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Abstract

This paper systematically presents controlled single-electron effects in multiple-gate
silicon-on-insulator (SOI) metal-oxide-semiconductor field-effect transistors (MOSFETSs) with
various gate lengths, fin widths, gate bias and temperature. Our study indicates that using the
non-overlapped gate to source/drain structure as an approach to the single-electron transistor
(SET) in MOSFETs is promising. Combining the advantage of gate control and the constriction
of high source/drain resistances, single-electron effects are further enhanced using the
multiple-gate architecture. From the presented results, downsizing multiple-gate SOl MOSFETs
is needed for future room-temperature SET applications. Besides, the tunnel barriers and access
resistances may need to be further optimized. Since the Coulomb blockade oscillation can be
achieved in state-of-the-art complementary metal-oxide-semiconductor (CMOS) devices, it is
beneficial to build SETs in low-power CMOS circuits for ultra-high-density purposes.

1. Introduction

A single-electron transistor (SET) consists of a conducting
island connected to two electron reservoirs through tunnel
barriers [1]. When the size of the island as well as its
capacitances is scaled sufficiently small, the conductivity is
determined by a single charge and shows periodicity. Many
studies in the past [1-7] have pointed out that SET is
a promising candidate for ultra-low-power and ultra-high-
density circuit systems in the next generation [2, 3]. In
particular, the SET with a standard silicon nanoelectronics
process and compatible with existing complementary metal-
oxide-semiconductor (CMOS) device architectures is very
attractive. Although various novel silicon-based SETs have
been reported for superior room-temperature performance
and functionality [4-6], it is difficult for these SETs to be
compatible with state-of-the-art CMOS devices.

A direct way to realize CMOS-compatible SETs is
raising the Coulomb blockade effects [7] in real CMOS
devices. The key parameter is the constriction of carriers.
In [8], one approach of electronic confinement, using the
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non-overlapped-gate architecture as tunnel barriers, has been
employed to produce controlled single-electron effects in
real planar metal-oxide-semiconductor field-effect transistors
(MOSFETs). In [9], electronic confinement by means of
high access resistances (i.e. source/drain resistances) yields
Coulomb blockade oscillation (CBO) in ultra-thin silicon-on-
insulator (SOI) MOSFETs. Although both studies represent
attractive schemes to build SETs on large-scale wafers, the
charging energy is small (less than about 6 mV) and is not
suitable for room-temperature applications. To allow high-
temperature operation, the size of the dots needs to be reduced.
Therefore, the purpose of this work is to explore further into
combining more than one approach in ultra-scaled CMOS
devices.

Since multiple-gate SOI MOSFETSs are considered as a
promising candidate for ultra-scaled CMOS [10], we have
conducted an assessment of single-electron effects in these
devices near room temperature [11]. The CBO reported in [11]
is associated with the presence of tunnel barriers in spacer-
defined non-overlapped gate to source/drain regions. Besides,
high source/drain resistances in narrow multiple-gate devices

© 2009 IOP Publishing Ltd  Printed in the UK
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further facilitate the constriction of carriers. To the best of
our knowledge, it is the first demonstration of single-electron
effects in multiple-gate SOI MOSFETs with non-overlapped
gate to source/drain structures at room temperature. We have
also noted that similar ideas have been reported in [23, 24] after
our study [11].

In this work, we further demonstrate controlled single-
electron effects in these devices through a comprehensive
investigation of the observed CBO, which can be modulated
by geometry and applied bias. Moreover, the roles of access
resistances [9] and the gate—dot coupling strength [12] are
assessed. The organization of this paper is as follows.
In section 2, we describe our device structure which
features the non-overlapped architecture. In section 3, we
systematically present single-electron effects for devices with
various gate lengths (L,), fin widths (Ws,), gate bias (Vgs)
and temperature. Then, the impact of access resistances [9], the
estimation of gate—dot coupling strength [12] and phenomena
of split-peak separations are discussed in section 4. Finally, the
conclusion will be drawn in section 5.

