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ABSTRACT The main objective of this work is to present an analysis of the performance of Ultra-
Thin-Body and Buried Oxide transistors working as Ultra-Low-Power and standard-nMOS diodes. The
implementation of different ground planes and substrate biases is analyzed. It is shown a reduced leakage
current and increased ratio between the on and off-state currents for both systems with the nMOS devices’
substrate biased at —2V. The standard-nMOS shows a reduced leakage current and increased ratio between
the on and off-state currents with the substrate bias at —2 V and with a P-type ground plane implemented
while the Ultra-Low-Power presents only a significative influence of the ground planes on the ratio
between the on and off-state currents. The ground planes do not provoke a significant change in the
leakage current, but a noticeable variation can be observed in the ratio between the on and off-state
currents due to the higher threshold voltage in relation to the system without ground plane.

INDEX TERMS Ground plane, SOI, standard-MOS-diodes, ultra-low-power diodes, UTBB.

I. INTRODUCTION
The Ultra-Thin-Body and Buried Oxide (UTBB) has been
proposed as an evolution of the SOI technology [1], and this
SOI transistor presents silicon layer thickness (tsij) on the
order of 6-10 nm and buried oxide (BOX) thickness (tpox)
on the order of 10-25 nm, resulting in a better capacitive
coupling of the structure. The reduced tyox presented by
UTBB transistors makes the substrate biasing (Vsyg) more
effective acting as a second gate, significantly improving
the control of the channel charges and allowing for the
modulation of the threshold voltage (V) according to the
application. This enables the UTBB device to be used in
multi-Vyyg architectures [2]. Additionally, a ground plane
(GP) region, which consists of a thin highly doped layer
below the BOX layer, can be implemented to avoid substrate
depletion-related effects.

These UTBB features are responsible for making
the device suitable for low power analog [2] and
RF [3] applications, and also in Ultra-Low-Power (ULP)

systems [4], [5], [6], where low threshold voltage and low
leakage current are required. One of these applications
consists in RF diodes, frequently used in energy harvesting
systems [7], [8], [9]. High performance diodes can be easily
implemented in standard-MOS transistors by short-circuiting
its drain and gate terminals whereas Ultra-Low-Power (ULP)
diodes [10], [11] can be implemented in UTBB transistors by
the application of Complementary MOS (CMOS) technology
similarly to double-gate MOSFETSs on RFID rectifiers [12].
To the best of our knowledge, the performance of UTBB
devices working as standard and ULP diodes has not been
studied in the literature. Therefore, this work presents an
analysis of the main electrical characteristics of these devices
considering different GP configurations and substrate biases.
The work was carried out through numerical simulations
validated with experimental data from literature. Section II
presents the physical characteristics of the studied devices
as well as the calibration of the simulations to experimental
data. The electrical characteristics of both standard and ULP
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FIGURE 1. Simulated and experimental gp and gy versus frequency of the
30 nm-long UTBB n-MOSFET at Vp = Vgg =1 V.

UTBB diodes are presented and discussed in Section III, and
overall conclusions of the work are highlighted in Section I'V.

Il. DEVICES CHARACTERISTICS
METHODOLOGY.

The analysis was carried out throughout devices DC and
AC 2D simulations on the software Synopsys Sentaurus
TCAD [13] calibrated to experimental data from litera-
ture. Models accounting for the carriers’ generation and
recombination [14], [15], bandgap narrowing [16], [17], low
field mobility [18], [19] and the mobility dependence on
vertical and longitudinal electric fields [20], [21] have been
considered in all the simulations. For energy balance, the
hydrodynamic transport mechanism, which also considers
the impact ionization on the output characteristics, was used.
It is worth to mention that the Self-Heating effect was not
considered in this work.

