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Abstract— This study describes the use of the Student’s t-Test
to qualify statistically the impact of using the Diamond (hexagonal)
layout style in the electrical performance of Silicon-On-Insulator
(SOI) MOSFETs. A sample of 360 SOI Metal-Oxide-
Semiconductor Field Effect Transistors, n-type (nMOSFETSs) were
used to perform this experimental work. Regarding the SOI
MOSFETS saturation drain current (Ipssat), the results of this
study indicate that the Diamond SOI nMOSFETs for all
considered angles present higher Ipssat mean values in comparison
to those measured from the standard rectangular SOI MOSFET
counterparts, considering that they present the same gate areas,
channel width and bias conditions (with a bias condition of 1V
between the drain and source and a bias condition of 0.4V between
the gate and source). For all the other o angle, that is, 36.9°, 53.1°,
90.0°, 126.9° and 143.1°, the DSnM Ipssat/(W/L) mean value is
higher than the CSnM Ipssat/(W/L) mean value in an order of
51.3%, 37.6%, 40.9%, 19.0% and 10.6%, respectively. Therefore,
this statistical approach can be used as a power statistical tool to
validate electrical parameters and figures of merit of devices and
integrated circuits regarding the nanoelectronics area.

Keywords: Diamond MOSFET, hexagonal layout style, SOI
nMOSFETs, statistical Student's -Test, statistical qualification.

L INTRODUCTION

The continuous improvement (new structures, materials,
manufacturing processes, innovative layouts, downscaling, etc.)
of the Silicon-On-Insulator (SOI) Complementary Metal-
Oxide-Semiconductor (CMOS) integrated circuits (ICs)
technologies enormously affects the electrical performance of
Metal-Oxide-Semiconductor (MOS) Field Effect Transistors
(FETs) [1-8]. Newly, some pioneering layout styles for
MOSFETs were proposed which use the “Interface Engineering
between the Drain/Source and Gate Regions”, or simply “gate
layout changing of MOSFETs” to boost the electrical
performance of the SOI Metal-Oxide-Semiconductor Field
Effect Transistors (MOSFETs). This layout approach is not still
commercially explored by the semiconductor and ICs industries
and it does not add any extra cost to the current and
sophisticated CMOS ICs manufacturing processes, such as the
Bulk, SOI, Ultra-Thin Body SOI FETs (UTB), Ultra-thin body
and buried oxide (UTBB), Tunnel FET, etc.) [9,10]. In this
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scenario, the Diamond (hexagonal gate geometry) layout style
for SOI MOSFETs is an example of this layout approach,
according to Fig. 1, which illustrates an example of a layout of
a Diamond SOI MOSFET, n channel (DSnM).

Fig. 1. Example of a DSnM.

In Fig. 1, the b and B are the smallest and highest
dimensions concerning the channel length of the DSnM and o
is the angle defined by the metallurgical pn junctions of the
drain/silicon film (channel)/source regions, and W is the
channel width. The hexagonal gate shape for SOl MOSFETs
causes two new electrical effects in the SOI MOSFETs
structure: I- the Longitudinal Corner Effect (LCE) that is
responsible for increasing the resultant longitudinal electric
field (RLEF) along its channel of SOl MOSFET in comparison
to the one measured in the conventional (rectangular) SOI
MOSFET (CSM), considering that they have the same W, gate
area (Ag), and bias conditions [9-11]; II- The PArallel
connection of MOSFETs with Different Channel Lengths
(b<L<B) Effect (PAMDLE) which is able to reduce the
effective channel length [L.s=(B-b)/In(B/b)] of the Diamond
SOI MOSFET (DSM) in relation to the one found in the CSM
counterpart (same W and Ag), due to the drain current (Ips) of
the DSM tends to further flow by its edges [9-11]. It is important
to highlight that the channel length (L) of a CSM must be equal
to (b+B)/2 to present the same W and Ag of a DSM counterpart.
Both effects happen simultaneously in the DSM and they are
responsible for boosting its main analog and digital electrical
parameters and figures of merit in relation to the one found in
the CSM counterpart, considering they present the same W, Ag,
and bias conditions.

