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ABSTRACT The compatibility of the advanced BSIM-CMG to the low frequency noise (LFN) simulation
in amorphous IZO TFTs is evaluated over subthreshold and linear regions. Two kinds of devices with
Si0,-SiNy and Al,O3 gate insulators are studied. In these devices, the 1/f noise is confirmed as the main
component of LFN. Then the dominated origin of the 1/f noise is explained by the AN model in devices
with SiO,-SiNy layers, and by the AN-Ap model in devices with Al,O3 layers, respectively. Based on
these models, the interficial traps density and the Hooge’s parameters are further calculated, and then
applied to the extraction of noise parameters (NOIAgg, NOIB and NOIC) in BSIM-CMG. Compared to
the measured data, the simulated results indicate that the noise can be well simulated by the improved
BSIM-CMG both in the subthreshold and linear regions of IZO TFTs. It provides a comprehensive
evaluation on the suitability of the BSIM-CMG for 1/f noise modelling in amorphous metal oxide TFTs.

INDEX TERMS InZnO, thin film transistors, low frequency noise, BSIM-CMG.

I. INTRODUCTION

Amorphous InZnO thin-film-transistors (IZO TFTs) have
shown great potential to apply in flexible integrated circuits
(ICs) for their low preparation temperature, reasonable elec-
trical properties and high flexibility [1], [2]. Nevertheless,
the low frequency noise (LFN) in these devices limits the
functionality of the analog and even digital ICs [3]. It is
necessary to study and simulate the LFN behaviors of 1ZO
TFTs in the design process of flexible ICs.

The LFN in semiconductor devices primarily consists
of thermal noise and flicker noise (1/f noise) [4], [5].
Recently, the 1/f noise has been reported as the dominant
component of LFEN in IZO TFTs [6], [7]. Several models

are applied to simulate the 1/f noise performance in planar
devices, in which the BSIM-CMG has been regarded as the
industrial standard and widely used for advanced MOSFETs
(81, (91, [10].

Some researchers have modeled the 1/f noise in the linear
region of IZO TFTs through the BSIM3 model [6], [11].
Noise performances are in good agreement with the modeled
ones in these devices. However, the suitability of the BSIM-
CMG to IZO TFTs has not been studied. Additionally, 1/f
noise behaviors in the subthreshold region of amorphous
metal oxide TFTs are obviously different with those in c-Si
MOSFETs for their structure differences [12], which has not
been carefully investigated and estimated yet.
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FIGURE 1. Schematic cross-sectional views of 1ZO TFTs with (a) Si0,-SiNx
and (b) Al, 05 gate insulators, and transfer curves of 1ZO TFTs with
(c) Si0,-SiNy and (d) Al, 05 gate insulators.

In this work, the compatibility of the BSIM-CMG on
1/f noise in IZO TFTs with different gate insulators is
studied and estimated over the subthreshold and linear
regions. Devices with Si0,-SiNy gate insulators and Al,O3
gate insulators are focused and marked as devices A and
B, respectively. The dominated mechanism of 1/f noise is
analyzed, and the noise parameters (NOIA.fr, NOIB, NOIC)
in BSIM-CMG are extracted for the simulation of the noise.
Finally, the noise behaviors are simulated by the BSIM-
CMG, and the simulated results show good agreement with
the measured ones in the subthreshold and linear regions.

Il. EXPERIMENT AND I-V CHARACTERISTICS
The bottom-gate IZO TFTs with different gate insulators are
shown in Fig. 1 (a)-(b). An Al layer of 300 nm was sputtered
on a glass substrate and served as the gate electrode. The
Si0,-SiNy gate insulator consisted of 50 nm SiO; and
250 nm SiN, deposited by the plasma-enhanced chemical
vapor deposition (PECVD) at 310°C, while the Al,O3 gate
insulator was deposited by the anodization method with a
thickness of 140 nm. Then a IZO film with the thickness
of 30 nm was sputtered as the active layer. A stacked layer
of Mo /Al /Mo (25 nm /100 nm/ 25nm) was deposited by
the vacuum evaporation and patterned as the source or drain
electrode. Finally, all devices were passivized by 300-nm-
thick SiO; layers using the PECVD. The width and length
ratio (W/L) of channels in all devices was 20 pum /10 pum.

