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The influence of positive bias temperature instability (PBTI) on 1/ f noise performance is systematically investigated
on n-channel fin field-effect transistor (FInFET). The FinFET with long and short channel (L = 240 nm, 16 nm respectively)
is characterized under PBTI stress from 0 s to 10* s. The 1 /f noise features are analyzed by using the unified physical
model taking into account the contributions from the carrier number and channel mobility fluctuations. The Iy—Vg, I4—Vy,
I,V tests are conducted to support and verify the physical analysis in the PBTI process. It is found that the influence of
the channel mobility fluctuations may not be neglected. Due to the mobility degradation in a short-channel device, the noise
level of the short channel device also degrades. Trapping and trap generation regimes of PBTI occur in high-k layer and are
identified based on the results obtained for the gate leakage current and 1/f noise.

Keywords: PBTI, 1 / f noise, FinFET, mobility fluctuation

PACS: 85.40.Qx, 85.30.—z, 85.30.De, 85.35.—p

1. Introduction

Since the advent of the 22-nm complementary metal—
oxide—semiconductor (CMOS) process node, the fin field-
effect transistor (FinFET) structure has been introduced into
mass-market production and become a dominant device ar-
chitecture in 16/14 nm and down to 5-nm process node due
to their superior electrostatic control over the short-channel
effects!!] as described in the 2017 International Roadmap for
Devices and Systems (ITDS).?! To date, high-k and metal-
gate (HKMG) has been widely used in FinFET fabrication due
to its superior performance in terms of drive current and leak-
age current. |3 However, it has been also reported that the bulk
defect density of HfO, is approximately one order of mag-
nitude higher than that of SiO,.[*! Moreover, the reliability
issues related to the gate dielectric such as bias temperature
instability (BTI), trap-assisted tunneling (TAT) and low fre-
quency noise (LFN) have become increasingly serious with
the dimensions of the process node decreasing.>8!

As is well known, the gate oxide quality and reliability
strongly depend on the type of high-k material and the interfa-
cial oxide layer.!”! The measuring of low-frequency noise also
known as 1/f noise is usually used as a non-destructive tech-
nique for evaluating the quality of the oxide-semiconductor
interface and channel layers.!!!!1 Many studies reported in
the literature have pointed out that carrier number fluctua-
tion (An) and correlated mobility fluctuation (Au) are the
main physical mechanisms that give rise to the 1/f noise
phenomena.[!>~141 The current fluctuations in nano-scale tran-
sistors brings about the random telegraph noise (RTN) domi-
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nated by the single-type traps which also leads to the genera-
tion of a Lorentz-like 1/ f noise spectrum.!!”!

With the HfO, widely used as high-k gate dielectric layer,
the positive bias temperature instability (PBTI) becomes an
increasingly critical reliability issue, severely affecting device
performance and lifetime.!'%-18] It is well established that the
charging of the pre-existing traps (trapping-TP) and newly
generated traps in bulk oxide (trapping generation-TG) are the
intrinsic mechanisms of PBTL.[1°-21]

Most of previous studies focused either on the effects of
the 1/f noise or on the effects of PBTI, and few studies have
examined the relationships between 1/f noise and PBTL In
this work, the effect of PBTI on the 1/ f noise is studied in de-
tail, particularly the performances of FinFETs with different
channel lengths. The changes in sub-threshold swing (ASS),
drain current (Aly), and gate leakage current (Aly) in the PBTI
process are also fully characterized in order to determine the
physical origin of the 1/f noise induced by PBTI stress.

2. Device structure and measurement flow
2.1. Device structure

The n-FinFETs investigated in this work were fabricated
on the conventional FinFETs integration flow by using the re-
placement metal gate (RMG) process. To form ultra-thin fins
with relaxed pitch, the self-aligned double pattern method was
implemented. Fin shallow trench isolation (STI) and punch-
through stop doping were carried out. The width (73,) and
height (Hg,) of the fins were 15 nm and 42 nm, respectively.
The atomic layer deposition (ALD) process was utilized to
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form a sequential SiO,,/HfO,/TiN/TiAI/TiIN/W multilayer as
the gate and dielectric layer. The equivalent oxide thickness
(EOT) of the test devices was 1.47 nm. The effect channel
lengths of the two groups of test devices were L[} = 240 nm
and Ly =16 nm, respectively. Both groups have 3 test devices.
All of the FinFETs in the tested devices had 10 fins (Vg, = 10).
The effective device width was given by Ngy - (2Hgin + Tin ) and
was equal to approximately 990 nm. The FinFET structure
is illustrated in Fig. 1(a), while the transmission electron mi-
croscopy image (TEM) of the FinFET is shown in Fig. 1(b).