Nowadays, the use of statistical tools to guarantee the
effectiveness of a specific product is widely used in different



areas of human knowledge, mainly those related to the vaccines
(medicine area) and quality control of the services offered by
the clinical laboratories. As for instance, the Student’s t-test has
been utilized to test the proliferative response on the T-clones
to study the effectiveness of the vaccination against
autoimmune mouse diabetes with a T-cell [12]. Another
application of the Student’s t-test was regarded in the internal
quality control of a clinical laboratory in order to verify the
effectiveness of its different chemical and electrical test systems
[13]. Besides, the Student’s t-test was also applied to
statistically study if the Brazilian companies (supply,
production, and customer relations) value the time-based
management at strategic and operational levels and if they reach
higher profits than those that use other types of management
[14]. In this scenario, this paper describes the use of the
Student’s t-test to statistically qualify the electrical performance
of the Diamond (hexagonal gate shape) layout style for
MOSFETs in relation to those found in the conventional
(rectangular gate geometry) MOSFET counterparts. Besides, to
show that this simple approach can be wused in the
microelectronics area, mainly to statistically validate the
electrical performance of new devices and CMOS ICs
technologies.

II. STATISTICAL ANALYSIS

The main application of a statistical test considering the
electrical parameters of a device that are obtained by
experimental data is to verify statistically whether the mean
values of a specific parameter obtained from two or more
different samples are statistically different, higher or smaller
than each other. Therefore, we can use the Student’s t-test to
verify if the mean values of the DSnMs Ipse/(W/L), due to the
LCE and PAMDLE effects, are statistically higher than those
measured of the CSnM counterparts. Besides this approach can
be extended for all electrical parameters and figures of merit of
DSnMs to statistically qualify their electrical performance in
relation to the CSnM counterparts [15,16].

For the application of this statistical test, it is necessary to
create a hypothesis [15,16]. The affirmative hypothesis (or the
null hypothesis, Ho) states that the means of the studied
electrical parameter of the two samples (DSnMs and their
CSnMs counterparts) are statistically equivalent [15,16]. The
other hypothesis, that is, the alternative hypothesis (Ha) states
that there are statistical differences between the means of the
studied parameter of the two samples, or that one mean value is
higher than the other mean values, as a function of a confidence
level. The Student’s t-test consists of the determination of the
value of t, given by equation (2) [15,16].

t =5k )

N

where in equation (2), X is the general mean value of the
different measured values of a given parameter to be studied
regarding different samples, p is an individual value measured
of a parameter of one of the samples, which is to be compared

to the X value, and s is the standard deviation of the considered
sample [15,16]. In order to accept or reject the Ho, it is possible
to proceed in two different ways: I) determination of a value
named "critical t"; II) by comparing the p value with the
significance level [15,16]. The calculation of the value of the
"critical t" allows to create the acceptance and rejection
intervals of the hypotheses chosen for the Student’s t-test, that
is, if the value of t calculated through equation (2) is within the
acceptance interval, therefore we consider the Hy to be true,
otherwise the Hy will be considered false [12,13]. This value of
the "critical t" is defined through the use of a Student’s t-test
table, which is defined by the number of degrees of freedom (df)
and also by the level of significance (') [15,16]. The other way
of accepting or rejecting of the Hy is by comparing the p value
with the significance level [15,16]. This value of p is the area
under the distribution curve of the t-Student’s t-test of the
rejection regions of Ho [15,16]. Thus, if the value of p is greater
than the value of the level of significance (o ') chosen, we must
consider the Hy true, if the value of p is lower than the value of
the level of significance (a'), the Ho should be considered false
[15,16]. The statistical software named Minitab 2018 was used
to perform this work.