The electrical performances and LFN of IZO TFTs
were measured by the FS-pro multifunctional semiconductor
parameter analyzer in a dark condition at the room tem-
perature. The bandwidth of the noise test is 1 Hz-10 kHz
and the background noise is as low as 1.0x1072% A%/Hz.
Noise measurements were performed as a function of the
gate voltage at Vgs = 0.5V. Finally, the unified model in
BSIM-BULK was applied for the 1/f noise simulation in this
work.

Fig. 1(c)-(d) describe the transfer curves of devices A and
B with log and linear scales, and key electrical parameters
are listed in Table 1. It is shown that devices B exhibit
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TABLE 1. Summary of electrical parameters for 1ZO TFTs with different gate
insulators.

Gate Insulator Vi (V) Uetr (cm?V-1sh) SS (V/dec)
Si0,-SiNy 1.2 12.13 0.605
AlO3 0.8 40.29 0.184
1017 T T 107" T
() Si0,/SiNy Insulator (b) ALO; Insulator
107 F W/L=20/10 pm
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FIGURE 2. The drain current noise power spectral densities (S;q) versus
the frequency (f) at various V44 and a fixed Vgs—Vy, of 5V in (a) devices A
and (b) devices B.

significantly higher field-effect mobility (uefr) and steeper
subthreshold swing (SS) compared with devices A, indicating
that the density of trap states near the IZ0O/SiO; interface is
larger than that near the IZO/Al,O3 interface.

11l. RESULTS AND DISCUSSION
A. LFN ANALYSIS IN IZO TFTS
The LFN properties in two devices are illustrated in Fig. 2.
The drain current noise power spectral densities (Siq) versus
the frequency were measured at different Vg, with a fixed
effective gate voltage (Vgs—Vi = 5V). It can be seen that
Siq follows a 1/f ¥ law, indicating that the 1/f noise is the
main component of LEN in IZO TFTs [13], [14]. Note that
the value of y in devices A is extracted as 0.63, while that
in devices B is 0.92. The deviation of y from 1 indicates the
non-uniform oxide-trap density in energy spaces of devices
A and B [6], [15]. The larger deviation of y to 1 in devices
A indicates a more non-uniform trap density in the SiO;-
SiNy insulator compared with that in Al,O3 insulators.
The normalized drain current noise (Sig/Iq%) versus
Vgs— Vi is subsequently analyzed to verify the main origin
of the 1/f noise in two devices, as shown in Fig. 3. The drain
voltage (Vgs) was set to 0.5 V, and the sampling frequency
was set to 10 Hz. Theoretically, three basic models are
applied to explain the 1/f noise properties in TFTs, including
the carrier number fluctuation (AN) model [16], the mobility
fluctuation (Ap) model [17] and the carrier number with
correlated mobility fluctuation (AN—Au) model [16]. In
the linear region of devices, the relation between Sia/14% and
Ves— Vi, is described by the AN model as:

Sid _ k*

- = ey
2 2
Id fy CzoxWL(VgS - Vl/’l)

For devices following the Ap model, this relation is
given by:
Sid oHq

- = 2)
1 fYCoxWL(Vgs — Vi)
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FIGURE 3. S;jq/142 versus the effective gate voltage (Vgs—Vyy,) in devices A
and devices B (V4 = 0.5V, f = 10Hz).

where k* is a constant related to the electron tunneling
between traps in gate insulator and the channel, and af is
the Hooge’s parameter. Therefore, the main origin of 1/f
noise can be confirmed by the slope of Sia/T4% on Ves—Vin.
The 1/f noise is dominated by the AN model when the slope
is —2, and dominated by the Ap model with the slope of
—1. In the middle slope range, the noise is attributed to
the AN—Ap model [16]. In Fig. 3, the slope of Sia/I4% on
Vgs—Vin approaches to —2 in devices A, which follows the
AN model. Additionally, this slope in devices B is —1.23,
closer to the prediction of AN—Aux model.

