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ABSTRACT The short–channel behaviors of n–channel (electron–conducting) fin field–effect transistors
(n–FinFETs) set at different threshold voltages were analyzed at different power supply voltages. Interesting
observations were made by considering the on and off voltage states of the overdrive voltage instead
of the gate–source voltage. Intrinsic transistor characteristics were revealed, enabling the comparison of
short–channel characteristics between devices designed for different threshold voltages. Drain–induced
barrier lowering (DIBL), subthreshold swing (SS), on/off current ratio, Ion/Ioff, and other parameters of
the devices were considered. In addition, the novel figure of merit introduced in our previous work for
the evaluation of short–channel effects, which accounts for the DIBL, SS, and Ion/Ioff of the devices, was
also analyzed under this context. It was shown that the off–state current does not increase significantly
with the increase in the supply voltage, indicating good gate control.

INDEX TERMS �VDIBLSS/(Ion/Ioff), VSCE, FinFETs, intrinsic voltage gain, multiple devices, overdrive
voltage, performance metrics, transistor intrinsic delay.

I. INTRODUCTION
With the shrinking of gate length, the circuit speed
has improved with increasing on–state current, Ion [1].
At zero gate–source voltage, Vgs, an ideal metal–oxide–
semiconductor field–effect transistor (MOSFET) is in the
off state. This means that the transistor channel conducts an
exceedingly small off–state current, Ioff. In reality, short–
channel effects (SCE) arise because the channel potential
barrier height is no longer controlled entirely by Vgs [1].
The drain–source voltage, Vds, also contributes to the lower-
ing of the barrier height, which reduces the threshold voltage,
V t [1]. This inevitable phenomenon in short–channel devices
is usually addressed with a variety of process optimizations.
Another short–channel phenomenon related to the off–

state leakage current is the significant degradation in the
subthreshold swing (SS). In order to achieve a high Ion and
a low Ioff, SS should be as small as possible. In order to
achieve a small SS, a high level of control of the gate over
the channel carriers is essential. If SCE cannot be effectively

suppressed, the on/off current ratio, Ion/Ioff, would decrease
as device dimensions continue to scale down [1]–[4].
In theory, comparisons between the Ion/Ioff and the SCE

of devices with the same V t are useful in revealing their rel-
ative performance and robustness. However, V t is different
for every device, rendering the direct comparison of differ-
ent devices meaningless. To resolve this issue of comparison,
we have found that by considering the on and off voltage
states of the overdrive voltage, Vov (= Vgs − V t), the intrin-
sic Ion/Ioff can be extracted. Since the intrinsic Ion/Ioff is
independent of the V t, this value can be useful in quickly
comparing the performance between several devices.
In this work, different types of devices are analyzed by

comparing their short–channel behaviors and their intrin-
sic performance. In addition, the effects of different power
supply voltages on the performance of transistors will be
demonstrated. Section II covers the concept of intrinsic
performance of core devices and the role of the novel figure
of merit (FoM) introduced in our previous work [5]–[7].
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Section III introduces the fabrication process of FinFET
devices and defines several parameters we will use through-
out this work. Section IV displays and discusses the actual
data of the FinFET devices. Finally, Section V concludes
this material.

II. INTRINSIC PERFORMANCE AND THE NOVEL FIGURE
OF MERIT
A. INTRINSIC PERFORMANCE OF CORE DEVICES
Four types of devices are presented, differentiated by the
level of V t: standard–V t (SVT), low–V t (LVT), extreme–
low–V t (ELVT), and ultra–low–V t (ULVT). These devices
are categorized as core devices. V t is one of the most impor-
tant parameters in a MOSFET as it governs the Ion/Ioff. Ioff,
in particular, dominates the difference in Ion/Ioff for different
threshold voltages. SVT devices, by definition, exhibit the
highest Ion/Ioff as compared to other core devices. However,
aside from V t (due to process tuning), other factors can
also significantly affect the Ioff of a MOSFET, including
short–channel characteristics such as drain–induced barrier
lowering (DIBL) and SS.
In order to evaluate and compare the intrinsic perfor-

mances between different types of devices, a method is
needed in order to disregard the effect of different saturation
threshold voltages on the Ion/Ioff. This can be accomplished
by investigating the intrinsic Ion/Ioff by considering the on
and off voltage states of the overdrive voltage, Vov (=
Vgs − V t), instead of just Vgs.