2. Devices

Figure 1(a) shows the schematic view of the multi-gate SOI
MOSFETs investigated in this study. Our devices were
fabricated on separation by implantation of oxygen (SIMOX)
SOI wafers using standard CMOS optical lithography [13].
The Si body thickness, Hjy,, was thinned down to about 40 nm
by thermal oxidation. The fin width, Ws,, was defined by
wet etching and is about 15 and 25 nm. After Wy, was
developed, the Si-body fin was doped with B* with a doping
concentration, N, about 6 x 10'® cm™3. Afterward the
1.6 nm gate oxide was thermally grown. The ultra-thin gate
oxide contributes to not only the suppression of short-channel
effects, but also the gate—dot coupling strength of the SET [12].
The in situ heavily doped N* poly-silicon was subsequently
deposited. Using optical lithography and anisotropic reactive
ion etching, the gate length, L., was defined and ranges
from 30 to 60 nm. Without the light-doping-drain/source
(LDD/LDS) implantation, the composite spacer of silicon
oxide and nitride was deposited and anisotropically etched.
Finally, heavily doped N source/drain was made. It is worth
noting that all the processes are essentially the same as in
traditional CMOS technologies.

The main feature of our device structure is the non-
overlapped gate to source and drain regions, which are defined
by spacers, as depicted in figure 1(b). With increasing gate
voltage, there is a larger carrier concentration under the gate
electrode than in the non-overlapped regions (figure 1(c)).
In other words, the non-overlapped regions separate inverse
carriers from the source/drain and act as the electrostatic tunnel
barriers of the single-electron tunneling [8]. It is worth noting
that the size of tunnel barriers depends on the non-overlapped
regions as well as the spacers. Optimum tunnel barriers can
be controlled through modulating the width of spacers. In
addition, the high source/drain resistances that are intrinsic to
the multiple-gate SOI structure are useful for the constriction
of carriers [9].

Wﬁn
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Non-overlapped region
(spurce/drain extension region)

Lc |

| 6 |

20 40 60
channel direction (nm)

(b) (©

Figure 1. Multiple-gate FinFET SOI structure investigated in this
work and (b) its cross-sectional view along A—A’, showing the
non-overlapped gate to source/drain regions. (c) A schematic
electronic potential plot along the channel between source and drain
for the FinFET with non-overlapped regions.

3. Experimental data

In this section we analyze the features of periodic oscillations
in G, (=dlp/dVgs). DC current-voltage measurements
(Ip—Vgs) were carefully performed using the Agilent 4156C
precision semiconductor parameter analyzer in low-noise
probe stations. Experiments on the multiple-gate device with
Ly, = 30 nm and W5, = 25 nm at different temperatures
are described in section 3.1. The geometry dependence and
the Vgs dependence are analyzed in sections 3.2 and 3.3,
respectively.

3.1. Single-electronic effects in multiple gate MOSFETs

Figure 2(a) shows the G,—Vis characteristics measured at
room temperature (7 = 20 °C) for device 1 with Ly = 30 nm
and Wy, = 25 nm. Periodic oscillations, an indication of the
CBO [14], in the G~V characteristics can be seen. Such
periodic oscillations in Gy, can be reproduced for device 2
with the same size, as shown in figure 2(b). It is worth
noting that the peaks of each period may be repeated at the
same gate bias. For devices with large dimensions under
the same measurement system, nevertheless, only the thermal
noise can be seen. Therefore, the effect of equipment, such
as the effect of source accuracy [15], is not responsible for
the observed periodic oscillations. We have also noticed that
the channel conductance (Gps = dIp/dVpg) is of the same
order of magnitude as e?/h (~3.87 x 107> S), which has
been considered as one of the most important criteria for the
CBO[L,9].

Figure 3(a) shows the oscillating components, G, —
(Gn), for the data in figure 2(a). The period, AVg, can be
observed to be ~17 mV. When the temperature decreases from
293 to 233 K, as shown in figure 3(b), the oscillations are
reproducible with the same period. To further analyze the
periodic oscillations, both the discrete fast Fourier transform
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Figure 2. Periodic oscillations occur in G,/ Vpg versus Vi characteristics for (a) device 1 and (b) device 2 with L, = 30 nm and

Win =25nmat T = 293 K.
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Figure 3. Periodic oscillations occur in dG,, (= G, —
(G ) is the long-range average.