(a)

(Si)

substrate

Fig. 1. Schematic illustration and TEM image of the tested FinFETs, with IL
referring to interfacial layer (SiO;), and HL denoting high-k layer (HfO,).

2.2. Measurement flow

A series of experiments was performed to characterize the
changes in the various electrical parameters of the tested de-
vices. As shown in Fig. 2, the pre-set BTI program of Keysight
B1500A was used for PBTI test with the internal threshold
voltage (Vi) monitor. The total PBTI stress time was 10* s.
When the accumulated stress time reached 0, 10, 10%, 103,
and 10* s, the PBTI stress was suspended and a series of tests
was performed, including the 14—V, 13-Vy, I,—V; tests by us-
ing the Keysight BIS00A system and the 1/f noise tests by
using the Proplus 9812DX noise measurement system. The
1/ f noise characteristics were measured under the bias condi-
tion of Vg =0.1 Vand V; = Vi +0.1 V, with V, calculated by
the gm/Is method on the I4—V, data.[**!

—10s, 10%s, 10% s, 104 7
¥ Ix
I,—V,, I,—Va, I,—V, (B1500A)
1/ f noise test (9812DX)
! Ly

start T—=125 °C end
. N

Fig. 2. Flowchart of experimental tests of n-FinFETs, with ¢ representing
accumulated PBTI stress time.

3. Results and discussion

As shown in Fig. 3, the normalized 1/f noise of the
test devices shows a Lorentzian-like shape, implying that
the traps are not uniformly distributed in the gate dielectric

layer.[!2:23:241 What is more, the Lorentzian-like shape of the
noise is also affected by the variation of the device as shown
in Fig. 4. The three n-FinFETs with the same size under tests
show different noise patterns. To quantitatively characterize
the 1/f noise and eliminate measurement errors and device
variation as much as possible, the experimental data are fitted
by WLS /I3 = A- fB. The 10 Hz is commonly used as the
indicator of noise level.[11:13-25] Therefore, in this work, the
10 Hz value of the fitted lines (A - IOB) is taken as the value
of the noise power spectrum as shown in Fig. 4. The selected
data are compensated for by channel area (WLS;q/ Ig) to com-
pare the noise levels between long- and short-channel device
as shown in Fig. 5.
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Fig. 3. Normalized 1/f noise power spectrum of the n-FinFETs during
PBTI stress for L = 240 nm (a) and 16 nm (b), where experimental data are
fitted by WLS;q/IZ = A- fB and fitted data at 10 Hz are taken as noise power
spectrum value.
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Fig. 4. Normalized 1/f noise of three n-FinFETs under tests compen-
sated for by channel area when accumulated PBTI stress time reaches 10 s
(L =240 nm). It can be seen that their individual differences are obvious.
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Figure 5 shows the normalized 1/f noise compensated
for by the channel area (WLSjq /Ig) during PBTI stress. It is
observed that the compensated normalized noise spectrum of
the test devices first decreases and then increases during the
PBTI stress, indicating that two competing physical processes
contribute to the PBTI effect. The noise power of the short-
channel device is always lower than that of the long-channel
device.
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Fig. 5. Normalized 1/ f noise of the n-FinFETs compensated for by channel
area during PBTI stress, showing that noise spectrum first deceases and then
increases during PBTI stress.

However, the short-channel device should have higher
noise level because the poor reliability region at the edge of
the channel exerts a greater effect on the 1/f noise charac-
teristic in short-channel device than in long-channel device as
shown in Fig. 6. However, this expectation is not matched by
the obtained experimental data.