Firstly, the simulations were calibrated to present charac-
teristics near of experimental devices. Considering that the
diodes operation in RF regime is essential for several appli-
cations, such as energy harvesting ones, the required figures
of merit transconductance (gyr) and output conductance (gp)
were extracted through AC simulations as a function of
the frequency and are presented in Fig. 1. To obtain these
curves, simulations were performed with devices presenting
characteristics similar to those described in [22], with Si
film, BOX, channel length and effective gate oxide thickness
of 7, 25, 30 and 1.3 nm, respectively. gy and gp curves
from experimental devices are also presented in Fig. 1 along
with the simulated curves. As one can observe, the simulated
devices present AC behavior close to the one presented
in [22] at the temperature of 300 K with the gp presenting
18 and 22 mS at 50 kHz and 3 GHz, respectively, and gy
presenting 124 and 131 mS at the same frequencies. This
assures that simulated devices are well matched in relation to
the experimental ones. It is worth to mention that validation
of the simulations for DC drain-voltage characteristics was
presented in detail in previous works [23], [24].
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FIGURE 2. Electrical schematics of the diode implemented with a
Standard nMOS device in (A), electrical schematics of the ULP diode in
(B) and the longitudinal view of the CMOS device in (C).

The simulations were extended to devices with channel
lengths of 100 and 25 nm for the implementation of the
diodes. The standard-MOS had the gate and the drain
terminals of a nMOS device short-circuited as exhibited in
Fig. 2A, and for the ULP structure the CMOS scheme shown
in Fig. 2B was applied. The gate of the pMOS device is
connected to the source terminal of the nMOS one, which
had its gate terminal tied with the drain terminal of the
pMOS transistor as shown in Fig. 2B. For the devices with
the GP implemented, in the ULP ones was considered a
P-type GP for the nMOS device and a N-type GP for the
pMOS device [2], both with the thickness of 10 nm and
1x10'® cm™3 of P and N doping materials. The nMOS and
the pMOS are separated by a 100 nm long layer of SiO»
acting like a Shallow-Trench-Isolation (STI) that isolates the
devices from the top source-drain regions until the bottom
substrate in order to allow the individual substrate biasing
as shown in the scheme of Fig. 2C.

IIl. ELECTRICAL ANALYSIS AND DISCUSSIONS

A. STANDARD AND ULP DIODES UNDER DIFFERENT
SUBSTRATE BIASES

Firstly, to verify the standard-nMOS UTBB device without
GP (No GP) operating as a diode, simulations were per-
formed applying a voltage (Vp) from —1 to 1 V. Fig. 3
A shows the diode absolute current (IIpl) as a function
of the applied Vp for different substrate biases and two
gate lengths. As UTBB devices allow an independent
back gate biasing, different Vgyp were considered and a
special condition was also considered, where the substrate
is connected with the already tied gate and drain terminals
(VsuB = Vgs = Vp). It is worth to mention that in this
case, the back gate bias will vary dynamically with the gate
voltage. This condition could be interesting to avoid the
need of an external supply source. It is observed that the
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FIGURE 3. [Ip| vs. Vp with different substrate bias for L = 100 and 25 nm
standard-nMOS (A) and ULP (B) diodes without GP.

25 nm-long device presents higher leakage current levels
than the 100 nm long one. With respect to the back biasing
conditions, the devices with the substrate biased with 2 V
present higher leakage current level for both channel lengths.
The Vsyp = Vp condition comes in the sequence and shows
a behaviour similar to the substrate with zero bias, and the
substrate biased at —2 V presents the lowest leakage current,
which is in the order of 7 pA and 0.7 nA for the L = 100
and 25 nm devices, respectively, at Vp = —1 V.

To evaluate the performance of the ULP diode imple-
mented with devices without GP, the same analysis was
performed in a set of different substrate bias. In this case,
Vsug refers to voltage applied to the substrate of the nMOS
device whereas the substrate of the pMOS receives the
opposite voltage, i.e., if —2 V is applied to the substrate of
the nMOS, 2 V is applied to the pMOS. This configuration
was adopted based on previous results for CMOS circuits
compounded by UTBB devices [25]. It is worth to mention
that for Vguyg = 0 V, the substrates of both devices are tied
to the ground. The substrate was biased with —2, 0 and 2 V.
Fig. 3B presents the curves of the absolute current (IIpl) as
a function of the applied Vp. for the ULP structure. One can
note the reduction of the leakage current with the reduced
substrate bias, this effect could be related to the change in
the capacitive coupling of the structures promoted by the
application of the back gate bias, which will be discussed
later this work.
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FIGURE 4. |Ip| vs. Vgyg for ULP and Standard-nMOS devices without GP
composed by devices with L = 25 and 100 nm for Vp = -1 V.