B. THE NOVEL FOM: �VDIBLSS/(ION/IOFF )
References [5]–[7] focused on the electrical characteriza-
tion of SVT and LVT devices and introduced the FoM,
�VDIBLSS/(Ion/Ioff), to make comparisons between the over-
all behaviors of FinFETs. �VDIBLSS was introduced in [5]
and accounts for the DIBL and SS of the transistors (see
Table 1). Ion/Ioff is the on/off current ratio of the transis-
tors. We define the SCE voltage, VSCE, to be equivalent to
�VDIBLSS/(Ion/Ioff). This value indicates how well a tran-
sistor performs in the short–channel regime. Based on the
results obtained from [5]–[7], we can see that the smaller the
�VDIBLSS, the higher the Ion/Ioff. Hence, smaller VSCE is
indicative of a device with better short–channel performance.
The relationships between VSCE and both �VDIBLSS and
Ion/Ioff (or V t) are presented.

III. EXPERIMENT
A. DEVICE FABRICATION
n–channel (electron–conducting) fin field–effect transistors
(n–FinFETs) with gate lengths between 16 nm and 20 nm
were fabricated on P–type silicon (Si) substrates. (In P–type
Si, the abundant holes make up the majority carriers, and
the minority carriers, electrons, are almost inexistent.) Major
steps in the fabrication process of n–FinFETs are as fol-
lows (see Fig. 1). The Si wafers were implanted with boron
monofluoride (BF) ions to form p–well (2.5 × 1019 cm−3

to 5 × 1019 cm−3). The Fin height ranges from 43 nm to

FIGURE 1. Key fabrication steps of the n–channel FinFET. (a) p–well
implantation, (b) Fin formation, (c) Gate definition, and (d) In–situ growth
of phosphorus–doped Si. STI: Shallow trench isolation. Hfin: Fin height.
Wfin: Fin width. Lg: Gate length. Tox: Gate oxide thickness.

44.5 nm and the Fin width ranges from 11.4 nm to 12.1 nm.
Polycrystalline Si (Poly–Si) was deposited over the Si sur-
face. Next, lithography and plasma etching were used to
define the gate. In–situ growth of phosphorus–doped Si was
performed to create source/drain structures. All four types of
core devices have similar hafnium oxide thicknesses from
1.82 nm to 2.03 nm that serve as the high–k dielectric.
Different work function metals were used for different types
of devices. Finally, the contacts and the metal interconnects
were fabricated to complete the process. The ranges of the
parameters mentioned earlier (gate length, Fin height, Fin
width, etc.) are due to the manufacturing process variations.

B. ELECTRICAL PARAMETERS OF FINFETS
The measured FinFET data (at Vdd = 0.4 and 0.8 V) were
obtained from the wafer acceptance test carried out at the
end of the process. Table 1 shows the electrical parame-
ters of FinFETs. The constant–current (CC) method [14] is
used to extract the threshold voltage, V t, from the Ids−Vgs
plot (where Ids is the drain–to–source current and Vgs is
the gate–source voltage). In this work, we have selected
1 × 10−8 A as the CC from [16]. Linear threshold volt-
age, V t,lin, is measured at a very low drain–source voltage,
Vds, of 50 mV (or Vds,low). Saturation threshold voltage,
V t,sat, is measured at the power supply voltage, Vdd (0.4 V
and 0.8 V). The drain–induced barrier lowering (DIBL)
is then calculated as (V t,lin − V t,sat)/(Vdd − Vds,low)
(or DIBL = �VDIBL/(Vdd − Vds,low)). The subthreshold
swing (SS) is defined as dVgs/d(log Ids) ≈ �Vgs/�Ids =
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TABLE 1. Electrical parameters of FinFETs.

�VSS/�Ids [5]. (Here, �VSS is defined to be equal to �Vgs.)
For �VSS, we have selected a value which results in a ten-
fold increase of �Ids from 1 × 10−10 A to 1 × 10−9 A
in [16]. In [5], �VDIBLSS = �VDIBL + �VSS represents the
gate controllability over the channel.
On–state current, Ion, is the Ids when Vgs = Vds = Vdd

