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HKMG MOSFET Random Telegraph Signals (RTS):

Experiment, Modeling, and TCAD Simulation

Student: Yu-Hsiang Lin Advisor: Prof. Ming-Jer Chen
Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University

Abstract

Due to the request for smaller, faster, and more efficient
metal-oxide-semiconductor-  field-effect ~ transistors ~ (MOSFETS),
down-scaling has become a current trend of device development. As the
dimensions of device are scaled, random telegraph signals (RTS) play an
important role in the development of scaling technologies. Hence,
researching the electronic property in the presence of RTS in nano-scale
devices is becoming a challenging issue. These signals are generally
considered as carrier trapping-detrapping from a defect situated in the
silicon oxide. When a carrier is trapped, the trapped carrier will produce
an additional screened Coulomb potential in the silicon oxide affecting
the carriers in channel, and it makes the drain/source current fluctuate
between two discrete levels as a trapping-detrapping process. In the
experiment, it is not easy to observe the relation between drain/source
current variation and the parameters which may impact RTS phenomenon.
The one reason is that we cannot modify the characteristic of real devices
as we want, and the other reason is that it is difficult to find RTS events

across the whole wafer. However, we can solve these problems by using
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TCAD simulation. In TCAD simulation, we can control the device
characteristics by setting any parameters such as gate length, gate width,
and doping concentrate, and insert a trap into silicon oxide to make sure

the occurrence of RTS events in structure.

Building a new physical model of RTS is the major purpose in this
thesis. Before building it, we have to characterize the practical device to
get experimental data, and analyze its identity by simulating RTS
phenomenon by TCAD. First, we built a MOSFET structure with
different device sizes, different trap sizes, and different trap positions. By
comparing the variation of drain/source current with different parameters,
the trend of drain /. source current variation changing with each of
parameters can be obtained: (1) The rate of drain current change is larger
when device size is smaller; (2) There is a peak in the curve for the rate of
drain.current change, and when device size is scaled, the peak will
become sharper and sharper; (3) When the devices with the same width,
the curve slopes for the drain current change rate in the subthreshold
region are also the same; (4) Drain/source current of trap at gate center of
device is smaller than trap at gate edge; and (5) Drain/source current of

trap near the source is smaller than trap near the drain.

Second, after getting and analyzing the result, we assumed that in

the same gate bias, the rate of drain current change would only relate to

gate width (%=%) instead of both gate width and gate length

(A|—Idd = ﬁ) when it is in subthreshold region. Then, we verified the trap

size in the TCAD simulation while determining the trap size in the model
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derivation; and vice versa. Based on the simulated result, we combined

the two models into a new one using Boltzmann function so that there are

- - Aly L. :
two distinct characteristics, T,d:W in subthreshold region and

Al Z . . i .- .
T = ﬁ In strong inversion region. Then, it is a straight focused task to

Iy
enable the application of the new model in the reproduction of

experimental data.
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Chapter 1

Introduction

1.1 Overview

As the dimensions of _metal-oxide-semiconductor field-effect
transistors (MOSFETs) were scaled in the last few years, random
telegraph signals (RTS) had played an important role in the development
of down-scaling technologies [1]-[6]. These signals are generally
considered as carrier trapping-detrapping from a defect situated in the
silicon_oxide [1]-[6]. When a carrier-is trapped, trapped carrier will
produce an additional Coulomb energy in the silicon oxide affecting the
carriers in channel, and it makes the drain/source current fluctuate
between two discrete levels as a trapping-detrapping process. In the
experiment, it is not easy to observe the relation between drain/source
current variation and the parameters which may affect RTS phenomenon.
The one reason is that we cannot modify the characteristic of real devices
as we want, and the other reason is that it is difficult to find RTS events
across the whole wafer. However, we can solve these problems by using
TCAD simulator. In TCAD simulation, we can control the device
characteristics by setting any parameters such as gate length, gate width,
and doping concentrate, and insert a trap into silicon oxide to make sure
the occurrence of RTS events in structure. If there are more traps in
silicon oxide, several RTS events may occur, and the superposition of

RTS in frequency domain is that of low frequency noise [3], [7]-[9].
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Plural RTS events may make the drain/source current fluctuate between
not only two but three, four, or more discrete levels. In this work, we

focused on the two-level RTS originating from a single trap.