To compare the results of both diode configurations,
Fig. 4 presents the curves of the leakage current as a
function of the substrate bias for Vp = —1 V. Taking
the condition where the devices present the higher leakage
current levels, i.e., Vsup = 2 V, the ULP structure presents
leakage current on the order of 7 nA and 3 nA while the
standard-nMOS structure presents 130 pA and 3 pA for
the 25 and 100 nm long devices structures, respectively. In
relation to the channel length, the 25 nm long ULP diode
presents leakage current value next to the one observed in the
standard-nMOS diode. Additionally, shorter devices present
higher leakage current levels in both structures.

The Ion/Iopr ratio is an important figure that correlates
the performance of the diodes in terms of their on- and
off-state currents [26]. To obtain these curves, the currents
in the interval from 0.5 to 1 V of Vp (on-state) were
divided by the current on the interval of Vp between —1 V
and —0.5 V (off state). This was done to consider the
application of a symmetric sinusoidal signal at the diode.
Thus, Fig. 5A shows the Ion/Iopr of the diode implemented
with the standard-nMOS device without GP. It is shown that
the 25 nm device presents lower Ion/Iopr ratio in relation to
the 100 nm device and, when the substrate is biased at —2 V,
both devices present the larger Ion/Iorr ratio followed by
the zero bias substrate and the Vsyg = Vp configuration.
The lower Ion/lIopr conditions are given by the substrate
biased at 2 V, where values on the order of 5x10% and 1x10!
for the 100 and 25 nm channel length devices are obtained.

Fig. 5B shows the Ion/Iopr of the ULP diode imple-
mented with devices without GP as a function of [Vpl. As
one can observe, the 25 nm device-based ULP presents lower
Ion/IopF ratio in relation to the 100 nm one. When the sub-
strate is biased at —2 V and IVpl = 1V, both devices present
the larger Ion/Iopr ratio while the lower Ion/Iopr conditions
are given by the substrate biased at 2 V and IVpl = 0.5 V.
Fig. 6 shows the Ion/Iopr at 0.5 and 1 V of IVpl as a
function of the substrate bias. Higher values are obtained
for the longer ULP devices in the order of 7x10'° and
4x10° for IVpl of 1 and 0.5 V at Vsup = —2 respectively,
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FIGURE 5. lgn/logf ratio vs Vp with different substrate bias for L = 100
and 25 nm standard-nMOS (A) and ULP (B) diodes without GP.

while the longer standard-nMOS devices exhibits 5x 107 and
4x10° at the same bias conditions. To better visualize the
differences between the devices, Table 1 shows a comparison
of the ratio for the L = 25 nm devices. It is also interesting
to note a reduction of the ratio between 1 and 0.5 V of
IVpl for the ULP in all substrate bias and for the longer
standard-nMOS device biased at the smaller substrate bias,
indicating increased dependence of [Vpl for the devices on
these conditions which could be related to the threshold
voltage of the devices that will be discussed later this work.

To elucidate the behavior behind the difference in Ion/Iopr
ratio, the threshold voltage (Vry) for each substrate bias
conditions was extracted through the method described
in [27] and is presented in Fig. 7 for both standard-nMOS
and ULP devices. As one can note in Fig. 7, the standard-
nMOS exhibits lower Vry in relation to the ULP structure.
With respect to the substrate bias, the lower the Vsyp bias
condition, the higher Vg is observed for both diode types.
This effect is related to the change in the surface potential in
the second interface, i.e., the interface between the channel
and the BOX, at each step of the substrate bias.
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FIGURE 7. Threshold voltages (Vry) vs Vgypg for standard-nMOS and ULP
diodes for L = 100 and 25 nm devices.