(normal on–state). And off–state current, Ioff, is the Ids when
Vgs = 0 V and Vds = Vdd (normal off–state). The ratio of
Ion to Ioff is called the on/off current ratio of the devices. We
define the FoM [6], [7] known as the SCE voltage, VSCE, as
�VDIBLSS/(Ion/Ioff), which indicates how well devices will
perform in the short–channel regime. For VSCE, we utilize
the relationship between DIBL, SS, and Ion/Ioff to derive at
a value, which the smaller the better. In order to properly
benchmark different transistor devices based on the intrinsic
performance, the overdrive voltage, Vov (= Vgs − V t,sat),
is considered in place of Vgs [8]. This rids the dependence
of Ion/Ioff on different V t,sat values. Therefore, Ion is taken
when Vov = Vds = Vdd (intrinsic on–state) and Ioff is taken
when Vov = 0 V and Vds = Vdd (intrinsic off–state). Since
Ion/Ioff has an intrinsic state, VSCE also has an intrinsic state.

The total gate capacitance in inversion, Cg,total, is mea-
sured at Vov = Vds = Vdd. Therefore, the intrinsic MOSFET
delay, τ , is calculated from Cg,totalVdd/Ion (or CV/I).
Transconductance, gm, is defined as dIds/dVgs. Output resis-
tance, ro, is defined as (dIds/dVds)−1, which is the reciprocal
value of the slope of the Ids−Vds curves (output conduc-
tance). The intrinsic voltage gain, gmro, is obtained by simply
multiplying gm and ro. A Vdd of 0.8 V (operating voltage)
is used in this work. To study the effects of the Vdd in the
performance of transistors, a lower Vdd of 0.4 V (half of

0.8 V), is investigated. The 0.4 V is representative of the low
supply voltage (or low Vcc). In the next section, �VDIBLSS,
Ion/Ioff, VSCE, Cg,total, CV/I, and gmro as functions of V t,sat
are analyzed. Furthermore, state–of–the–art electron devices
from [9]–[12] are also included in the comparison.

IV. RESULTS AND DISCUSSION
In Table 1, the four terminals: body (B), source (S), drain (D),
and gate (G), are assigned four different voltages: Vb, Vs,
Vd, and Vg, respectively. Since the Vb is set to ground (and
Vb = Vs), the body effect is eliminated in this work. For
simplicity, we use D and G to represent the Vds and Vgs,
respectively.
First, �VDIBLSS as a function of V t,sat is examined

(Fig. 2). For the four types of devices, V t,sat ranges from
roughly 50 mV to 280 mV, but �VDIBLSS remains similar.
This indicates that these four devices have similar short–
channel characteristics. In addition, �VDIBLSS measured at
Vdd = 0.8 V is only about 15 mV larger than �VDIBLSS
measured at Vdd = 0.4 V, indicating that the control of the
channel potential barrier height remains dominated by the
gate in comparison to the drain even with twice the supply
voltage. It was mentioned in [6], [7] that a �VDIBLSS value
of equal to or smaller than 100 mV constitutes strong gate
control over the channel [15]. For the devices mentioned in
this work, �VDIBLSS (measured at Vdd = 0.8 V) of about
100 mV indicates good short–channel behaviors. In addi-
tion, the �VDIBLSS variations (about 40 mV) are due to the
process variations in gate length, Fin height, Fin width, etc.
In normal on–state, Ion is equal to Ids when

Vgs = Vds = Vdd, and in normal off–state, Ioff is equal
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FIGURE 2. �VDIBLSS versus V t, sat. Hollow symbols: Vdd = 0.4 V. Solid
symbols: Vdd = 0.8 V. Lg ranges from 16 to 20 nm. Hfin ranges from 43 to
44.5 nm. Wfin ranges from 11.4 to 12.1 nm. Tox ranges from 1.82 to
2.03 nm. �VDIBLSS remains almost unchanged due to strong gate control.
A larger Vdd does not increase �VDIBLSS significantly.

to Ids when Vgs = 0 V and Vds = Vdd. In intrinsic on–state,
Ion is equal to Ids when Vov = Vds = Vdd, and in intrinsic
off–state, Ioff is equal to Ids when Vov = 0 V and Vds = Vdd.
The plots of Ion/Ioff versus V t,sat measured at Vdd = 0.4 V
and Vdd = 0.8 V are shown in Fig. 3. In this work, the
gate–induced drain leakage (GIDL) current can be ignored
because the Ioff is dominated by the subthreshold leakage
current. Therefore, the Ioff of all the core devices is set by
electrostatics. It is observed that Ion/Ioff increases as V t,sat
increases. Since both Ion and Ioff decrease as V t,sat increases,
it can be deducted at this point that the change in Ion/Ioff
due to V t,sat is dominated by the Ioff term. When V t,sat is set
very low, Ioff becomes very large, and vice versa. Out of the
four devices, ULVT devices provide the highest values of
both Ion and Ioff, and SVT devices provide the lowest values
of both Ion and Ioff. As a result of the dominating Ioff, the
highest Ion/Ioff is observed for SVT devices, and the lowest
Ion/Ioff is observed for ULVT devices. This results in data
clusters to have an obvious slope, indicating its dependence
on V t,sat (normal state).