~——sidewall: SizNy

poor reliability

‘ HL

O —
gate length

. fin
underlap region

Fig. 6. Illustration of poor reliability region at channel edge. The influence
of these regions become weaker with gate length increasing.

To understand the origin of this phenomenon, the unified

model proposed by Hung et al.!!4]

is used to calculate the trap
density in the tested devices during PBTI stress. This model
is referred to as the Hung model hereinafter and expressed as

follows:

5o fr
where kT is the thermal energy, Y is the attenuation coeffi-
cient (108 cm™!), W is the channel width, L is the channel
length, and N is the surface density of the inversion carri-

WLSqq kT < 1 0

2
y ) M(Ew),

ers. In this work, N is calculated through the approximation
of N = Cox (Vg — Vin) /g, where g is the elementary electron
charge. u is the effective mobility (117.2 cm/V-s for short-
channel device and 304.4 cm/V s for long-channel device), o

is the scattering coefficient (2.7 x 10713 V-s), and N, (Ey,) is
the trap density (V) at a quasi Fermi level (E¢, ).

The trap density N (Ey, ) is calculated through Eq. (1) on
the data which are shown in Fig. 5. As shown in Fig. 7, both
the trap density and gate leakage current first decrease and then
increase during PBTI stress, which is similar to the trend ob-
served for the 1/f noise spectrum, indicating that the TP and
TG process mentioned above are present, respectively. The
I,—V; test during PBTI stress can be considered as the stress
induced leakage current (SILC) test. It is generally believed
that the gate leakage current is generated by the carrier tunnel-
ing with the assistance of the traps inside the gate dielectric.
Therefore, the gate leakage current can be used as an indicator
of the quality of the gate dielectric.'®! That is to say, the type
of traps involved in the 1/f noise and the gate leakage are the
same as shown in Fig. 8. At the same time, it is observed that
the trap density of the short-channel device is always higher
than that of the long-channel device, which may be due to the
poor reliability at the edge of the channel mentioned above.
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Fig. 7. (a) Trap density (N;(Ef)) and (b) gate leakage current (Vy = 0.8 V)
of n-FinFETs with different channel lengths during PBTI stress. Both of
them first decease and then increase during PBTI stress.

However, it is still unclear why the noise spectrum is
lower in the short-channel device. To determine the origin
of this phenomenon, the contributions of the different phys-
ical sources of the 1/f noise in the test device are compared
with each other to understand the internal conditions of the
device during the tests. In the Hung model, when the channel
mobility fluctuation mechanism has no effect on 1/f noise at
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all, o equals 0, and (1/N + ap)* can be reduced to (1/N)>.
Equation (1) can be transformed into

WLSq kTN (Ep)

T @

In this work, the 1/f noise spectra are measured in a linear
region. N is calculated by Cox (Ve — Vin) /. Equation (2) can
be transformed into

2 - 27
Id f 7C§x (Vg - Vth)

which is also the expression of the McWhorter model. That is
to say, when a # 0, kTN, (Eg,)/fYN? can be seen as the con-
tribution of the carrier number fluctuation mechanism, which
will be referred to as An in the following and can be calcu-
lated by substituting the data in Fig. 7(a) into Eq. (3). For
example, the trap density of the short-channel device under
10* s, the PBTI stress is 7.6949x10'® cm 3Vl N is
1.46814 x 10'2 cm 2, and

0.026 x 7.6949x 106
10 x 108 x (1.46814 x 10'2)
= 9282 %10 cm?.Hz !

kTNt (Efn) _
JfYN?

The rest of the 1/f noise, which is considered as WLS;q/I5 —
kTN (Eg)/fYN?, can be considered to be influenced by the
channel mobility fluctuation mechanism, which will be re-
ferred to as Au in the following . It should be noted here
that when the mobility fluctuation contribution is calculated,
WLS;q /Ig is the measurement value as shown in Fig. 5, the
N (Efy) is already shown in Fig. 7(a) and calculated by Eq. (1),
and kTN (Eg,)/fYN? can be obtained.

gate

e clectron

QO oxygen vacancy

oxygen ion

@ trap in SiO,

Fig. 8. Illustration of defect behaviors in gate dielectric, showing: 1 charge
capture from channel/gate, 2 charge emission to channel/gate, 3 tunneling
between two traps, 4 trap generation, 5 trap recombination, 6 1/f noise, and
7 gate leakage current.