B. EFFECT OF THE GROUND PLANE (GP)

Figs. 8 and 9 present the same analysis for different GP
types for the standard-nMOS and for the ULP diodes. In
Fig. 8, it is shown that, for Vsgug = —2 V, the shorter device
does not present a substantial change in the leakage current
for different GPs, whereas the 100 nm long device with the
P-type GP presents lower leakage than the N-type and the
No-GP ones. For the zero bias substrate configuration, the
P-type GP device presents lower leakage current followed by
the No-GP and the N-type GP configurations. For the shorter
device, leakage currents of 20, 5 and 2 uA are observed at
Vp = —1V for the N-type, No-GP and P-type, respectively.
In the 100 nm device, a reduction of the leakage current
with the Vp increasing from —1 to 0 V for the P and
N-type GPs can be observed. However, the No-GP exhibits
a lower leakage current dependence on Vp for the same
biasing interval. For the substrate biased at 2 V, one can
note the same leakage current levels for the different GP
configurations in both devices, although the leakage current
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FIGURE 8. |Ip| vs. Vp with different substrate bias for L = 100 and 25 nm
standard-nMOS devices with different GPs.

is higher for L = 25 nm, as expected. Finally, when analyzing
the case in which the substrate bias is connected to the gate,
it is possible to observe that N-type GP and No-GP devices
present similar leakage current levels whereas the P-type one
presents the lower current for both 25 and 100 nm channel
devices.

For ULP diodes implementation of the GPs, the high-Vy
(HVT) specific condition is achieved with the application
of a P-type GP in a nMOS device and a N-type GP in
a pMOS device [4]. Thus, the simulations were performed
in devices composing a CMOS scheme with the GPs
configurations under these conditions. Fig. 9 presents the
curves for the ULP structure with GP and, as one can
observe, its implementation in the ULP diode did not provoke
a substantial change in the leakage current levels when
compared to the No-GP ULP shown in Fig. 3 B. In the same
way, the behavior with respect to the substrate bias and the
channel length is similar to the one for the structure without
GP, i.e., reduction of the leakage current with the reduced
Vsup bias and the lower leakage current for longer devices.

Fig. 10 presents the curves of the leakage current as a
function of the substrate bias for Vp = —1 V for the
standard nMOS device with P-type GP, where the lowest
leakage current levels were observed, and for the ULP diode.
The latter repeats the trend observed with the absence of
GP, exhibiting lower leakage currents levels. Taking the
condition with the highest current levels, Vsup = 2 V,
the ULP structure shows 8 A and 3 nA for the 25 and
100 nm devices, respectively, while the standard-nMOS
presents 130 nA and 3 pA at the same conditions. The
influence of the GP on the overall current of the standard-
nMOS and ULP diodes is correlated to the variation of
the potential close to the BOX and to the different work
functions of the GP layer [28], [29]. For devices with N-
type GP, the flatband voltage of the BOX interface (Vi) is
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about —0.76 V and for P-type GP, Vy,» = 0.18 V, while both
diodes without GP presents Vg, = 0 V. For that reason, the
interface between channel and BOX in the standard-nMOS
devices with N-type GP, in Vsup = Vgs and the ULP diodes
without GP start to deplete for lower Vp,

Fig. 11 shows the Ion/Iopr analysis for the standard-
nMOS devices with different GPs. One can observe higher
Ion/Iorr ratios for the P-type GP devices with respect to
the other ones. The only exception is when the substrate
is biased at 2 V where there is no difference in the ratio
between the GPs. The N-type and the No-GP present similar
Ion/Iorr behavior for almost all substrate biasing, except for
Vsup = 0 V where the N-type presents the lower ratio.