(FFT) [16] and the histogram of the directly counted peak-to-
peak spacing (AVg) [8, 9] can be applied. It can be confirmed
from figure 4 that the observed conductance oscillations in
figure 3 follow a Gaussian distribution [8, 17-19] with a
mean period ((AVg)) ~17 mV and a standard deviation
(sd) ~3.5 mV. The normalized width of the distribution [8],
sd/(AVg),is about 0.2. Similar results have also been obtained
in [8] for single-electron effects in planar bulk MOSFETSs
with the non-overlapped-gate architecture. The Gaussian shape
of the AV distribution has been explained in terms of the
charging energy level dynamics due to shape deformation of
the quantum dot [17, 18]. In other words, the shape of the
quantum dot in our device is not fixed and is deformed by Vs,
which can be understood from the simulated Vgs-controlled
tunnel barriers shown in figure 1(c).

3.2. Ly & W, dependence

The period of G, oscillations, (A Vi), represents the charging
energy and is related to the gate capacitance by e¢/C, [1].
For our multiple-gate devices, the gate capacitance C, is
associated with the effective gate area Acf (i.e. 2Hg,Lg).

Device 1 @ Vps=2mV T=233K

0.3 0.35 0.4

Vgs(V)

0.25

(Gn)) versus Vs characteristics for device 1 at (a) T = 293 K and (b) T = 233 K.

Therefore, we expect that the period (AVg) decreases as
L, increases. Figure 5 shows the Gp,—Vgs characteristics
for device 3 with L, = 40 nm and Wj, = 25 nm at
T = 20°C. The phenomenon of Gy, oscillation can still
be observed with (AVg) ~ 15 mV. Compared with the
17 mV period for devices 1 and 2 with L, = 30 nm, the
decreased (AVg) represents the C, dependence of single-
electron effects. Furthermore, such L, dependence indicates
that the quantum dot in our devices is determined by the
tunnel barriers of the non-overlapped regions rather than the
disordered potential landscape demonstrated in the multi-gate
SOI structures of [20].

Figures 6(a)—(c) show oscillating components correspond-
ing to Vgs = 0-0.2, 0.2-0.4 and 0.4-0.6 V, respectively, for
device 4 with Ly = 40 nm and W5, = 15 nm. From the FFT
shown in figure 6(d), we obtain the period ranging from 13 to
10 mV. It is interesting that, although the period is smaller com-
pared with the 15 mV period for device 3 with Wg, = 25 nm,
the phenomenon of G, oscillation is clearer than that of device
3 (figure 5). The decreased (AVg) for Ws, = 15 nm may be
attributed to the increase of the gate—dot coupling strength, o,
which is the ratio between the gate capacitance and the total
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Figure 4. Both (a) the FFT and (b) the histogram of the directly counted peak-to-peak spacing (A V) confirm that the period ((AVg)) in

figure 3 is 17 mV.
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Figure 5. Periodic oscillations occur in G,/ Vps versus Vs
characteristics for device 3 with L, = 40 nm and Wy, = 25 nm at

T = 20°C. Smaller peak-to-peak spacing (AVs = 15 mV) from the
FFT can be seen.

capacitance, Cq/Cyx, and accounts for a portion of the period
as [2]

6]

where Ae is an average discrete energy spacing in the
semiconductor. The stronger gate—dot coupling strength [12]
can also further control the leakage current and thus make the
conductance oscillations more distinguishable. In addition,
when the Wg, of multiple-gate devices is reduced, the
source/drain resistances increase. Therefore, the carrier is
further constricted [9].

3.3. Vs dependence

It is also worth noting in figure 6 that the period of Gy
oscillation decreases from 13 to 10 mV when Vg increases
from O to 0.6 V. For other devices, we can also observe the
decreased period with increasing Vgs. From (1), we know
that AV is inversely proportional to the gate capacitance Cy,
which is associated with the size of dots. Therefore, such Vs
dependence of AVg (i.e. AVg decreases as Vgs increases)
indicates that the size of the quantum dot increases with Vgs.
The Vgs modulated tunnel barriers, as shown in figure 1(c),
may account for the Vs dependence of AVg. It is noteworthy
that the Vs dependence of the period reveals a possibility
of single SET with multiple periods, which may enhance the
functionality of SETs.