It can be noted that the devices have higher Ion/Ioff at
Vdd = 0.8 V (Fig. 3(b)) than at Vdd = 0.4 V (Fig. 3(a)). This
reflects the increase of Ion with the increase of Vdd, which
does not significantly increase the DIBL effect because of
strong gate control. However, it is expected that at even
higher level of Vdd, the DIBL effect will dominate, causing
Ion/Ioff to decrease [1], [2].

So far, the performances (Ion/Ioff) of the devices have
been observed to be largely dependent on V t,sat. This is
because Vdd and 0 V are simply applied to the gate terminal
during the on state and off state, respectively. Based on
the well–known expression of the saturation drive current,
Ion [1], [2], it is inversely dependent on V t,sat. For the off–
state leakage current, Ioff, it is also governed by V t,sat. In
order to eliminate the dependence of the Ion/Ioff on V t,sat,
the intrinsic performance needs to be considered [8]. This
can be extracted by varying the Vov, rather than just the
Vgs for both on and off states. For on state, Vov is set to

FIGURE 3. Ion/Ioff versus V t, sat. (a) Hollow symbols: Vdd = 0.4 V. (b) Solid
symbols: Vdd = 0.8 V. Lg ranges from 16 to 20 nm. Hfin ranges from 43 to
44.5 nm. Wfin ranges from 11.4 to 12.1 nm. Tox ranges from 1.82 to
2.03 nm. In normal state, on–state is when Ion = Ids and Vgs = Vds = Vdd,
and off–state is when Ioff = Ids, Vgs = 0 V, and Vds = Vdd. In intrinsic
state, on–state is when Ion = Ids and Vov = Vds = Vdd, and off–state is
when Ioff = Ids, Vov = 0 V, and Vds = Vdd. As V t, sat increases, Ion/Ioff
increases. A larger Vdd results in a larger Ion/Ioff value than a smaller Vdd.

Vdd, and for off state, Vov is set to 0 V. The result is also
plotted in Fig. 3, where the data clusters are labeled with
intrinsic state. The data for intrinsic Ion/Ioff appear to be
much less dependent on V t,sat (the slope is near zero), so
devices with different supply voltages can be benchmarked
regardless of V t,sat. Thus, data points across different devices
(categorized by different levels of V t,sat) converge into a
similar Ion/Ioff level. This indicates that these devices have
similar short–channel characteristics (�VDIBLSS) shown in
Fig. 2.
Since VSCE = �VDIBLSS/(Ion/Ioff), and there is a normal

state and an intrinsic state for Ion/Ioff, it is natural that there
is a normal state and an intrinsic state for VSCE as well
(shown in Fig. 4). Note that each type of FinFET devices
has different �VDIBLSS and Ion/Ioff (and thus different VSCE
values) depending on the V t,sat. Since the Ion/Ioff exists in
the denominator of the equation for VSCE, the slope that rep-
resents the normal state is flipped in Fig. 4 when compared
to the slope in Fig. 3. The results for supply voltages of
both 0.4 V and 0.8 V are shown.
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FIGURE 4. VSCE versus V t, sat. (a) Hollow symbols: Vdd = 0.4 V. (b) Solid
symbols: Vdd = 0.8 V. Lg ranges from 16 to 20 nm. Hfin ranges from 43 to
44.5 nm. Wfin ranges from 11.4 to 12.1 nm. Tox ranges from 1.82 to
2.03 nm. Since there exists a normal state and an intrinsic state for
Ion/Ioff, there also exists a normal state and an intrinsic state for VSCE,
which is proportional to 1/(Ion/Ioff). In the normal state, the VSCE is
dependent of V t, sat. In the intrinsic state, the VSCE is independent of the
V t, sat.

