| with gate)
Average of K 0
RTN amplitude 558 2.064%

Fig.4.8 The average of RTN amplitude of Type B trap is nearly equal to that of Type

A. Type B trap will induce reliability problems in modern devices.
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Chapter 5

Conclusion

A method demonstrated in this thesis to extract trap of position along vertical
direction (channel surface to gate electrode) and lateral direction (source to drain).
This method can help us to extract the trap profile to device. Moreover, RTN
amplitude is dominant by percolation effect. When device EOT becomes thinner, the
Type B trap is observable due torgy decreases. Type B trap will induce severe

reliability problem in the modern device.
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