In devices A, the gate voltage noise spectral density (Syg)
is independent on Vgs— Vi, and determined by the AN model
as [16]:

3)

where Sy is the flat band voltage spectral density. In
devices B, the dependence of Sy, on Vg—Vy, is given by
the AN-Ap model as [16], [18]:

SVg = Svfb[l + OlSMOCOX(VgS - Vﬂ”)]2 (4)

where (g is the low field mobility and close to pefr in the
linear region, Cox is the gate capacitance per unit area, and
ag is the Coulomb scattering coefficient which represents
the sensibility of the mobility to the interface charges [16].
If the mobility is closely related to interface charges with
a large value of «g, the second term between brackets in
Eq. (4) cannot be neglected.

For devices A following the AN model, the value of Sy,
is determined by Eq. (3). For devices B, the plot of SVg”2
against Vgs—Vy, allows the extraction of Sy, and oy based
on Eq. (4). Fig. 4(a)-(b) depicts the plot of Svg”2 against
Ves— V. The intercepts of S\/g”2 versus Vgs— Vi, are used
to calculated the value of Svyy,, while the slopes are used to
calculated the value of «g. These noise parameters in two
devices are summarized in Table 2.

In devices A, the dependence of Sjg/Iq> on the drain
current (Igs) is obtained by AN model as [16]:

Sia/ 13 = [gm/1us) Sve = [gm/1as] S 5)

While that in devices B is obtained combining Eq. (4) and
Eq. (5). Fig. 5 illustrates the measured and modeled results

Svg = Sy
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FIGURE 4. S\,g'/2 versus Vgs—Vy, in (a) devices A and (b) devices B in the
linear region (V45 = 0.5V, f = 10Hz).

TABLE 2. Summary of 1/f noise parameters for 1ZO TFTs with different gate
insulators.

Gate Insulator Svip(V2/Hz) as (Vs/C) Nicm3eV!)
Si0»-SiNy 1.75X10° - 3.26X10'®
AlO3 1.78X 10710 1.04X10° 3.55X 10"

O Measured results (SiO,/SiN,)] 107
—— Fitted results (Si0,/SiNy)

A Measured results (SiO,/SiN,).
Fitted results (A1,0,)
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FIGURE 5. The measured and fitted results of S;q/142 versus I 5 in
(a) devices A and (b) devices B (V45 = 0.5V, f = 10Hz).

of Sia/T4% versus g in devices A and B. In linear regions,
the measured Sig/Iq> of devices A are well fitted by the
AN model, while those of devices B are in good agreement
with the prediction of the AN-Au model. which verifies
the accuracy of the extraction for Syg, and «g. Deviation
occurs between the measured and modeled results in the
sub-threshold regions, which may be related to the non-
uniformity of trap states at the IZO/gate oxide interface.

As reported, Syy, in IZO TFTs is closely related to the
density of traps (N;) near the IZO/insulator interface and
expressed as [13]:

Svy, = KTN)./WLC f7 (6)

where f is the frequency, and A is the tunneling attenuation
coefficient in the gate insulators (~0.1 nm in SiO, and
~0.11nm in Al,0O3). Using Eq. (6), the value of N; in these
deices can be extracted. The N; is 3.26x10'8 cm—3ev~!
in devices A and 3.55x10'7 cm3eV~! in devices B. The
results depict that N in devices B is one order of magnitude
lower than that in devices A. This result is consistent with the
better electrical properties in devices B compared to devices
A, including the steeper SS and high piefy.