III. DESCRIPTION OF THE DEVICES

The DSnMs and their n-type Conventional SOl MOSFET
(CSnM) counterparts were manufactured by using a 1 um SOI
CMOS manufacturing process from Université catholique de
Louvain ICTEAM/ELEN, UCL, Belgium). The Keithley 4200
was used to perform the electrical characterizations of the
devices. The main technological parameters of the fully
depleted SOI nMOSFETS are: the gate oxide (tox), silicon film
(ts1), and buried oxide (tsox), whose thicknesses are respectively
30 nm, and 80 nm, 390 nm. The doping concentrations of the
drain/source and channel are equal to 4x10%° ¢cm™ and 6x10'°
cm?, respectively. This study considers 9 CMOS SOI ICs,
investigating 40 transistors from each of the integrated circuits.
The 40 SOI nMOSFETs studied are composed by 4 sets of 5
pairs of SOI nMOSFETs (DSnM and CSnM counterparts),
regarding the same W (12 pm, 24 pm, 30 um and 180 pum,
respectively), same Ag, and with different values of a angles
(36.9°, 53.1°, 90°, 126.9°, and 143.1°, respectively). This
totalizes an amount of 360 transistors considered in this work.
The threshold voltage (Vu) of these devices is practically the
same (0.4 V). Table I presents the dimensions of the devices
under investigation.

Table 1. Dimensions of the devices under investigation.
General Parameters DSnM CSnM

Ao ) Wim) | of)| bm) | Bum) Lyl Lo (um)
240 960 1500 54000{ 2 24 30 180] 36.9]2 4 5 30{38 76 95 570[12.3 246 308 1845[20 40 50 300
168 672 1050 37800{ 12 24 30 180] 53:1[2 4 5 30]26 52 65 3%0[9.39 188 235 1409|428 25 210
% 384 600 2160012 24 30 180( %0.0{2 4 5 30|14 28 35 20l6.7 123 154 926 | § 1 20 120
60 240 375 13500(12 24 30 180[1269(2 4 5 30| 8 16 20 120/433 866 108 643 | 510 25 75
48 197 300 10800{12 24 30 180 143,12 4 5.30{ 6 1215 S0[364 729 911 546 | 4 8 10 €0




IV. STATISTICAL ANALYSIS

The Student’s t-test have considered the characteristic
curves [Ips as a function of the drain voltage (Vps)] of the 360
SOI MOSFETs to take into account their saturation drains
currents (Ipssa). The test used to verify if the data samples have
a normal distribution is the Anderson — Darling test. The level
of significance chosen for the application of this test is 0.005
(which means that this statistical test will be performed with a
precision of accuracy equal to 99.5 %) [15, 16]. All the results
indicate that the samples used to perform this paper have a
normal distribution, therefore, this result allows to apply the
Student’s t test. The Student’s t-test was applied considering the
mean values of the Ipssa/(W/L) of the DSnMs and their CSnM
counterparts, aiming to verify if the mean values of the
Ipssa/(W/L) of the DSnMs are statistically higher than those of
the CSnM. To perform this study, we create two hypotheses _that
will be responsible for comparing the mean values of the
Ipssa/(W/L) of the DSnMs and CSnM counterparts. Table 11
illustrates the hypotheses for the application of the Student’s t-
test.

Table I1. Hypotheses created for the application of the
Student’s t-test to verify if the mean values of the DSnMs
Ipssat/(W/L), regarding each angle a, are higher than those

found in the CSnM counterparts.

Hypothesis 1 DSnM - 143.1° CSnM counterpart

ﬂlosm/ (w/L)~ CSnM
ﬁIDSsat/(W/L) - CsnM

Hy: Hipssac/ow/r) ~ DSNM
H;: Pipsie/wyry ~ DSNM >

DSnM - 126.9°

Hypothesis 2

CSnM counterpart

HO : ﬁIDSsac/(W/L) — DSnM = ﬂIDSsat/(W/L) = CS"M
H,: ﬂ’DSsat/(W/L) —DSnM - > | lIDSsat/ W)~ CSnM
Hypothesis 3 DSnM - 90.0° CSnM counterpart
HO . ﬂIDSsat/(W/L) - DSnM = ﬂIDS.wt/(W/L) " CS"M
H: Ripssae/ovjy = DSUM > flipg o, jwyr) = CSMM
Hypothesis 3 DSnM - 53.1° CSnM counterpart
HO : ﬂ’DSsar/(W/L) —-DSnM = ﬂIDSsat/(w/L) = CS"M
H;: Mipsae/wiey —DSOM > Hipseae/win) ~ CSnM
Hypothesis 4 DSnM - 36.9° CSnM counterpart
H,: ﬂIDSsar/(W/L) -DSnM = ﬂlDSsat/(w/L) = CSTIM
H;: Fitpsaae/ov/y = DSUM. > flipg o, owyry — CSIM