Fig. 12 shows the Ion/Iorr analysis for the ULP devices
with GPs as a function of IVpl. One can observe the same
behavior with respect to the No-GP structure: the longer
devices present higher Ion/Iopr ratio in relation to the shorter
one, and the lower ratio is observed when the substrate is
biased at 2 V and IVpl = 0.5 V. In this poorer condition,
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TABLE 2. Threshold voltages (Vyy) for the standard-nMOS diodes with
different GP and substrate bias for L = 100 and 25 nm devices.

TABLE 1. lgn/lofr ratio comparison between ULP and standard-nMOS L L=100nm Vyu [V]  |L=25nm Viy [V]
diodes for L = 100 and 25 nm devices. Biasing
Condition IN-Type | P-Type | No GP N-Type | P-Type | No GP
L=25nm
Biasing Vs 0.289 [0378 [0.317 [0204 [0.281 [0.224
Condition uLp uLp Standard | Standard Voo Vsus=-2V 0525 |0.530 |0.527 | 0413 |0415 |0A4ll
(VoIF0.SV) | (VoIFLOV) | (VoI=0.5V) | (VoI=1.0V) Vap Vsus= 0V | 0314 0416 |0330 |0225 |0.307 |0232
Vans %102 %102 Voo Vsug= 2V | 0.155 [0.192 [0.193 [0.076 [0.109 |0.103
Vsus = -2 V | 3x10° 2x10° 1x10° 1x10°
Vsug = 0V | 6x10° 3x10° 3x10? 2x10?
— 1 2 1 1 . . .
Vsu= 2V | 2x10 1>10 110 09x10 0.8 and 0.5 V of IVpl is more pronounced in this case.
For the No-GP ULP with L = 100 nm devices biased
. v at Vgug = —2 V, an Ion/Iopr reduction from 4x 0
10" y at Vv 2V, an Ton/l duction from 4x10'0 ¢
O— Vgyp=-2V {  4x10° is observed, whereas the ULP with GPs present a
101 —— Vgup= 0V { lowering from 1x10'" to 1x10¥ indicating an accentuated
—— Vg = 2V 4 dependence of the ratio with IVpl on the ULP devices with
10% 1 GP. In Fig. 13, which compares the Ion/Iopr ratio obtained
& i ] for both structures taking the condition where the standard-
O 4 n7 i nMOS devices present the higher ratio (P-type GP), the ULP
= 10"k Empty symbols L =100 nm _Filled symbols L = 25 nm 1 vices p & ype Ut),
= L pty.’y/’./.a—»—o——y—'—. 3 structure shows a ratio of 2x 10 down to 1x 108 and 2x 10°
5 3 own to 3x or the an nm long devices at
O 405 i down to 3x10° for the 100 and 25 long d
v —F¥ M v -V i Vsus = —2 V and IVpl of 1 and 0.5 V respectively, while
r - H X
103 ULP Diode - With GP 3  the standard-nMOS presents 3x 108 down to 8x10° for the
] A A A A A A Y 100 nm long device and the shorter one exhibits 2 x 10* for
101 ] . . ] 1 both IVpl at the same analysis.
04 086 10 Fig. 14 and Table 2 presents the threshold voltage as a
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FIGURE 12. lgn/logr ratio vs Vp with different substrate bias for L = 25
and 100 nm.

the implementation of the GP presents an increase in the
ratio with respect to the No-GP structure. This is seen
especially for the shorter device. While the No-GP ULP
with L = 25 nm exhibited Ion/Iopr = 2x10', the GP
scheme improved it to 2x 10?. However, it is also interesting
to note that the decrease of the ratio in the interval between
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function of the substrate bias for both ULP and standard
diodes with and without ground planes. As seen in Table 1,
the longer standard-nMOS P-type GP devices exhibit higher
Vty followed by the No-GP and the N-type GP. A noticeable
difference can be observed in the ULP diodes with substrate
bias between 0 and —2 V where the ULP diodes with GP
present higher Vg than the ones without GP. This explains
the greater shift in the Ion/Iopr ratio in the longer devices
with GP making them more dependent on Vp. The influence
of the GP on Vty of the standard-nMOS and ULP diodes is
correlated to the variation of the potential close to the BOX
as explained before. Standard-nMOS devices with P-type GP
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FIGURE 14. Threshold voltages (Vry) vs Vgypg for standard-nMOS and ULP
diodes for L = 100 and 25 nm devices.

presents the higher flat-band voltage (0.18 V) benefiting the
higher Vty. For that reason, the interface between channel
and BOX in the standard-nMOS devices with N-type GP,
in Vsup = Vgs and the ULP diodes without GP presents
smaller Vg and higher leakage current.