B. NOISE PARAMETER EXTRACTION AND SIMULATION
The 1/f noise parameter in devices A and B is further
simulated by the BSIM-CMG. It provides models for the 1/f
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noise in the sub- and above-threshold regions of MOSFETs.
The noise behaviors are commonly simulated by three noise
parameters, i.e., NOIA, NOIB and NOIC [22].

i) In the subthreshold region (Vgs < V@), 1/f noise is
described by:

NOIA kT 1.2 ™
N2 OWLfr

where N* = nCOX(kT/q2), NOIA= N;, and 8 = 1/1. 7 is
related to the SS of devices as follows [23]:

_ qSS _ Cox + CD + Cit
~ In(10)kT Cox

where Cp and Cj is the depletion capacitance and the
interface trap capacitance per unit area, respectively. N; in
devices A and B has been listed in Table 2, and the values
of NOIA in devices A and B are 3.26x10'* V~! m~2 and
3.55x10"% V=1 m~2, respectively.

Accounting for the non-uniform distribution of the trap
states at the interface, the effective trap density parameter
NOIAg¢s is obtained by [10]:

Sid,sub (f) =

n ®)

NOIAy = NOIA x max (1, fo) )

where fof is the non-uniform distribution function and
given as:

NOIA2/NOIA
1 + (Qcn/ QSREF)MPOWER

where Qc, is the charge in the channel. QSREF and
MPOWER are charge and slope parameters at the threshold
condition, which govern the shape of fegr [10]. The value of
Qcn is extracted as follows. In the subthreshold region, Igs
can be modeled as [24], [25]:

- Vzh|
Igs = Ig50 €Xp W
gs

where Vrt is the thermal voltage, Ig0 is the threshold drain
current at Vgg = Vi, and m(Vg) is the ideality factor
experimentally obtained by [24]:

Ves2 — Vgxl) <Id‘v2>
n(vg) = (Va2 Ve
(Ver) ( Vr List

where Igs; and Ige» are the drain currents corresponding
to two similar gate voltages (Vg1 and Vg). Referred
to [24], [25], the m(Vgs) under subthreshold operation can
also be described as:

(10)

feﬁ =

(1)

12)

1 QO
m(vgs) =1+ —WS(VgS) : C—Oz

where Y is the surface potential and given by:

1 Ids2
— (VrIn[ — dVgS (14)
Ves2 — Vst 151

Using Eq. (14) and (15), the Q. in the subthreshold region
can be obtained, as shown in Fig. 6.

13)

V’S(VgS) =
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FIGURE 6. The extracted Q, and ys (inset figure) versus Vgs—Vy, in
(a) devices A and (b) devices B (V45 = 0.5V, f = 10Hz).

TABLE 3. Summary of noise parameters in BSIM-CMG for 1ZO TFTs with
different gate insulators.

Gate NOIA NOIA2
Insulator (cm3eV) (cm3eV) QSREF(C) | MPOWER
Si02-SiNy 3.26X10'® 496X 10" 7.6X108 8.9
ALOs 3.55X10" 7.81X10'8 2.9X10% 6.0
(a) SI0/SiN Insulator (b) AL, Insulator
f=10Hz Y P P
ok V=05V L PN :,‘h ]=0101;v

S.(A*Hz)

10k

S.a(A%/Hz)

B Measured results
= Simulation with NOIA
== Simulation with NOIA 4

B Measured results
=== Simulation with NOIA
=== Simulation with NOIA

10° 10* 107

" L) 1,(A)

FIGURE 7. Measured and simulated results of S;4 in the sub-threshold
region of (a) devices A and (b) devices B (V45 = 0.5V, f = 10Hz).

To ensure the continuity between the simulated results
in sub- and above threshold region, 1/f noise is
expressed as:

Sid sub(f)Stim (f)

(15)
Sid sub(f) + Stim(f)

Sia(f) =

where Sjim(f) is the 1/f noise calculated at Vgs—Vi = 0.1V.