Table III illustrates the p values obtained through the
application of the Student’s t-test taking into account the
Ipssa/(W/L) mean values that were experimentally obtained of
the DSnMs and CSnM counterparts. The significance level
considered for this study was of 0.05. In this way, the level of

significance indicates the percentage of certainty in which the
Student’s t-test is applied, that is, if the level of significance is
equal to 5%, it means that the Student’s t-test will be performed
with an accuracy of 95% [15, 16].

Table I11. The p values resulting from the application of
the Student’s t-test taking into account the Ipssat/(W/L)
mean values of the DSnMs and CSnM counterparts

(experimental data).
a® p
36.9 0.000
53.1 0.000
90.0 0.000
126.9 0.000
143.1 0.001

By analyzing the results of Table III, we observe that the
values of p are always smaller than the value of the chosen
significance level, which in this case was of 0.05. Therefore, we
can conclude that all the null hypotheses illustrated in Table 11
were rejected, that is, the Ipss/(W/L) mean values, for all the o
angles, of the DSnMs are statistically higher than those
experimentally measured of the CSnM counterparts, regarding
a confidence level of 95%. Thus, for all the analyzed o angles,
the DSnMs Ipssa/(W/L) mean values are statistically higher than
those obtained of the CSnM counterparts. This can be justified
due the existence of the LCE and PAMDLE effects in the
Diamond SOI nMOSFETs. Besides, Fig.2 illustrates the mean
values of the DSnMs Ipss/(W/L) and those measured of the
CSnM counterparts, regarding all the o angles considered in this
work.
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[—IDSnM - .= 36.9°
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CJDSnM - =53.1°
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Fig. 2. The mean values of the DSnMs Ipssa/(W/L) and those

found in the CSnMs counterparts as a function of the DSnMs a
angles studied.

Analyzing Fig.2, we observe that as the a angle of the
DSnM is reduced, the mean value of the DSnM Ipge/(W/L)
increases and it becomes further higher than the one measured
in the CSnM counterpart. This can be explained due to the LCE



(higher interaction between the vectorial components of the
longitudinal electric field in the channel region) and PAMDLE
(smaller DSnMs L in relation to the L of the CSnM
counterparts due to the DSnM Ips tends to further flow in its
edges as a consequence of the B is further higher than b) effects
further becomes more effective as the o angle of the DSnM is
reduced. Besides, regarding the a angle equal to 36.9°, the mean
value of the DSnM Ipssa/(W/L) is remarkably 51.3% higher
than the one measured in the CSnM. Furthermore, for the other
a angles, that is, 53.1°,90.0°, 126.9° and 143.1°, the mean value
of the DSnM Ipssa/(W/L) are 37.6%, 40.9%, 19.0% and 10.6%,
respectively, higher than those obtained of the CSnM
counterparts. Therefore, by using the Student’s t-test, it is
possible to affirm that for all the o angles of the DSnMs
considered in this work, the mean values of their Ipgs/(W/L)
are statistically higher than those measured of the CSnM
counterparts, regarding the same W, Ag and bias condition.

V. CONCLUSIONS

This study uses the Student’s t-test to statistically prove the
better electrical performance of the Diamond (hexagonal gate
shape) SOI nMOSFETs in relation to that found in the CSnM
counterparts (sample of 360 transistors). The experimentally
obtained results indicate, for all the o angles considered in this
study, that the mean value of the DSnM Ipss/(W/L) is always
statistically higher than those observed in the CSnM
counterparts, mainly because of the LCE and PAMDLE effects,
in the best case of 51.3% for the a angle of 36.9°. Besides, this
study guarantees the presence of the LCE and PAMDLE effects
in the SOI MOSFETs, regarding different o angles and on the
SOI CMOS ICs manufacture process. Therefore, the Diamond
(hexagonal gate geometry) layout style can be considered a low-
cost and simple way to enhance the electrical performance of
the SOl MOSFETs.
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