As shown in Fig. 9(a), the contribution of the channel
mobility fluctuations (Ap) is greater than that of the carrier
number fluctuations (An). The contribution of Ayt in the long-
channel device is significantly larger than that in the short-
channel device. The saturated drain current can be used as a
measure of the saturated mobility of the device.!?®! As shown

in Fig. 9(b), the short-channel device suffers saturated mobil-
ity degradation due to the scaling down its channel length. The

mobility can be expressed as[>”)

Ho

1+e/e’ @

u:

where L is the low-field mobility, € is the electric field in
In short-
channel devices, the electric field is comparable to the critical
field strength, thereby lowering the mobility. This undoubt-

the channel, and & is the critical field strength.

edly gives rise to the phenomenon shown in Fig. 9(a) that the
contribution of mobility fluctuation in long channel-device is
higher than that in short-channel device. That is to say, the ef-
fect of the channel mobility fluctuations on the 1/ noise can-
not be neglected, and even plays a major role in some cases.
In this case, the 1/f noise characteristics should be affected
by the mobility degradation caused by PBTI stress. However,
the measurement result shown in Fig. 5 does not show obvi-
ous effects. This is because the mobility degradation caused by
PBTI stress is too small. As shown in the inset of Fig. 9(b), the
mobility of the test device shows little change in PBTI stress
time. Therefore, the 1/f characteristics do not seem to be af-
fected by mobility degradation.
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Fig. 9. (a) Contributions of different 1/f noise mechanisms and (b) I;—
Vq characteristics of n-FinFETs with different channel lengths during PBTI
stress, showing that mobility degradation during PBTI stress is not that ob-
vious.

In all of the 1/f noise models discussed above, the power
of the 1/f noise spectrum is considered to be inversely pro-
portional to the frequency (Sjq o< f —1). However, in fact, nei-
ther of the noise spectrum power and frequency shows a strict

128501-4
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inverse relationship, but rather a slight deviation from this re-

13231 where |B] is in a

lationship is observed to be Sig o< B!
range of 0.8-1.2. To describe the trap distribution along the
depth of the dielectric, an exponential trap distribution model

is proposed below!?*! and given as follows:
Ni = Noe?PI=1, )

where N is the trap density at the distance y from the inter-
face, Nty is the trap density at the silicon—oxide interface, and
y is the attenuation coefficient (108 cm™!). For B < —1, the
trap density increases from the substrate interface to the metal
gate. By contrast, for § > —1, the trap density decreases. For
B = —1, the traps are uniformly distributed.

The values of slope () of the fitted lines of the data in
Fig. 3 are obtained as shown in Fig. 10. During PBTI stress,
the slope (B) of the 1/ noise spectrum of the test device first
increases then decreases, corresponding to the TP and TG pro-
cess mentioned above, respectively. Combining together the
analysis of the trap density in Fig. 7(a), these results show that
the TP process and TG process in PBTI effect mainly occur
in the oxide layer away from the substrate interface and affect
the 1/f noise spectrum. That is to say, the oxide vacancies in
the HfO, layer are the main origin of the 1/f noise induced
by the PBTI stress. In addition, it is observed that the slope
in the short-channel device () is higher than that in the long-
channel device (f8;) during most of the test time. Consider-
ing these results in conjunction with the trap density shown in
Fig. 7(a), it can be concluded that the short-channel devices
have more traps near the interface than the long-channel de-
vices. This may be due to the poor oxide quality in the edge
of the channel.

—0.76

—a— [L=16 nm
—o— [, =240 nm

—0.78

—0.80F

@ —0.82f

—0.84}

—0.86

—0.88

10! 10? 103 104
Time/s

Fig. 10. Slopes of the 1/ f noise spectrum of n-FinFETs with different chan-
nel lengths during PBTI stress, indicating that slopes first increase and then
decreases during PBTI stress.