FIGURE 5. Cg,total versus V t, sat. Hollow symbols: Vdd = 0.4 V. Solid
symbols: Vdd = 0.8 V. Lg ranges from 16 to 20 nm. Hfin ranges from 43 to
44.5 nm. Wfin ranges from 11.4 to 12.1 nm. Tox ranges from 1.82 to
2.03 nm. Both devices have similar values of Cg, total.

When Vov is considered (intrinsic state), the VSCE for
four different devices converge into the same order, much
like the case of Ion/Ioff. This is expected as the short–channel
characteristics and the intrinsic Ion/Ioff of all four devices

FIGURE 6. CV/I versus V t, sat. Hollow symbols: Vdd = 0.4 V. Solid symbols:
Vdd = 0.8 V. Lg ranges from 16 to 20 nm. Hfin ranges from 43 to 44.5 nm.
Wfin ranges from 11.4 to 12.1 nm. Tox ranges from 1.82 to 2.03 nm.
A larger Vdd results in a lower CV/I because of the domination of the Ion
value in the denominator. ELVT devices have a smaller CV/I than ULVT
devices due to their smaller �VDIBLSS values.

are supposed to be similar due to being fabricated with the
same processes (see Figs. 2 and 3). Since the intrinsic state
is independent of V t,sat and the slope is almost zero, both
Ion/Ioff (Fig. 3) and VSCE (Fig. 4) appear flat.
The numerator of VSCE is the �VDIBLSS, which quantifies

the short–channel behaviors, and the denominator is Ion/Ioff,
which quantifies the transistor performance. Thus, having a
relatively small VSCE indicates that gate control over the
channel is not significantly affected by the change in Vdd.
Transistors with VSCE of smaller than 0.1 mV when Vov is
considered, as shown in the data in Fig. 4, indicate good
short–channel behavior.
Since the capacitor test structure is laid out in the ELVT

and ULVT devices, only these two devices will be compared.
Fig. 5 shows a plot of Cg,total versus V t,sat. It is observed
that the consideration of Vov renders the Cg,total values of
the two devices almost equal in magnitude. Like for VSCE,
this indicates that devices with different V t,sat intrinsically
have similar Cg,total values. If Vgs was considered, Cg,total
would increase with decreasing V t,sat like VSCE does. This
explains why CV/I values converge at similar levels as shown
in Fig. 6. In the case of a larger Vdd of 0.8 V, even though
Cg,total is slightly larger than the Vdd = 0.4 V case, a smaller
CV/I is still obtained due to the domination of the increase
of the denominator, Ion. Furthermore, ELVT devices have a
smaller CV/I than ULVT devices because of their smaller
�VDIBLSS values, as shown in Fig. 2. Although the capacitor
test structures of SVT and LVT devices are not included,
their Cg,total behaviors are expected to be similar to the ELVT
and ULVT devices. In other words, the CV/I of SVT and
LVT devices will be similar to the ULVT devices due to
their similar �VDIBLSS.

Fig. 7 shows gmro versus V t,sat measured at Vdd = 0.4 V
and Vdd = 0.8 V. gmro remains consistent for all devices,
independent of V t,sat. The similarity in the behaviors between
�VDIBLSS and gmro is observed as V t,sat varies. Increase in
DIBL is related to the reduction of V t,sat, so small DIBL
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FIGURE 7. gmro versus V t, sat. Hollow symbols: Vdd = 0.4 V. Solid
symbols: Vdd = 0.8 V. Lg ranges from 16 to 20 nm. Hfin ranges from 43 to
44.5 nm. Wfin ranges from 11.4 to 12.1 nm. Tox ranges from 1.82 to
2.03 nm. A larger gmro is observed due to a larger Vdd.

FIGURE 8. VSCE versus Ion/Ioff. Vdd = 0.8 V. Lg ranges from 16 to 20 nm.
Hfin ranges from 43 to 44.5 nm. Wfin ranges from 11.4 to 12.1 nm. Tox
ranges from 1.82 to 2.03 nm. The slopes for all devices are very similar.

indicates a high ro [7]. SS is given by the Vgs required to
increase the Ids by one order of magnitude. gm is given by
the change in Ids divided by the change in Vgs. Thus, a small
SS and a large gm are desirable. Since DIBL and SS are
related to gmro, �VDIBLSS (Fig. 2) can be used to predict
the trend of gmro. Also, it is shown in Fig. 3 and Fig. 4 that
Vov can eliminate the dependence of Ion/Ioff on V t,sat. The
intrinsic performance obtained as a result will follow the
same trend as gmro as well. It can be observed in Fig. 7 that
increasing Vdd also increases gmro.