IV. CONCLUSION

This work has evaluated the performance of UTBB tran-
sistors operating as standard-nMOS and Ultra-Low-Power
diodes for the first time. The overall analysis has shown that
the Ultra-Low-Power diode without ground plane presents
a better performance than the standard-nMOS, although it
presents a higher threshold voltage. Both systems composed
by longer devices present lower leakage current and higher
ratio between the on- and off-state currents. Additionally, the
nMOS UTBB biased at lower substrate values also present
lower leakage current and higher ratio between the on-
and off-state currents. The ground planes implementation
produces a reduced leakage current and increased ratio
between the on- and off-state currents in the standard-nMOS
diode with P-type GP, and when the substrate is connected
to the drain contact, while the Ultra-Low-Power diodes do
not present a significative influence of the ground planes.
However, for the ratio between- the on and off-state currents,
the ground plane provokes a substantial change for both
systems.

REFERENCES

[1] J. P. Colinge, Silicon-on-Insulator Technology: Materials to VLSI.
Dordrecht, The Netherland: Kluwer Acad. Publ., 2004.

[2] J.-P. Noel et al., “Multi-VT UTBB FDSOI device architectures for
low-power CMOS circuit,” IEEE Trans. Electron Devices, vol. 58,
no. 8, pp. 2473-2482, Aug. 2011, doi: 10.1109/TED.2011.2155658.

[3] V. Kilchytska, S. Makovejev, M. K. Md Arshad, J.-P. Raskin,
and D. Flandre, “Perspectives of UTBB FD SOI MOSFETs for
analog and RF,” in Functional Nanomaterials and Devices for
Electronics, Sensors and Energy Harvesting. Engineering Materials.
Cham, Switzerland: Springer, 2014, pp. 27-46. [Online]. Available:
https://doi.org/10.1007/978-3-319-08804-4_2

640

[4]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

M. J. Turnquist, G. de Streel, D. Bol, M. Hiienkari, and
L. Koskinen, “Effects of back-gate bias on switched-capacitor
DC-DC converters in UTBB FD-SOIL” in Proc. SOI-3D-
Subthreshold Microelectron. Technol. Unified Conf. (S3S), 2014,
pp. 1-2, doi: 10.1109/S3S.2014.7028200.

A. D. Mauro, D. Rossi, A. Pullini, P. Flatresse, and L. Benini,
“Temperature ~ and  process-aware  performance  monitoring
and compensation for an ULP multi-core cluster in 28nm
UTBB FD-SOI technology,” in Proc. 27th Int. Symp. Power
Timing Model., Optim. Simulat. (PATMOS), 2017, pp. 1-8,
doi: 10.1109/PATMOS.2017.8106979.

A. D. Mauro, D. Rossi, A. Pullini, P. Flatresse, and L. Benini,
“Independent body-biasing of P-N transistors in an 28nm UTBB
FD-SOI ULP near-threshold multi-core cluster,” in Proc. IEEE SOI-
3D-Subthreshold Microelectron. Technol. Unified Conf. (S3S), 2018,
pp. 1-3, doi: 10.1109/S3S.2018.8640136.

X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless
networks with RF energy harvesting: A contemporary survey,” IEEE
Commun. Surveys Tuts., vol. 17, no. 2, pp. 757-789, 2nd Quart., 2015,
doi: 10.1109/COMST.2014.2368999.