1.2 Arrangement of this Thesis

Different models trying to explain RTS amplitude have been
proposed [3], [10]-[11], although the physical grounds of RTS
phenomenon are not fully understood yet. Hence, building a new physical
model of RTS is the-major purpose of this thesis. Before building the
model, we have to simulate RTS phenomenon of device by TCAD to
observe its characteristics. The organization of this thesis is described

below.

First, a brief introduction-to the RTS was described in Chapter 1.
There are two parts in Chapter 2: in Section 2.1, we showed our high-k
metal gate device in terms of key parameters and RTS experimental data
in this work; in Section 2.2, we built a MOSFET structure by TCAD
simulation with certain parameters, and discussed RTS effect by changing
the parameters. The parameters ‘involved can be divided into three
primary parts: gate size, trap size, and trap position. By comparing the
variation of drain/source current with different parameters, the trend of
drain/source current variation changing with each parameter could be
obtained and it is shown in Chapter 3. The effect of gate size and trap size
Is introduced in Section 3.1, and the effect of trap position is introduced

in Section 3.2.



Second, in Chapter 4, we started trying to build a model for RTS
data fitting. After getting and analyzing the result, we assumed that in the

same gate bias, the measured relative magnitude 474/l would only relate

to gate width (%=%) instead of both gate width and gate length

(A|—Idd Zﬁ) when it is in subthreshold region, and we proved it by two

different methods in Section 4.1. In Section 4.2, based on the simulated
result, we combined the two models to constitute a new one via
Boltzmann function so that there are two distinct characteristics in a new

_ Al L | ; Al .
model in terms of ==, in subthreshold region and = in

strong inversion region. In Section 4.3, we made use of the new model to
our experimental data to confirm the validity and applicability of the

model. Finally, we summarized the conclusion of this work in Chapter 5.



Chapter 2

Device under Test

2.1 Experimental Device

The device under study was an n-channel MOSFET with a high-k

metal gate stack. The key parameters were obtained by
capacitance-voltage fitting: metal work function @, of 4.4V, effective

oxide thickness EOT of -1.1nm, and body doping concentration Ny, of
4x10"cm?®. A semiconductor parameter analyzer HP4156 was utilized
with the source and bulk tied to the ground and the drain connected to a
bias Vy of 50mV. The measurement temperature was 300K. The
probability of finding RTS events across the whole wafer was very low.
Only a few devices were eventually identified with two-level RTS, as
displayed in Fig. 1. The same RTS events in the drain current also
simultaneously occurred in the source current. No noticeable change in
the gate current has detected, meaning that the trap responsible for the
RTS is an atomic-sized trap relative to the 1.1nm gate oxide used. This
trap should be naturally created during the manufacturing process instead

of the electrical stressing in the long-term RTS measurement.

To get A414/14, we analyzed the RTS experimental data in terms of the
frequence count. Frequence count is an analysis method which divides
RTS data into few intervals and counts how many data points are there in

each interval. After that, we fitted the data points by a normal distribution,
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and we would get two fitting peaks which are two normal distribution
curves. By calculating the expectation value of the two curves, high and
low level of the RTS data could be obtained, and 41, could be derived by
subtracting low level from high level. Fig. 2 shows |4 - V curve and 414/14

curve, respectively.

2.2 Simulation Device

The structure built by TCAD, as displayed in Fig. 3, was an
n-channel MOSFET withthe following key parameters: body doping
concentration Ny, of 2x10'®%cm, drain/source doping concentration Ng
of 1x10%%m™, n* polysilicon doping concentration Ny of 1x10%cm,

and gate oxide thickness t,, of 2nm.

To simulate the effect caused by a trap, we built an isolated
polysilicon rectangular window in the center of gate poly and gave it
another bias Vi, differing from gate bias V. In contrast with setting a
fixed charge into gate oxide, building an isolated polysilicon block into
gate poly is easier to control and observe the effect range caused by trap.
In this work, we set Vg, = -1V, V4 =0.05V, and set V, scanning from 0V to
1.2V with the interval of 0.1V.

In this work, we utilized TCAD to build the MOSFETSs structure
with a trap, and simulated RTS events in the structure to observe the
effect of RTS. We discussed RTS effect in some aspects: (1) Changing

gate width of devices to simulate Iy - Vy curves affected by RTS for



different gate widths; (2) Changing gate length of devices to simulate 14 -
V, curves affected by RTS for different gate lengths; (3) Changing trap
size (L) to simulate different apparent Debye lengths; and (4) Changing

trap position to simulate the effect of varying trap position.

