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Abstract

The comprehensive understanding of the electrical behaviour of silicon nanostructures becomes more and more important for the
evolution of the microelectronics towards nanoelectronics. In this context, we present a complete bench test for the study of silicon
nanostructures, from the fabrication by a non-conventional technique, to the electrical characterisation at room and low tempera-
ture. Nanostructures with lateral gates are fabricated with an atomic force microscope (AFM) on silicon on insulator (SOI) sub-
strates. At room temperature, we demonstrate a field effect transistor-like behaviour due to the backgate and also to the lateral
gate. At low temperature, the electrical transport is a superimposition of the field effect and single-electron phenomena (Coulomb
blockade). We demonstrate the one-dimensional character of the electrical transport at low temperature using a theoretical model
for arrays of dots.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The trend in microelectronics is to reduce the dimen-
sion of the devices. In this context, nowadays, there is a
real crossing from microelectronics to nanoelectronics
and two types of problems are brought up: difficulties
of fabricating the structures and understanding the
new transport phenomena that may appear in very
low-scale devices.
From the fabrication point of view, the limits of

optical lithography techniques are more and more obvi-
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ous, in terms of resolution, flexibility, cost etc., so, new
approaches are needed. Atomic Force Microscopy
(AFM) based lithography is one of the most promising
alternative techniques that emerges. Typically, AFM is
used to image the surface of a sample, by scanning a
tip onto the surface. The tip may induce changes in
the surface in very precise conditions (for example by
applying a potential between the tip and the scanned
surface), so AFM can become a high resolution litho-
graphy tool.
The first description of nanostructures fabrication by

AFM lithography on SOI substrates was described by
Campbell et al. [1]. The refinements of this method, such
as the oxidation in tapping mode [2] or the use of a
pulsed tension on the tip [3], have improved the
lateral resolution of the structures designed. Later
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developments of this technique on SOI substrates are
presented in Refs. [4,5].
The scientific groups that are working on silicon

nanowires are typically specialised either in the fabrica-
tion or in the study of the electrical transport. The main
advantage of our work is that we do fabrication by a
flexible technique and electrical transport measurements
at room and low temperature.
The structures presented in this paper are fabricated

using the AFM lithography in contact mode with a
pulsed-biased-tip. In order to reveal silicon nanostruc-
tures an etching step is necessary. The use of SOI sub-
strates is compulsory because the buried oxide layer
acts as an etch stop layer. Moreover, the use of SOI en-
sures high quality interfaces and reproducible electrical
properties of the structures, as demonstrated in this
article.
Electrical transport at room temperature shows a

field effect due to the backgate. This field effect can be
well described by the existing SOI models. A field effect
due to the lateral gates is also evidenced.
At low temperature, the conduction through the

nanostructures is a superposition of the field effect and
of Coulomb blockade phenomenon. A model of the
transport through an array of dots allows demonstrating
that the nanowires act mainly as uni-dimensional struc-
tures at low temperatures.
Fig. 2. AFM image of the oxide mask drawn by AFM lithography. In
this example the oxide wire is about 750 nm in length, 40 nm in width
and 1 nm in high. The asymmetric lateral gates are at 120 nm and
130 nm away from the channel.
2. Fabrication

We have chosen to use the oxidation by AFM in con-
tact mode. The fabrication steps [6] are schematically
presented in Fig. 1.
The substrates used are Unibond� SOI [7] samples

with an ultra-thinned monocrystalline Si layer down to
15 nm and with a 400 nm buried oxide thickness. The
samples are doped with Arsenic and we dispose of two
doping levels, 1017 cm�3 and 1019 cm�3. Electrical con-
nections are provided by 80 nm thick pads made of
degenerately doped silicon.
Fig. 1. Schematic of the fabrication steps: AFM local oxidation between the e
silicon in order to obtain the final silicon nanostructure (with the interface stat
between the silicon layer and the native oxide). Typical dimensions of the fina
thickness.
The first step is to dip the SOI substrates in a HF (2%
water solution) for 1 min. This treatment has two aims:
removing the native oxide naturally existing on the
wafer surface and passivating the silicon layer by a meta-
stable hydrogen terminated surface. During this step the
Si–O bonds are replaced by low energy Si–H bonds.
The second step consists in the anodisation of the