4. Discussions

We have noted in figure 3(a) that the fine structure of split-peak
phenomena occurs at G, oscillating peaks. As the temperature
is decreased from 293 to 233 K, the fine structure becomes
clear and is almost reproduced at all peaks (figure 3(b)). To
investigate these split-peak phenomena, we performed low-
temperature measurements (7 = 56 K) for device 5 with
Ly = 30 nm and Wg, = 25 nm (figure 7(b)). Compared with
the high-temperature results in figure 7(a), the fine structure
can be clearly seen at T = 56 K and Vps = 0.2 mV in
figure 7(b). One model considering excitation energy levels
in the SET operation [3] may explain the fine structure. The
excitation energy levels can be observed as long as the carrier
energy is larger than the discrete energy spacing Aeg (i.e.
eVps + KgT > Ag) [21]. An important characteristic for the
effect of excitation energy levels is that the number of splitting
peaks increases with Vpg [21, 22]. To verify this feature, we
measured Gy, oscillations for device 6 with L, = 40 nm and
Wen = 25 nm at Vpg = 0.3 and 10 mV, respectively, under
T = 56 K. For Vpg = 0.3 mV in figure 8(a), the fine structure
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Figure 6. Periodic oscillations occur in dG, versus Vgg
characteristics for device 4 with L, = 40 nm and Wp, = 15 nm at
(a) Vgs = 0-0.2 'V, (b) Vgs = 0.2-0.4 V and (c¢) Vgs = 0.4-0.6 V.
(d) The FFT of periodic oscillations in different Vg regimes.

can be seen on a limited number of oscillating peaks. When
Vps increases to 10 mV in figure 8(b), we can observe the fine
structure for each peak. It is worth noting in figure 8(b) as well
as in figure 7(b) that single peaks may develop into triple peaks
for our measurements. It implies that three excitation energy
levels are available [21, 22]. When the carrier energy is further
increased by KT, however, thermal fluctuation smears out the
fine structure, as shown in figures 7(a), 3 and 5. It is also worth
noting in figure 6 that the fine structure can be clearly observed
at room temperature for device 4 with narrow Ws,. This result
demonstrates that both the gate—dot coupling strength and the
access resistances (i.e. source/drain resistance) are important
for enhancing the control of single-electron effects and thus
for the realization of room-temperature operation SETs.

To determine the gate—dot coupling strength « of the SET,
a Coulomb blockade rhombus diagram can be used. The slopes
of the diamond-shape contours are given by Cy/(Cq + Cy)
and -Cy/Cy, respectively [8]. Figure 9 shows the rhombus

Device 5§ We,=25nm Lg=30nm

dGm (a.u.)

(b) Vps=0.2mV T=56K

3
S o]
E
(O]
=)
24—+ |
0.25 0.45

Figure 7. Periodic oscillations occur in dG, versus Vgg
characteristics for device 5 with L, = 30 nm and Wp, = 25 nm at
(a)T =293Kand (b) T =56K.
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Figure 8. Periodic oscillations occur in dG, versus Vs
characteristics for device 6 with L, = 40 nm and Wy, = 25 nm at
(a) Vps = 0.3 mV and (b) Vps = 10 mV under 7" = 56 K.

diagram for device 2 with Ly, = 30 nm and Wg, =
25 nm. From the slopes in figure 9 (black lines), we obtain
C,y:Cy:Cy = 9:16:13. For the other device with L, = 40 nm
and Wg, = 25 nm, we obtain Cy:Cq:Cy = 11:9:9 (not
shown). We then calculate « = Cy/(Cy + Cq + Cy) =
0.2-0.3. Similar results have been reported in [8] and [9].
In addition, from ngCg/Aeff = Cd/ Weff (:Cs/Weff), where
m = Cyq/Cy (=C,/Cq) and Cy/Acfp = €si0,/EOT ~ 1.33 x
10~ F cm ™2, we estimate Cqa/ Wegr (Cs/ Wegr) to be about 0.71—
0.44 (0.58-0.44) fF um~!. These extracted values are of the
same order of magnitude as the measured junction capacitance
data.
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Figure 9. (a) Coulomb blockade rhombus diagram for device 2. (b) dG,, versus Vs characteristics at Vpg = 2 mV. The conductance peaks

(dots) correspond to the dots at Vpg =2 mV in (a).