The performances of different state–of–the–art electron
devices from [9]–[12] are compared with the four devices
mentioned in this work (at Vdd = 0.8 V) in Fig. 8. The VSCE
versus Ion/Ioff plot shows that VSCE decreases as Ion/Ioff
increases. Interestingly, the devices presented in [9]–[12] fol-
low the same slope. This is a good indication that the gate
control is sufficiently strong for all the devices shown in
Fig. 8, where V t,sat strongly dominates Ion/Ioff and thus
determines the VSCE. If an advanced transistor has a small
�VDIBLSS value (about 100 mV), the value of VSCE will
be similar as long as the devices have similar V t values. In
addition, VSCE values converge into the same order when
Vov is used to minimize the dependence on V t,sat.

V. CONCLUSION
The short–channel behaviors of n–FinFETs at Vdd = 0.4 V
and Vdd = 0.8 V have been demonstrated. �VDIBLSS of
100 mV indicates that the gate control is strong. For a tran-
sistor with a larger Vdd, as long as its �VDIBLSS is smaller
than (or equal to) 100 mV, its Ion/Ioff will be larger than that
of a transistor with a smaller Vdd. In this work, the increase
of Ion/Ioff with increasing. Vdd is observed. With good con-
trol for the SCE, Ion/Ioff (and gmro) can be increased by
using a larger Vdd. VSCE and CV/I in turn decrease for larger
Vdd. The device behaviors of standard–V t (SVT), low–V t
(LVT), extreme–low–V t (ELVT), and ultra–low–V t (ULVT)
are presented with consideration of the on and off volt-
age states of the overdrive voltage, which disregards the
effect of the saturation threshold voltage, revealing the intrin-
sic performance of the FinFETs. With the device intrinsic
characteristics revealed, the performances of devices with
different threshold voltage values can be directly compared.

REFERENCES
[1] S. M. Sze, Semiconductor Devices, Physics and Technology, 2nd ed.

New York, NY, USA: Wiley, 2001.
[2] D. A. Neamen, An Introduction to Semiconductor Devices. New York,

NY, USA: McGraw-Hill, 2005.
[3] B. Sell et al., “22FFL: A high performance and ultra low power

FinFET technology for mobile and RF applications,” in IEDM Tech.
Dig., Dec. 2017, pp. 1–4, doi: 10.1109/IEDM.2017.8268475.

[4] G. Bae et al., “3nm GAA technology featuring multi-bridge-channel
FET for low power and high performance applications,” in IEDM Tech.
Dig., Dec. 2018, pp. 656–659, doi: 10.1109/IEDM.2018.8614629.

[5] Y.-C. Eng et al., “A new figure of merit, �VDIBLSS/(Id,sat/Isd,leak),
to characterize short-channel performance of a bulk-Si n-channel
FinFET device,” IEEE J. Electron Devices Soc., vol. 5, pp. 18–22,
2017, doi: 10.1109/JEDS.2016.2626464.

[6] Y.-C. Eng et al., “Importance of �VDIBLSS/(Ion/Ioff) in eval-
uating the performance of n–channel bulk FinFET devices,”
IEEE J. Electron Devices Soc., vol. 6, pp. 207–213, 2018,
doi: 10.1109/JEDS.2018.2789922.

[7] Y.-C. Eng et al., “Monitoring of FinFET characteris-
tics using �VDIBLSS/(Ion/Ioff) and �VDIBL/(Ion/Ioff),”
IEEE J. Electron Devices Soc., vol. 7, pp. 344–350, 2019,
doi: 10.1109/JEDS.2019.2898697.

[8] J.-T. Lin et al., “Short-channel characteristics of self-aligned
�-shaped source/drain ultrathin SOI MOSFETs,” IEEE Trans.
Electron Devices, vol. 55, no. 6, pp. 1480–1486, Jun. 2008,
doi: 10.1109/TED.2008.922490.

[9] H. Arimura et al., “A record GmSAT/SSSAT and PBTI reliabil-
ity in Si-passivated Ge nFinFETs by improved gate stack surface
preparation,” in VLSI Symp. Tech. Dig., Jun. 2019, pp. T92–T93,
doi: 10.23919/VLSIT.2019.8776535.