L. G. de Carli, Y. Juppa, A. J. Cardoso, C. Galup-Montoro, and
M. C. Schneider, “Maximizing the power conversion efficiency
of ultra-low-voltage CMOS multi-stage rectifiers,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 62, no. 4, pp. 967-975, Apr. 2015,
doi: 10.1109/TCS1.2015.2399027.

M. Dominik, M. Ferdik, C. Happ, M. Renzler, and
T. Ussmueller, “Numerical optimization of a fully cross-coupled
rectifier circuit for wireless passive ultra low power sensor
nodes,” Sensors, vol. 19, no. 20, p. 4527, 2019. [Online]. Available:
https://doi.org/10.3390/s19204527

D. Levacq, V. Dessard, and D. Flandre, “Low leakage SOI
CMOS static memory cell with ultra-low power diode,” [EEE
J. Solid-State Circuits, vol. 42, no. 3, pp. 689-702, Mar. 2007,
doi: 10.1109/JSSC.2006.891494.

F. J. Costa, R. Trevisoli, and R. T. Doria, “Ultra-low-power diodes
composed by SOI UTBB transistors,” in Proc. IEEE Latin Amer.
Electron Devices Conf. (LAEDC), Cancun, Mexico, 2022, pp. 1-4,
doi: 10.1109/LAEDC54796.2022.9908183.

R. Vaddi, R. P. Agarwal, S. Dasgupta, and T. T. Kim, “Design and
analysis of double-gate MOSFETs for ultra-low power radio frequency
identification (RFID): Device and circuit co-design,” J. Low Power
Electron. Appl., vol. 1, no. 2, pp. 277-302, 2011. [Online]. Available:
https://doi.org/10.3390/jlpeal020277

Sentaurus Device User Guide, Synopsys, Mountain View, CA, USA,
2019.

W. Shockley and W. T. Read, “Statistics of the recombinations of
holes and electrons,” Phys. Rev., vol. 87, no. 5, pp. 835-842, 1952.
R. N. Hall, “Electron-hole recombination in germanium,” Phys. Rev.,
vol. 87, no. 2, p. 387, 1952.

J. W. Slotboom and H. C. de Graaff, “Measurements of bandgap
narrowing in Si bipolar transistors,” Solid-State Electron., vol. 19,
no. 10, pp. 857-862, 1976.

D. B. M. Klaassen, J. W. Slotboo, and H. C. de Graaff, “Unified
apparent bandgap narrowing in n- and p-type silicon,” Solid-State
Electron., vol. 35, no. 2, pp. 125-129, 1992.

D. B. M. Klaassen, “A unified mobility model for device simulation—
I. Model equations and concentration dependence,” Solid-State
Electron., vol. 35, no. 7, pp. 953-959, 1992.

D. B. M. Klaassen, “A unified mobility model for device
simulation—II. Temperature dependence of carrier mobility and
lifetime,” Solid-State Electron., vol. 35, no. 7, pp. 961-967, 1992.
C. Lombardi, S. Manzini, A. Saporito, and M. Vanzi, “A physi-
cally based mobility model for numerical simulation of nonplanar
devices,” IEEE Trans. Comput.-Aided Design Integr. Circuits Syst.,
vol. 7, no. 11, pp. 1164-1171, Nov. 1988.

C. Canali, G. Majni, R. Minder, and G. Ottaviani, “Electron and hole
drift velocity measurements in silicon and their empirical relation to
electric field and temperature,” IEEE Trans. Electron Devices, vol. 22,
no. 11, pp. 1045-1047, Nov. 1975.

L. Nyssens et al, “Self-Heating in FDSOI UTBB MOSFETs
at cryogenic temperatures and its effect on analog figures of
merit,” I[EEE J. Electron Devices Soc., vol. 8, pp. 789-796, 2020,
doi: 10.1109/JEDS.2020.2999632.