5. Conclusions

In summary, we have systematically investigated the controlled
single-electron effects in multiple-gate SOI MOSFETs with
various Lg, Wpn, Vs and temperature. Our study indicates that
using the non-overlapped gate to source/drain structure as an
approach of the single-electron transistor (SET) in MOSFETSs
is promising. Combining the advantage of gate control
and the constriction of high source/drain resistances, single-
electron effects are further enhanced using the multiple-gate
architecture. From the presented results, downsizing multiple-
gate SOI MOSFETs is needed for future room-temperature
SET applications. Besides, the tunnel barriers and access
resistances may need to be further optimized. Since the
Coulomb blockade oscillation can be achieved in state-of-the-
art CMOS devices, it is beneficial to build SETs in low-power
CMOS circuits for ultra-high-density purposes.

Acknowledgments

This work was supported in part by the National Science
Council of Taiwan under Contract NSC 95-2221-E-009-162,
and in part by the Ministry of Education in Taiwan under the
ATU Program. The authors would like to thank Drs Y J Lee,
FL Yang, M C Jeng, KW Su, Mr HY Chen and C Y Chang
for their help during the work.

References

[1] Likharev K K 1999 Single-electron devices and their
applications Proc. IEEE 87 606-32

[2] Goodnick S M and Bird J 2003 Quantum-effect and
single-electron devices IEEE Trans. Nanotechnol. 2 368-85

[3] Miyaji K, Saitoh M and Hiramoto T 2003 Compact analytical
model for room-temperature-operating silicon
single-electron transistors with discrete quantum energy
levels /IEEE Trans. Nanotechnol. 5 167-73

[4] Lent C S, Tougaw P D, Porod W and Bernstein G H 1993
Quantum cellular automata Nanotechnology 4 49-57

(5]
(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

Nielsen M A and Chuang I L 2000 Quantum Computation and
Quantum Information (Cambridge: Cambridge University)

Uchida K, Koga J, Ohba R and Toriumi A 2000
Room-temperature operation of multifunctional
single-electron transistor logic IEEE Int. Electron Devices
Meeting Tech. Dig. pp 863-5

Beenakker C W J 1991 Theory of Coulomb-blockade
oscillations in the conductance of a quantum dot Phys. Rev.
B 44 1646-56

Boeuf F, Jehl X, Sanquer M and Skotnicki T 2003 Controlled
single-electron effects in nonoverlapped ultra-short silicon
field effect transistors IEEE Trans. Nanotechnol. 2 1448

Jehl X, Sanquer M, Bertrand G, Guégan G, Deleonibus S and
Fraboulet D 2003 Silicon single electron transistors with
SOI and MOSFET structures: the role of access resistances
IEEE Trans. Nanotechnol. 2 308-13

Krivokapic Z, Tabery C, Maszara W, Xiang Q and
Lin M-R 2003 High performance 45 nm CMOS technology
with 20 nm multi-gate devices 2003 Int. Conf. on Solid State
Devices Materials pp 760-1

Lee W, Su P, Chen H-Y, Chang C-Y, Su K-W, Liu S and
Yang F-L 2006 An assessment of single-electron effects in
multiple-gate SOl MOSFETs with 1.6 nm gate oxide near
room temperature /[EEE Electron Device Lett. 27 1824

Wan Y-M, Huang K-D, Sung C-L and Hu S-F 2005 Transport
properties of ultra thin oxide gated Si SET near room
temperature Proc. 5th IEEE Conf. on Nanotechnology vol 2,
pp 750-3