Sub-threshold swing (SS) calculated as dV,/dI; in sub-
threshold region is an indicator of the interface traps?®! as
shown in Eq. (6). The sub-threshold swing is given by

ASS =1n (10)kT - CiADit, 6)

0X

where Coy is the capacitance of the gate dielectric, and AD;; is
the change of the interface traps. Figure 11 shows the S of the
long-channel device (left Y axis) and of the short-channel de-
vice (right Y axis) as a function of time. It is observed that the
SS of the long-channel device shows relatively little changes,
while the change in the SS of the short-channel device is more
pronounced. This may be caused by an irregular crystal lattice
existing near the substrate interface in the channel edge region
that degrades under the PBTTI stress. However, if the interface
trap has a relatively obvious influence on the 1/f noise, the
increase of the trap density in Fig. 7(a) in 10? s—103 s in short-
channel device should be higher than in long-channel device
and the decrease of the slope of the 1/f noise in Fig. 10 in
102 s—103 s in short-channel device should be lower than in
long-channel device. Therefore, the influence of the interface
traps is negligible.

62.0 84
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SS)/(mV /dec)
SSs/(mV /dec)

79

78

10! 102 108 104
Time/s

Fig. 11. Sub-threshold swing (SS) degradation of n-FinFETs with different
channel lengths during PBTI stress. SS in short-channel device shows more
obvious increase than in long-channel device.

4. Conclusions

In this work, we mainly study the effect of the PBTI
stress on the 1/f noise characteristics of n-channel FinFETs.
Through the study of 1/f noise characteristics, the changes
in the density and distribution of the traps in the gate dielec-
tric layer during the PBTI stress are explored. Based on the
analysis of the 1/f noise and gate leakage current, it is found
that the TP process and TG process successively dominate the
degradation process of PBTI, and these processes mainly oc-
cur in the high-k layer. Meanwhile, the comparative analyses
of n-FinFETs with different channel lengths indicate that mo-
bility fluctuations cannot be ignored in the 1/f noise. The
mobility degradation due to the short-channel length also has
significant effects on the 1/f noise spectrum. Finally, the SS
is introduced to analyse the characteristics of interface traps
during PBTI stress. Although the short-channel device shows
additional degradation during the PBTI stress due to the irreg-
ular lattice structure at the channel edges, the changes in the
interface traps do not cause the 1/f noise spectrum to addi-
tionally degrade.

128501-5



Chin. Phys. B Vol. 29, No.

12 (2020) 128501

References

(1]
(2]
(3]

(4]

(5]

(6]

(71

(8]

[91
[10]
[11]

[12]

[13]

Auth C, Allen C, Blattner A, Bergstrom D, Brazier M, Bost M, Buehler
M, Chikarmane V, Ghani T and Glassman T 2012 Symposium on VLSI
Technology (VLSIT), pp. 131-132

https://irds.ieee.org/roadmap-2017

Wang W, Luo J, Jiang H and Feng J H 2019 Ecs J. Solid State Sci.
Technol. 8 P30

Kalpat S, Tseng H H, Ramon M, Moosa M, Tekleab D, Tobin P J,
Gilmer D C, Hegde R 1, Capasso C and Tracy C 2005 [EEE Trans.
Dev. Mater. Reliab. 5 26

Dabhi CK, Roy A S and Chauhan Y S 2019 IEEE Trans. Electron Dev.
66 2892

Gorchichko M, Cao Y, Zhang E X, Yan D, Gong H, Zhao S E, Wang
P, Jiang R, Liang C and Fleetwood D M 2019 IEEE Transactions on
Nuclear Science

Kang S C, Kim S M, Jung U, Kim Y, Park W and Lee B H 2019 Solid-
State Electron. 158 46

Patra D, Reza A K, Katoozi M, Cannon E H, Roy K and Cao Y 2018
IEEE International Reliability Physics Symposium (IRPS), pp. 5C.5-1-
5C.5-4

Claeys C, He L, O’Sullivan B J, Veloso A, Horiguchi N, Collaert N and
Simoen E 2018 Ecs J. Solid State Sci. Technol. T Q26

Balestra F, Ghibaudo G and Jomaah J 2015 Int. J. Numer. Model.-
Electron. Netw. Device Fields 28 613

De Oliveira A V, Veloso A, Claeys C, Horiguchi N and Simoen E 2020
IEEE Electron Dev. Lett. 41 317