According to Eq. (8), (10) and (16), the 1/f noise behaviors
in the subthreshold region of devices A and B have been
simulated using the NOIA and NOIA¢t. All BSIM-CMG
parameters in this region are listed in Table 3 for two devices.

Fig. 7 depicts the experimental and simulated results
of two devices at Vg=0.5V in the subthreshold region.
The simulated noise using NOIA is smaller than the
measured data in all devices, while that using NOIAgsr is
in good agreement with the measured one. This indicates
that the extra noise under the subthreshold operation is
closely related to the non-uniform trap distribution near the
1Z0/gate insulators interface [10]. In this case, the improved
BSIM-CMG is suitable for the simulation of 1/f noise in
1ZO TFTs.
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FIGURE 8. The dependence of S;q/u2, on Vgs—Vy, in (a) devices A and
(b) devices B, and variation of the parameter NOIB versus Vgs—Vy, in
(c) devices A and (d) devices B in the deep linear region (V45 = 0.5V,

f = 10Hz).

ii) Above threshold (Vg—Vp>0.1 V), 1/f noise can be
expressed as:

sy = KTHaglas [NOIAy log( Y- ) + NOIB(o — N.)
! CoxL2fY +% (N()2 - NLZ)
kT14? NOIA. 5 + NOIBNy, + NOICN.?
+ ALclm 27 2
gWIL2fY (NL + N*)
(16)
with  gNyg = Cox(Vgs—Vm), aqN, =

Cox(Vgs_Vth_min(Vds’ Vdsat)).

As reported, the value of NOIC is negligible in all biases
of CMOS transistors [26] and ALy is the channel length
reduction due to channel length modulation in the saturation
region.

In the linear region (Vgs—Vin>Vas), No—NL=(Cox/q) Vs
and AL.n=0. Additionally, Eq. (17) can be modified as:

qkTﬂeﬂlds

Sia(f) = Co2f”

Cox(Vgs — Vin) + gN* C
[N ol Agﬂ log ox( gs th) q ox de:|

+ NOIB
Cux(vgx = Vi — Vds) + qN* q
an

In the deep linear region of Vgs—V >>Vys, Eq. (18) can
be approximated as:

kT2, w
Si(f) = L—“ﬁcoxvﬁs “NOIB- (Vs — Vi) (18)

3fy
The value of NOIB is estimated by:
For devices following the Apx model,

q
NOIB = — 19
T (19)
For devices following the AN model,
k* 1
NOIB = (20)

KT Cox (Vgs - Vth)
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FIGURE 9. Measured and simulated results of S;4 in the linear region of
(a) devices A and (b) devices B (V45 = 0.5V, f = 10Hz).
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FIGURE 10. Measured and simulated results of S;4 in the subthreshold
and linear regions of (a) devices A and (b) devices B (V4 = 0.5V, f = 10Hz).

Hence, the value of NOIB can be confirmed by the
dependence of Sidlugff and Vgs—Viy in the deep linear
region, which is illustrated in Fig. 8.

In devices A, Sid/pLfo is independent on the Vgs—Vy and
follows the prediction of the AN theory. Consequently, NOIB
parameters are described by Eq. 20 and vary as (Vgs—Vth)_l.
Results are depicted in Fig. 8(c), and the constant k* in
Eq. 20 is calculated as 1.96x 1072 A?V.S?/cm?. In devices
B, Sid/,ugff is proportional t0 Vgs— Vi, showing a Ay origin
of the 1/f noise. The NOIB parameters are obtained by
Eq. (20) and exhibit in Fig. 8(d). The average value of oy is
extracted as 4.78x 10~ using the method reported in [11].
It shows that NOIB is independent on Vgs—Vy, with a value
of 0.017V~!. These results are consistent with the analysis
in Section III-A.