Because we could not simulate dynamic trapping-detrapping process
in TCAD, structures with a trap and without trap were built in each size
to simulate static trapping and detrapping conditions respectively.

Therefore, A1/l could be obtained by

Aty VG inout rap) — ! d wi wap)

(2-1)

Id Id(wilhout trap)

Fig. 4 displays g - Vg curves among the devices of different sizes. Fig. 5,
Fig. 6, and Fig. 7 reveal comparisons of 4i4/ly curves among the devices

of different sizes. The data will be deeply analyzed in Chapter 3.



Chapter 3

Factors of RTS

As mentioned in Section 2.2, we built an isolated polysilicon
rectangular window in the gate poly to simulate trap. Here, L; is defined
as the width and length of the rectangular window. L, is set to simulate
apparent Debye length that is the distance over which carriers screen out
electric fields [12]. Generally, the relative amplitude 4.4/l4 is considered
as a ratio of the trap-induced-cored-out area L to the gate area so that
Al/lq of RTS can be expressed by a screened Debye length model [11].

Therefore, 474/l4as a critical factor of RTS will be focused in this thesis.

3.1 Device Gate Size and Trap Size versus RTS

To observe I - Vg and 4/y/lq4 curves affected by RTS for different
gate widths and lengths, we changed device size in TCAD simulation. In
this work, we simulated different devices with gate width W = 500, 100,
and 60nm; gate length L =500, 100, and 60nm,; trap size L, = 10, 5, and
2nm. Fig. 5, Fig. 6, and Fig. 7 all show the 4/4/l; curves in devices with

different gate sizes and different trap sizes.

From the diagrams three different observations can be drawn. First,
Alyll4 1s larger when device length is shorter. For physical description, it
means RTS events are more obvious in short channel devices. Second,
there is a peak in 414/l4 curve, and when device length is scaled, the peak

will become sharper and sharper. The peak lies at about threshold voltage
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which is the boundary between subthreshold and inversion region. Thus,
Al/14 decreases due to the extreme increase of l4. Third, for the device
with the same width, the slope of 417,/14 curves in the subthreshold region
Is also the same. It may act as evidence that 417/l4 is only related with

device width in the subthreshold region.

3.2 Trap Position versus RTS

In Section 3.1, as the general case, trap is set in the center of gate
polysilicon, but in the practical experiment, the trap may not locate right
in the center of gate. Consequently, in this section we would change trap
position for practical cases. To simplify the expression of trap position,
we built a coordinate system on the gate: (1) Gate width direction is set to
x-axis; (2) Gate length direction is set to y-axis where drain side is taken
as positive side and source side is taken as negative side; and (3) The
center of gate is set to the origin (0,0). After setting the coordinate system
on the gate poly, we normalized it to that x-axis in the interval [1,-1] and
y-axis in the interval [1,-1] as well. The pictures with traps at different
positions are shown in Fig. 8, and the 47414 curves of different trap

positions are shown in Fig. 9 and Fig. 10.

From Fig. 9, we can observe that trap at (0,0) is larger, and trap at
(0,1) and (0,-1) is smaller. Besides, though the curves of (0,1) and (0,-1)
are about the same, the value of (0,-1) is larger than (0,1). From Fig. 9
and Fig. 10, 414/l1y change with different trap positions in the width

direction. However, 414/14 for trap at gate center changes much more than
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Al for trap at gate edge. Such result can be observed not only for
different positions in the width directions, but also different positions in
the length direction. It may prove that the influenced range of trap is large
enough, so when trap position is at gate edge, the range of effect becomes

smaller.

I4 of trap near source is smaller than trap near drain. From the 414/14
diagram, we can observe that the largest change between 474/l curves is
at about Vy = 0.3V. Therefore, electron density distribution along length
direction (shown in Fig. 11) was extracted to compare the difference
between gate edge of drain side and source side. We can observe that
electron density is larger at source side, so trap has a larger effect when it

IS at source side.