[10] C. H. Lee et al., “Toward high performance SiGe channel
CMOS: Design of high electron mobility in SiGe nFinFETs out-
performing Si,” in IEDM Tech. Dig., Dec. 2018, pp. 807–810,
doi: 10.1109/IEDM.2018.8614581.

[11] S. Barraud et al., “Tunability of parasitic channel in gate-all-around
stacked nanosheets,” in IEDM Tech. Dig., Dec. 2018, pp. 500–503,
doi: 10.1109/IEDM.2018.8614507.

[12] R. Ritzenthaler et al., “Vertically stacked gate-all-around Si nanowire
CMOS transistors with reduced vertical nanowires separation, new
work function metal gate solutions, and DC/AC performance
optimization,” in IEDM Tech. Dig., Dec. 2018, pp. 508–5411,
doi: 10.1109/IEDM.2018.8614528.

[13] J.-T. Lin and Y.-C. Eng, “Influence of block oxide width on
a silicon-on-partial-insulator field-effect transistor,” IEEE Trans.
Electron Devices, vol. 54, no. 11, pp. 2893–2900, Nov. 2007,
doi: 10.1109/TED.2007.906925.

286 VOLUME 10, 2022

http://dx.doi.org/10.1109/IEDM.2017.8268475
http://dx.doi.org/10.1109/IEDM.2018.8614629
http://dx.doi.org/10.1109/JEDS.2016.2626464
http://dx.doi.org/10.1109/JEDS.2018.2789922
http://dx.doi.org/10.1109/JEDS.2019.2898697
http://dx.doi.org/10.1109/TED.2008.922490
http://dx.doi.org/10.23919/VLSIT.2019.8776535
http://dx.doi.org/10.1109/IEDM.2018.8614581
http://dx.doi.org/10.1109/IEDM.2018.8614507
http://dx.doi.org/10.1109/IEDM.2018.8614528
http://dx.doi.org/10.1109/TED.2007.906925


ENG et al.: SIGNIFICANCE OF OVERDRIVE VOLTAGE IN ANALYSIS OF SHORT-CHANNEL BEHAVIORS

[14] H.-G. Lee, S.-Y. Oh, and G. Fuller, “A simple and accurate method to
measure the threshold voltage of an enhancement-mode MOSFET,”
IEEE Trans. Electron Devices, vol. TED-29, no. 2, pp. 346–348,
Feb. 1982, doi: 10.1109/T-ED.1982.20707.

[15] Y.-K. Choi, D. Ha, T.-J. King, and C. Hu, “Nanoscale ultrathin
body PMOSFETs with raised selective germanium source/drain,”
IEEE Electron Device Lett., vol. 22, no. 9, pp. 447–448, Sep. 2001,
doi: 10.1109/55.944335.

[16] Y.-C. Eng et al., “A three-dimensional simulation study of
source/drain-tied double-gate fin field-effect transistor design
for 16-nm half-pitch technology generation and beyond,”
Jpn. J. Appl. Phys., vol. 50, no. 8, pp. 1–7, Aug. 2011,
doi: 10.1143/JJAP.50.084301.

YI-CHUEN ENG (Member, IEEE) received the
B.S. and Ph.D. degrees in electrical engineering
from National Sun Yat-sen University, Kaohsiung,
Taiwan, in 2005 and 2012, respectively. In 2012,
he joined United Microelectronics Corporation,
Tainan, Taiwan, where he has been engaged in
the field of semiconductor device physics, simu-
lation, and reliability of FinFET, and embedded
high–voltage devices.

LUKE HU (Member, IEEE) was born in Tainan,
Taiwan, in 1989. He received the B.Eng. and
M.Eng. degrees in electrical engineering from
the University of Toronto, Toronto, ON, Canada,
in 2011 and 2013, respectively, specializing in
photonics and semiconductor physics. He is
currently with the Research and Development
Division, United Microelectronics Corporation,
Tainan, where he has been engaged in the devel-
opment and qualification of the fabrication, device
physics, simulation, and reliability of 3-D IC
processes.

TZU-FENG CHANG received the M.S. degree in
electrical engineering from National Sun Yat-sen
University, Kaohsiung, Taiwan, in 2010. From
2011 to 2014, he was a Product Engineer with
the Department of Technology Development and
Product, Rexchip (Micron), Taichung, Taiwan. He
is currently with the Research and Development
Division, United Microelectronics Corporation,
Tainan, Taiwan. His research interests include
semiconductor device physics and SRAM cell
operation.