Using the extracted NOIA and NOIB, the 1/f noise in
devices A and B is simulated by the BSIM-CMG and
compared with measured data in the linear region, as shown
in Fig. 9. It can be seen that the measured noise is well
simulated by Eq. (18) and (19) in the linear region, which
indicates the great compatibility of BSIM-CMG on the 1/f
noise simulation in IZO TFTs whether the noise follows the
AN model or the Au model.

Finally, the simulated and measured Sjq versus Igs has
been illustrated in Fig. (10). Simulation results are in good
agreement with measured data, showing the possibility to
predict I/f noise in metal oxide TFTs by the BSIM-CMG
model under the subthreshold and linear operations.

IV. CONCLUSION
Herein, the compatibility of the advanced BSIM-CMG
to LFN in amorphous IZO TFTs was evaluated in all

279



ELECTRON DEVICES SOCIETY

CHEN et al.: COMPATIBILITY OF THE BSIM-CMG TO THE LFN SIMULATION

operation regions. Two kind of devices which have SiO;-
SiNy or Al,O3 gate insulators are studied. Firstly, the main
component of LFN in these devices was confirmed to be

the

1/f noise. Subsequently, the dominated mechanism of

the 1/f noise in the linear region was explained by the AN
model in devices A, and by the AN-Ap model in devices
B. Some key noise parameters, such as the interficial traps
density (N;) and the Hooge’s parameters («y), were further
calculated. These results were applied for the extraction
of NOIA and NOIB parameters. Simulated noise was then
compared to the measured one in all operating regions. We
found that deviations occurred in the subthreshold region
in two devices simply using a NOIA parameter due to the
extra noise induced by the non-uniform trap distribution
near the IZO/gate insulators interface. Based on an improved
BSIM-CMG, the measured results can be well simulated
by the NOIA and a non-uniform distribution function fe;.
Additionally, good agreements between the simulated and
measured results are observed in the linear region of two
devices. As a consequence, the BSIM-CMG noise model is
suitable for amorphous IZO TFTs in the subthreshold and
linear regions.

REFERENCES

(1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

S. Lee, S. Jeon, R. Chaji, and A. Nathan, “Transparent semi-
conducting oxide technology for touch free interactive flexible
displays,” Proc. IEEE, vol. 103, no. 4, pp. 644-664, Apr. 2015,
doi: 10.1109/JPROC.2015.2405767.

Y. Qi, A. Li, Y. Xu, and K. Wang, “Amorphous silicon
3-D one-transistor active pixel sensor enabling large area imag-
ing,” J. Soc. Inf. Display, vol. 29, no. 12, pp. 968-973, Dec. 2021,
doi: 10.1002/jsid.1073.

P. Gaubert et al.,, “Analysis of the low-frequency noise reduc-
tion in Si(100) metal-oxide-semiconductor field-effect transistors,” J.
Appl.  Phys., vol. 50, no. 4, Apr. 2011, Art. no. 04DCOL,
doi: 10.1143/JJAP.50.04DCO1.

C. G. Theodorou, N. Fasarakis, T. Hoffman, T. Chiarella, G.
Ghibaudo, and C. A. Dimitriadis, “Origin of the low-frequency noise
in n-channel FinFETS,” Solid-State Electron., vol. 82, pp. 21-24,
Apr. 2013, doi: 10.1016/j.sse.2013.01.009.

T. Noulis, S. Siskos, and G. Sarrabayrouse, “Analysis and selection cri-
teria of BSIM4 flicker noise simulation models,” Int. J. Circuit Theory
Appl., vol. 36, no. 7, pp. 813-823, Oct. 2008, doi: 10.1002/cta.461.
Y. Liu, H. He, R. Chen, Y.-F. En, B. Li, and Y.-Q. Chen, “Analysis
and simulation of low-frequency noise in indium-zinc-oxide thin-film
transistors,” IEEE J. Electron Devices Soc., vol. 6, no. 1, pp. 271-279,
Dec. 2018, doi: 10.1109/jeds.2018.2800049.