Yang F-L, Chen H-Y, Chen F-C, Chan Y-L, Yang K-N,
Chen C-J, Tao H-J, Choi Y-K, Liang M-S and Hu C 2002
35 nm CMOS FinFETs Symp. VLSI Tech. Dig. pp 104-5

Zhuang L, Guo L and Chou S Y 1998 Silicon single-electron
quantum-dot transistor switch operating at room temperature
Appl. Phys. Lett. 72 12057

KEITHLEY 2005 Overcoming the Measurement Challenges of
Advanced Semiconductor Technologies—DC, Pluse, and
RF—From Modeling to Manufacturing 1st edn (Ohio, USA:
Keithley) p 102

Scott-Thomas J H P, Field S B, Kastner M A, Smith H I and
Antoniadis D A 1989 Conductance oscillations periodic in
the density of a one-dimensional electron gas
Phys. Rev. Lett. 62 583-6

Simmel F, Abusch-Magder D, Wharam D A, Kastner M A and
Kotthaus J P 1999 Statistics of the Coulomb-blockade peak
spacings of a silicon quantum dot Phys. Rev. B 59 104414


http://dx.doi.org/10.1109/5.752518
http://dx.doi.org/10.1109/TNANO.2003.820773
http://dx.doi.org/10.1109/TNANO.2006.869949
http://dx.doi.org/10.1088/0957-4484/4/1/004
http://dx.doi.org/10.1103/PhysRevB.44.1646
http://dx.doi.org/10.1109/TNANO.2003.817230
http://dx.doi.org/10.1109/TNANO.2003.820512
http://dx.doi.org/10.1109/LED.2006.870240
http://dx.doi.org/10.1063/1.121014
http://dx.doi.org/10.1103/PhysRevLett.62.583
http://dx.doi.org/10.1103/PhysRevB.59.R10441

Nanotechnology 20 (2009) 065202

W Lee and P Su

[18] Vallejos R O, Lewenkopf C H and Mucciolo E R 1998
Coulomb blockade peak spacing fluctuations in deformable
quantum dots: a further test of random matrix theory Phys.
Rev. Letr. 81 677-80

[19] Berkovits R 1998 Absence of bimodal peak spacing
distribution in the Coulomb blockade regime Phys. Rev. Lett.
812128-31

[20] Peters M G, den Hartog S G, Dijkhuis J I, Buyk O J A and
Molenkamp L W 1998 Single electron tunneling and
suppression of short-channel effects in submicron silicon
transistors J. Appl. Phys. 84 50526

[21] Sohn L L, Kouwenhoven L P and Schon G 1997 Mesoscopic
electron transport NATO Science Series E: Appl. Sciences
vol 345

[22] Johnson A T, Kouwenhoven L P, de Jong W,
van der Vaart N C, Harmans C J P M and Foxon C T 1992
Zero-dimensional states and single electron charging in
quantum dots Phys. Rev. Lett. 69 1592-5

[23] Hofheinz M, Jehl X, Sanquer M, Molas G, Vinet M and
Deleonibus S 2006 Simple and controlled single electron
transistor based on doping modulation in silicon nanowires
Appl. Phys. Lett. 89 143504

[24] Sellier H, Lansbergen G P, Caro J, Rogge S, Collaert N,
Ferain I, Jurczak M and Biesemans S 2006 Transport
spectroscopy of a single dopant in a gated silicon nanowire
Phys. Rev. Lett. 97 206805


http://dx.doi.org/10.1103/PhysRevLett.81.677
http://dx.doi.org/10.1103/PhysRevLett.81.2128
http://dx.doi.org/10.1063/1.368753
http://dx.doi.org/10.1103/PhysRevLett.69.1592
http://dx.doi.org/10.1063/1.2358812
http://dx.doi.org/10.1103/PhysRevLett.97.206805

	1. Introduction
	2. Devices
	3. Experimental data
	3.1. Single-electronic effects in multiple gate MOSFETs
	3.2. Lg  & Wfin  dependence
	3.3. VGS  dependence

	4. Discussions
	5. Conclusions
	Acknowledgments
	References