CHIH-YI WANG received the Ph.D. degree in
physics from National Taiwan University, Taipei,
Taiwan, in 2015. In 2016, he joined United
Microelectronics Corporation, Tainan, Taiwan,
where he has been engaged in the field of
semiconductor device physics and new process
improvement.

STEVEN HSU received the M.S. degree in elec-
trical engineering from National Chiao Tung
University, Hsinchu, Taiwan. He was with United
Microelectronics Corporation (UMC), Hsinchu,
for over 21 years, where he has had experience
with semiconductor fabrication from the 0.18 μm
architecture all the way to the 14 nm architec-
ture. He is currently the Vice President of the
Technology Development Division, UMC, where
he is in charge of logic and specialty technology
platform development.

OSBERT CHENG (Member, IEEE) received the
M.S. degree from National Tsing Hua University,
Hsinchu, Taiwan, and the Ph.D. degree in elec-
tronics engineering from National Chiao Tung
University, Hsinchu.

He is currently the Vice President of the Device
Technology Development & Design Division,
United Microelectronics Corporation, Tainan,
Taiwan. He has been involved in developing
the foundry platform with over eight technology
nodes. He is currently leading the research of

advanced devices, SRAM, mixed–signal, reliability, TCAD, and Model in
the Research and Development Team. He is currently a member of the
Technical Program Committee of IEEE Symposium on VLSI Technology.

CHIEN-TING LIN was born in Kaohsiung,
Taiwan, in 1968. He received the Ph.D. degree
in electronics engineering from National Cheng
Kung University, Tainan, Taiwan, in 2007. He has
been with the Central Research and Development
Division, United Microelectronics Corporation,
Hsinchu, Taiwan, for over 23 years, where he
is currently the Director of the Technology
Development Division. He leads the FinFET, 3-D
IC, embedded high–voltage devices, and magnetic
random-access memory process development in

the Research and Development Team.

YU-SHIANG LIN received the M.S. degree
in chemical engineering from National Taiwan
University, Taipei, Taiwan. He was with United
Microelectronics Corporation (UMC), Hsinchu,
Taiwan, for over 20 years, where he participated
in the CMOS process integration development
from 0.18 μm to 14 nm architectures. He is
currently the Deputy Director of the Technology
Development Division, UMC, where he is in
charge of the FinFET and embedded high-voltage
devices process development.

ZEN-JAY TSAI received the M.S. degree from
the Institute of Electro-Optical Science and
Engineering, National Cheng Kung University,
Tainan, Taiwan. In 2007, she joined United
Microelectronics Corporation, Tainan, where she
was responsible for the development process of
high-κ and metal gate integration and is cur-
rently the Deputy Department Manager focusing
on the FinFET and embedded high-voltage devices
process development.

VOLUME 10, 2022 287

http://dx.doi.org/10.1109/T-ED.1982.20707
http://dx.doi.org/10.1109/55.944335
http://dx.doi.org/10.1143/JJAP.50.084301


ENG et al.: SIGNIFICANCE OF OVERDRIVE VOLTAGE IN ANALYSIS OF SHORT-CHANNEL BEHAVIORS

CHIH-WEI YANG was born in Kaohsiung,
Taiwan. He received the B.S. and Ph.D. degrees in
electrical engineering from National Cheng Kung
University, Tainan, Taiwan. In 2003, he joined
United Microelectronics Corporation, Hsinchu,
Taiwan, where he was responsible for the develop-
ment process of high-κ and metal gate integration
as well as reliability characterization for the
28 nm process and is currently a Section Manager
focusing on the FinFET process development.

JIM LU received the M.S. degree from the
Institute of Microelectronics Engineering, National
Cheng Kung University, Tainan, Taiwan. In 2013,
he joined United Microelectronics Corporation,
Tainan, where he was responsible for the develop-
ment process of high-κ and metal gate integration.
He is currently a Section Manager focusing on
the FinFET and embedded high-voltage devices
process development.

STEVE YI-WEN CHEN received the M.S. and
Ph.D. degrees in materials science and engi-
neering from National Tsing Hua University,
Hsinchu, Taiwan. He has been in the United
Microelectronics Corporation for over 14 years,
where he participated in the CMOS process inte-
gration development from 28-nm HKMG to 14-nm
FinFET process development in the Research and
Development Team. He is currently a Section
Manager in charge of the embedded high-voltage
devices process development.

288 VOLUME 10, 2022



<<
  /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
    /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