Y. Liu et al, “Temperature-dependent low-frequency noise in
indium-zinc-oxide thin-film transistors down to 10 K,)” IEEE
Trans. Electron Devices, vol. 66, no. 5, pp. 2192-2197, May 2019,
doi: 10.1109/TED.2019.2902449.
S. Khandelwal, J. P. Duarte,
S. Salahuddin, and C. Hu,
thin fin and current-dependent
Electron Device Lett., vol. 36,
doi: 10.1109/LED.2015.2437794.
A. Ashai, A. Jadhav, A. K. Behera, S. Roy, A. Dasgupta, and
B. Sarkar, “Deep learning-based fast BSIM-CMG parameter extraction
for general input dataset,” IEEE Trans. Electron Devices, vol. 70,
no. 7, pp. 3437-3441, Jul. 2023, doi: 10.1109/TED.2023.3278615.

A. Medury, Y. S. Chauhan,
“Modeling SiGe FinFETs with
source/drain resistance,” IEEE
no. 7, pp. 636-638, Jul. 2015,

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24

[25]

[26]

P. Kushwaha et al.,, “Characterization and modeling of flicker
noise in FinFETs at advanced technology node,” IEEE
Electron Device Lett., vol. 40, no. 6, pp. 985-988, Jun. 2019,
doi: 10.1109/LED.2019.2911614.

Y. Liu et al, “Scaling down effect on low frequency
noise in polycrystalline silicon thin-film transistors,” [EEE J.
Electron Devices Soc., vol. 7, mno. 1, pp.203-209, Jan. 2019,
doi: 10.1109/JEDS.2018.2890737.

W. Ye, Y. Liu, B. Wang, J. Huang, X. Xiong, and W. Deng,
“Low-frequency noise modeling of amorphous indium-zinc-oxide
thin-film transistors,” IEEE Trans. Electron Devices, vol. 69, no. 11,
pp. 6154-6159, Nov. 2022, doi: 10.1109/TED.2022.3206274.

C. A. Dimitriadis, J. Brini, and G. Kamarinos, “Origin of
low frequency noise in polycrystalline silicon thin-film transis-
tors,” Thin Solid Films, vol. 427, nos. 1-2, pp. 113-116, 2003,
doi: 10.1016/S0040-6090(02)01153-7.

M. Wang and M. Wang, “A new model for the 1/f noise
of polycrystalline silicon thin-film transistors,” [EEE Trans.
Electron Devices, vol. 61, no.9, pp. 3258-3264, Sep. 2014,
doi: 10.1109/TED.2014.2336250.

R. Jayaraman and C. G. Sodini, “A 1/f noise technique to extract the
oxide trap density near the conduction band edge of silicon,” IEEE
Trans. Electron Devices, vol. 36, no. 9, pp. 1773-1782, Sep. 1989,
doi: 10.1109/16.34242.

G. Ghibaudo, O. Roux, C. Nguyen-Duc, F. Balestra, and J. Brini,
“Improved analysis of low frequency noise in field-effect MOS
transistors,” Phys. Status Solidi A, vol. 124, no. 2, pp. 571-581,
Apr. 1991, doi: 10.1002/pssa.2211240225.

F. P. Vandamme and L. K. J. Vandamme, “Critical discussion on uni-
fied 1/f noise models for MOSFETS,” IEEE Trans. Electron Devices,
vol. 47, no. 11, pp. 2146-2152, Nov. 2000, doi: 10.1109/16.877177.
K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A unified
model for the flicker noise in metal-oxide-semiconductor field-
effect transistors,” IEEE Trans. Electron Devices, vol. 37, no. 3,
pp. 654-665, Mar. 1990, doi: 10.1109/16.47770.

T. C. Fung, G. Baek, and J. Kanicki, “Low frequency noise
in long channel amorphous In-Ga-Zn-O thin film transistors,” J.