VOLUME 11, 2023


http://dx.doi.org/10.1109/TED.2011.2155658
http://dx.doi.org/10.1109/S3S.2014.7028200
http://dx.doi.org/10.1109/PATMOS.2017.8106979
http://dx.doi.org/10.1109/S3S.2018.8640136
http://dx.doi.org/10.1109/COMST.2014.2368999
http://dx.doi.org/10.1109/TCSI.2015.2399027
http://dx.doi.org/10.1109/JSSC.2006.891494
http://dx.doi.org/10.1109/LAEDC54796.2022.9908183
http://dx.doi.org/10.1109/JEDS.2020.2999632

DA COSTA et al.: ANALYSIS OF STANDARD-MOS AND ULTRA-LOW-POWER DIODES COMPOSED

ELECTRON DEVICES SOCIETY

[23]

[24]

[25]

[26]

[27]

(28]

[29]

F. J. Costa, R. Trevisoli, and R. T. Doria, “Thermal cross-
coupling effects in side-by-side UTBB-FDSOI transistors,” Solid-State
Electron., vol. 185, Nov. 2021, Art. no. 108073. [Online]. Available:
https://doi.org/10.1016/j.sse.2021.108073

F. J. Costa, R. Trevisoli, and R. T. Doria “UTBB ther-
mal coupling analysis in technological node level,” J. Integr.
Circuits Syst., vol. 15, no. 2, pp. 1-5, 2020. [Online]. Available:
https://doi.org/10.29292/jics.v15i2.194

R. T. Doria, D. Flandre, R. Trevisoli, M. de Souza, and
M. A. Pavanello, “Effect of the back bias on the analog performance
of standard FD and UTBB transistors-based self-cascode struc-
tures,” Semicond. Sci. Technol., vol. 32, no. 9, 2017, Art. no. 95005,
doi: 10.1088/1361-6641/aa7659

M. de Souza, R. T. Doria, R. D. Trevisoli, and M. A. Pavanello,
“Ultra-low-power diodes using junctionless nanowire
transistors,” in  Proc. EUROSOI-ULIS, 2015, pp. 313-316,
doi: 10.1109/ULIS.2015.7063836.

A. 1. A. Cunha, “Direct determination of threshold con-
dition in DG-MOSFETs from the gm/ID curve” Solid-State
Electron., vol. 56, no. 1, pp. 89-94, 2011. [Online]. Available:
https://doi.org/10.1016/j.sse.2010.10.011

K. R. A. Sasaki, M. B. Manini, E. Simoen, C. Claeys, and
J. A. Martino, “Enhanced dynamic threshold voltage UTBB SOI
nMOSFETS,” Solid-State Electron., vol. 112, pp. 19-23, Oct. 2015.
[Online]. Available: https://doi.org/10.1016/j.sse.2015.02.011

F. J. Costa, R. Trevisoli, and R. T. Doria, “Analysis of the substrate
effect by the capacitive coupling in SOI UTBB transistors,” in Proc.
34th Symp. Microelectron. Technol. Devices (SBMicro), 2019, pp. 1-4,
doi: 10.1109/SBMicro.2019.8919305.

FERNANDO JOSE DA COSTA (Member,
IEEE) received the M.Sc. degree from Centro
Universitario FEI, Brazil, in 2018, where he is
currently pursuing the Ph.D. degree.

VOLUME 11, 2023

RENAN TREVISOLI (Senior Member, IEEE)
received the M.Sc. degree from Centro
Universitario FEI, Brazil, in 2010, and the Ph.D.
degree from the University of Sao Paulo, Brazil,
in 2013. He is currently a Visiting Professor with
the Universidade Federal do ABC, Brazil.

RODRIGO TREVISOLI DORIA (Senior Member,
IEEE) received the M.Sc. degree from Centro
Universitario FEI, Brazil, in 2007, and the Ph.D.
degree from the University of Sdo Paulo, Brazil,
in 2010. He is currently an Associate Professor
with Centro Universitario FEI.

641


http://dx.doi.org/10.1088/1361-6641/aa7659
http://dx.doi.org/10.1109/ULIS.2015.7063836
http://dx.doi.org/10.1109/SBMicro.2019.8919305


<<
  /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