Chapter 4

Al4/lg Modeling

From the TCAD simulated A74/14 curves, we can observe that the
trend of 41y/l4 curves with Vg increasing is not continuously decreasing
but increasing in subthreshold region and decreasing afterward. Based on

the result, we assumed that there is another fitting model differing from

A,—'d“ = ﬁ in subthreshold region. In subthreshold region, the energy band

will be extremely sharp-under the trap, and it may cause AZy/l, involving

with only the width factor instead of both width and length. Thus, we will

2

L, : : .
= ﬁ simultaneously to fit 44,/14 curve in the

Alg Al
apply 7 = w and -

following paragraphs.

4.1 Correction for 41 /14 Fitting

Al, L,
Fig. 12 shows the Aly/l4 curve. From the model 5 ~=7 and

Al 2 . :
TS ﬁ L, =A|—:"><W and L, = A,—'d"xWL was obtained, respectively.

Therefore, we can observe the validity of L; while verifying the models.
Aly L,
Fig. 13 shows the L. curves which are obtained from ===, (red

line) and 7= (black line). Trap width defined by TCAD (10nm)
and channel width (50nm) are also displayed in diagram as minimum and

maximum value of L. From the diagram, we can observe that L; obtained

10



L
by |—d" = is small than 10nm at high V,, which is invalid. It means

Al L, ) i i
that |—d" = cannot be applied to strong inversion case.

i . Al 2
Besides, we can observe that L. curve obtained by szﬁ

approaches L; = 10nm line at high V,, because V increasing makes screen

. Al 2 .
effect increase. It means that I_::V% should be applied to strong

inversion case.

Fig. 14(a) shows electron density at Vg = -1V, electron density
without trap, as well as-4electron density curves. For example, to define
L, we assumed that the length with Aelectron density/electron
densitywithout trapy = 49% IS L. Fig. 14(b) shows Adelectron density/electron
densitywitmout trap) at different V. From the intersection of delectron
density/electron densitywitout rap) and 45% line, we can observe that L;
change with V. Besides, it is noticeable that L becomes larger from V, =

0.1V to Vg4 = 0.3V, and then becomes smaller after V, = 0.3V.

To fit Al/lg, we found different Aelectron density/electron

densitywitmout trap) 0. account for Ly When Zelectron density/electron

density without trap) 1S 45%, % curve matches 41,/14 in subthreshold region,
and Wi curve matches A14/l4 in strong inversion region (shown in Fig.

15). The two matching curves in combination with A7/l curve is shown

in Fig. 16.
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By getting L, from model L =3 “xW and L = A,—'ddeL _we can

hat 1% = is applicabl but - =1+ i
see that I WL is appiicanie in strong inversion, but I, W IS not.

. . i Al 2
By getting L; from simulated electron density, we see that |—dd = ﬁ can

Aly L. .
be applied to strong inversion case, while T:W is applied to

subthreshold case. Therefore, we can confirm that in subthreshold case,

Aly _ L 8
we should use - =y instead of === .

4.2 New Physical Model for 414/14 Fitting

To obtain the formula of 4174/l fitting curve, a function

y 1+e(x xo)/dx + AZ (4_1)

L,

y Al . Al :
was used to combine T =gy with 5= g

=wr - This formula connects

two different levels (A; and A;) by a curve with a specific slope

(y'= (A, — A)/4dx) and the midpoint (xo).

Parameters X, and dx of 4l;/l4 curve can be obtained by a fitting

technique. And then, let % be A; and ﬁ be A, we got the formula

2
Lt Lf 2
Aly W TWC Ly

Vool @V T WL (4-2)

ly l+e
and the fitting curve is shown in Fig. 17.

In data fitting case, parameter Vg and dV cannot be obtained

12



because A1,/l4 data are usually limited. In formula (4-1), there are two
extreme cases: (1) If x — 0, e*™)/*® << 1,y = A;; and (2) If X — oo,

e(x—xo)/dx >>1 , y — A2-

Therefore, based on these two cases, we modify the formula to be

2
Aly — %_ﬁ L_t2
I, 14N WL (4-3)

Nso

where N is inversion carrier density, and Ns IS defined as a certain

inversion carrier density at Vy = Vy. The formula has the identical

N Al, L,
extreme cases: (1) If Vg — 0, Ns << Ng, §, <<1, and T, = wand(2)

N, B L
If Vg — 00, Ns >> Ny, - >>1,and 5= = i

Nso IS defined as the inversion carrier density at V, = Vi because

threshold voltage Vy, is the boundary between subthreshold and strong

: . . ; N, .
inversion region, and it can make = >>1 when operated in strong

inversion and - <<'1 in subthreshold. The fitting curve is shown in

Fig. 18.