Appl.  Phys., vol. 108, no.7, Oct. 2010, Art. no. 074518,
doi: 10.1063/1.3490193.

A. Tsormpatzoglou, N. A. Hastas, S. Khan, M. Hatalis,
and C. A. Dimitriadis, “Comparative study of active-
over-metal and metalover-active amorphous IGZO thin-film
transistors ~ with low-frequency noise measurements,” [EEE

Electron Device Lett., vol. 33, no. 4, pp. 555-557, Apr. 2012,
doi: 10.1109/LED.2012.2185677.
Y. Liu, S. Deng, R. Chen, B. Li, Y.-F. En, and Y. Chen,

“Low-frequency  noise in  hybrid-phase-microstructure  ITO-
stabilized ZnO thin-film transistors,” IEEE  Electron
Device  Lett.,, vol. 39, no.2, pp.200-203, Feb. 2018,

doi: 10.1109/LED.2017.2784844.

S. Khandelwal et al., (Macquarie Univ., Sydney, NSW, Australia).
BSIM-CMG108.0.0 Technical Manual, Aug. 2014. [Online]. Available:
http://www-device.eecs.berkeley.edu/bsim/?page=BSIMCMG_LR.0
J. Rhayem, D. Rigaud, A. Eyaa, M. Valenza, and A. Hoffmann,
“1/f noise in metal-oxide-semiconductor transistors biased in weak
inversion,” J. Appl. Phys., vol. 89, no. 7, pp. 4192-4194, 2001,
doi: 10.1063/1.1343517.

J. Lee et al., “Fully transfer characteristic-based technique for surface
potential and Subgap density of states in p-channel polymer-based
TFTs,” IEEE Electron Device Lett., vol. 34, no. 12, pp. 1521-1523,
Dec. 2013, doi: 10.1109/LED.2013.2280014.

J. Wang et al., “Extraction of density of localized states in indium zinc
oxide thin film transistor,” Acta Phys. Sin., vol. 68, no. 12, Mar. 2016,
Art. no. 128501, doi: 10.7498/aps.65.128501.

J. C. Vildeuil, M. Valenza, and D. Rigaud, “Extraction
of the BSIM3 1/f noise parameters in CMOS transis-
tors,” Microelectron. J., vol. 30, no. 2, pp. 199-205, Feb. 1999,
doi: 10.1016/S0026-2692(98)00108-6.

VOLUME 12, 2024


http://dx.doi.org/10.1109/JPROC.2015.2405767
http://dx.doi.org/10.1002/jsid.1073
http://dx.doi.org/10.1143/JJAP.50.04DC01
http://dx.doi.org/10.1016/j.sse.2013.01.009
http://dx.doi.org/10.1002/cta.461
http://dx.doi.org/10.1109/jeds.2018.2800049
http://dx.doi.org/10.1109/TED.2019.2902449
http://dx.doi.org/10.1109/LED.2015.2437794
http://dx.doi.org/10.1109/TED.2023.3278615
http://dx.doi.org/10.1109/LED.2019.2911614
http://dx.doi.org/10.1109/JEDS.2018.2890737
http://dx.doi.org/10.1109/TED.2022.3206274
http://dx.doi.org/10.1016/S0040-6090(02)01153-7
http://dx.doi.org/10.1109/TED.2014.2336250
http://dx.doi.org/10.1109/16.34242
http://dx.doi.org/10.1002/pssa.2211240225
http://dx.doi.org/10.1109/16.877177
http://dx.doi.org/10.1109/16.47770
http://dx.doi.org/10.1063/1.3490193
http://dx.doi.org/10.1109/LED.2012.2185677
http://dx.doi.org/10.1109/LED.2017.2784844
http://dx.doi.org/10.1063/1.1343517
http://dx.doi.org/10.1109/LED.2013.2280014
http://dx.doi.org/10.7498/aps.65.128501
http://dx.doi.org/10.1016/S0026-2692(98)00108-6


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