Kushwaha P, Agarwal H, Lin Y K, Dasgupta A, Kao M Y, Lu Y, Yue
Y, Chen X N, Wang J, Sy W, Yang F, Chidambaram P R C, Salahuddin
S and Hu C M 2019 IEEE Electron Dev. Lett. 40 985

Ding Y M, Misra D and Srinivasan P 2017 IEEE Trans. Electron Dev.
64 2321

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]

[27]
[28]

128501-6

Hung K K, Ko P K, Hu C and Cheng Y C 1990 /EEE Trans. Electron
Dev. 37 654

Simoen E and Claeys C L 2016 Random telegraph signals in semicon-
ductor devices, Vol. 357 (Bristol: IOP Publishing)

Chen WY, CaiLL,LiY, Wang KL, Zhang X, Liu X Y and Du G 2019
IEEE Trans. Nanotechnol. 18 385

Samnakay R, Balandin A A and Srinivasan P 2017 Solid-State Elec-
tron. 135 37

Joishi C, Ghosh S, Kothari S, Parihar N, Mukhopadhyay S, Mahapatra
S and Lodha S 2018 [EEE Trans. Electron Dev. 65 4245

Yang J, Masuduzzman M, Kang J and Alam M 2011 International
Reliability Physics Symposium, pp. 3A.3.1-3A.3.6

Vandelli L, Larcher L, Veksler D, Padovani A, Bersuker G and
Matthews K 2014 IEEE Trans. Electron Dev. 61 2287

Cartier E and Kerber A 2009 [EEE International Reliability Physics
Symposium, pp. 486-492

Cheng Y H 2019 IEEE 32nd International Conference on Microelec-
tronic Test Structures (ICMTS), pp. 126-131

Zhang T 2009 Electrical Engineering and Computer Sciences, Univer-
sity of California at Berkeley UCBIEECS-2009-18

De Andrade M G C, Martino J A, Simoen E and Claeys C 2015 Micro-
electronic Engineering 147 122

WuWR,WuH, Sun WFE, SiM W, Conrad N, Zhao Y and Ye P D 2018
IEEE Trans. Electron Dev. 65 2573

XuY,LiY,LiS L, Balestra F, Ghibaudo G, Li W W, Lin Y F, Sun H
B, Wan J, Wang X R, Guo Y F, Shi Y and Noh Y Y 2019 Adv. Funct.
Mater. 1904508 23

Celik Z and Hsiang T Y 1985 IEEE Trans. Electron Dev. 32 2797
Franco J, Kaczer B, Mukhopadhyay S, Duhan P, Weckx P, Roussel P J,
Chiarella T, Ragnarsson L A, Trojman L and Horiguchi N 2016 IEEE
International Electron Devices Meeting (IEDM), pp. 15.3.1-15.3.4


http://dx.doi.org/10.1109/TDMR.2005.845879
http://dx.doi.org/10.1109/TDMR.2005.845879
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1016/j.sse.2019.05.006
http://dx.doi.org/10.1016/j.sse.2019.05.006
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/TED.2017.2676979
http://dx.doi.org/10.1109/TED.2017.2676979
http://dx.doi.org/10.1109/16.47770
http://dx.doi.org/10.1109/16.47770
http://dx.doi.org/10.1109/TNANO.7729
http://dx.doi.org/10.1109/TNANO.7729
http://dx.doi.org/10.1016/j.sse.2017.06.003
http://dx.doi.org/10.1016/j.sse.2017.06.003
http://dx.doi.org/10.1109/TED.2018.2864128
http://dx.doi.org/10.1109/TED.2014.2323085
http://dx.doi.org/10.1016/j.mee.2015.04.047
http://dx.doi.org/10.1016/j.mee.2015.04.047
http://dx.doi.org/10.1109/TED.2018.2822813
http://dx.doi.org/10.1109/TED.2018.2822813
http://dx.doi.org/10.1109/T-ED.1985.22418

	1. Introduction
	2. Device structure and measurement flow
	2.1. Device structure 
	2.2. Measurement flow 

	3. Results and discussion 
	4. Conclusions
	References