4.3 Data Fitting

With the abovementioned experiment data, Vi, can be obtained from
lg - Vg curve by gmmax Method, and Ny also can be determined from N,
curve obtained by capacitance-voltage fitting. Therefore formula (4-3)

can be applied to this case to extract L;, and to make a comparison with

13



Al

Al 2
ly I

L, e
=w and —d" = ﬁ the two curves and new model fitting line are

- . | 2
shown in Fig. 19. From the diagram we can observe that A,—d" =ﬁ IS

near the new model fitting line at high Vg, and it is not obvious that

Al, L

i, —w Is near the new model fitting line at low V, because the

experiment 414/14 curve in the interval between V= 0.46V to V, = 0.6V is

distant from subthreshold regic




Chapter 5

Conclusion

Al/ly fitting model has been established by analyzing both
experimental and simulation data. In this thesis, by finding the RTS
events in HKMG device, we built a structure by TCAD simulator to
simulate RTS events and discussed about the relationship between
various device parameters and RTS. In the over literal, the equation
-

T =wr was widely applied to the entire 41;/l4 curves for different gate

d

biases. We used TCAD. to simulate structures with RTS events and
extracted the practical range of trap L. from electron density distribution
while fitting 41,/14 data. Besides, we have proved that RTS is 1D effect in
subthreshold region and 2D effect in strong inversion region. Finally, a
new A1y/l4 fitting formula was acquired by the two boundary conditions in

this study.
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Fig. 1 Time records of the drain, source, and gate currents for W/L =

100/26nm device at V; = 0.56V, and V4 = 0.05V.
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Fig. 2 The experimental data of Iy and AZy/ly versus V, for W/L =
100/26nm device.
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Trap Gate

Source
Drain

Fig. 3 The structure built in TCAD under study with N, = 2x10'%cm™,

Ngs = 1x10%°%cm™, Nyoyy = 1x10%%cm™®, and to, = 2nm.
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Fig. 4 (a) The simulated drain currents (l4) versus gate voltage (V) of

different sizes in linear scale. (b) The simulated drain currents

L=2nm @ V_,=-1V, V,=0.05V
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versus gate voltage of different sizes in log scale.
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Fig. 5 The diagrams showing A4174/l4 curves in devices with different

sizes. (@) L = 500nm, and L; = 10nm. (b) L = 500nm, and L; =

5nm. (c) L =500nm, and L; = 2nm.
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Fig. 6 The diagrams showing A74/l4 curves in devices with different

sizes. (a) L = 100nm, and L; = 10nm. (b) L = 100nm, and L; =

5nm. (c) L =100nm, and L; = 2nm.
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Fig. 7 The diagrams showing A4174/l4 curves in devices with different

sizes. (a) L = 60nm, and L; = 10nm. (b) L = 60nm, and L = 5nm.

(c) L=60nm, and L; = 2nm.

24




Fig. 8 The trap position presented in normalized form. (a) (0,0); (b)

(0,1); (c) (0,-1); (d) (0,0.5); () (0,-0.5); (f) (-1,0); and ()
(-0.5,0).
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Fig. 9 A l4/ly curves in device with different trap positions in x-axis

direction (width direction).
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Fig. 10 The diagrams showing A 14/l4 curves in device with different

trap positions in y-axis direction (length direction). (a) Trap at

the center; (b) Trap at gate edge of drain side; and (c) Trap at

gate edge of source side.
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Fig. 11 Electron density distribution along length direction. The region
of gate length is in the interval at Y = 200nm to Y = 250nm.

28



W/L=80/50nm
'\_ @ V92=-1 V,V d=0.05V

[ |
-l-‘.'- o I-.

0
00 02 04 06 08 1.0 1.2
v (V)

Fig. 12 The simulated 414/14 curve in W/L = 80/50nm, L; = 10nm device.
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Fig. 13 L. obtained from == (red line) and 7~ =wr (black
line). Trap width defined by TCAD (10nm) and channel width
(50nm) are also displayed in diagram as minimum and

maximum value of L, respectively.
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Fig. 14 (a) Electron density with a trap (giving Vg, = -1V) and without
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density/electron density without trap) CUrVes at different V.
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Fig. 16 Fit of % and ﬁ to Al4/ly curve. % curve matches the

Al4ll4 at low Vg and ﬁ curve matches 414/l at high V.
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