Si–H surface under negatively biased tip. Previous stud-
ies showed that there is a threshold voltage of �2.7 V
[8,9] in order to break the Si–H bondings and to induce
the oxidation of the surface under the tip. A very impor-
tant parameter is the humidity; we need to have a level
of about 30–40%. This humidity level forms a water
meniscus between the tip and surface. The anodisation
reaction takes place in this water meniscus. The scan
speed of the tip is fixed to 0.1 lm/s during the AFM
lithography. Typical dimensions of the oxide patterns
obtained with these parameters are of 0.5–1.5 nm in
height and about 30–70 nm in width [10]. Fig. 2 shows
an oxide mask drawn by AFM lithography.
The good chemical contrast between the Si surface

and the AFM drawn oxide permits a silicon wet etching
xisting contacts of the SOI substrate, followed by the wet etching of the
e densities Dit1, between the Si top layer and the buried oxide and Dit2,
l structures are: 100 nm–2 lm in length, 30–100 nm in width and 15 nm



Fig. 3. Scanning electron beam image of a final structure. Here, the dimensions are L = 1.2 lm, w = 40 nm, h = 15 nm and the channel-gate gap of
120 nm, which corresponds to a cross-section of 600 nm2. The dopant level is of 1017 cm�3, so the inter-dopant distance is about 20 nm. This means
that there is an average of one dopant per cross-section.

-0.2 -0.1 0.0 0.1 0.2

-4n

-3n

-2n

-1n

0

1n

2n

3n

4n

nanowire 1
nanowire 2

V
BACKGATE

= 20V
R1 = 62MΩΩΩΩ
R2 = 69MΩΩΩΩ

I D
R

A
IN

  (
A

)

VDRAIN  (V)

V
BACKGATE

= 10V
R1 = 400MΩ
R2 = 600MΩ

T = 300K

Fig. 4. IDRAIN–VDRAIN curves for two structures (h) and (j)
fabricated with the same parameters. The resistances of the two
nanowires, R1 and R2, estimated as the slope at origin of the current
curves have similar values in two different regimes (accumulation,
VBACKGATE = 20 V and desertion, VBACKGATE = 10 V) and are thus
demonstrating the good reproducibility of the electrical properties at
room temperature.
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step. We use tetramethyl-amino-hydroxide (TMAH) to
ensure a very high selectivity ratio between Si/SiO2 (etch
rate 2000:1) [11]. Fig. 3 shows a scanning electron micro-
scope image of a final structure. Considering the dimen-
sions and the doping level of the structure, we have
estimated that there is only one dopant per cross-section.
Electron-beam lithography would allow reaching the

same kind of resolution but during the process, highly
energetic electrons are introduced in the devices and
they can damage the crystalline structure of the silicon.
Furthermore, the pitch between the structures made by
e-beam lithography is limited by proximity effects. The
main advantage of AFM lithography is that it involves
low energy electrons emitted in the near-field regime.
This implies that the resolution is not affected by diffrac-
tion or proximity effects moreover it is a non-invasive
technique.
The AFM lithography on SOI substrates is a resist-

less technique for fabricating surface silicon nanostruc-
tures. As the oxide mask is made by direct writing
with the AFM tip on the silicon top layer. It is easy to
change the geometry of the designed oxide, which makes
the AFM an ideal tool to fabricate nanostructures.
3. Field effect in the silicon nanostructures

The nanostructures fabricated were tested in order to
investigate their electrical behaviour at room tempera-
ture. The nanowires can be compared to the channel
of a field effect transistor. However, as their dimen-
sions—thickness and width—are very small the repro-
ducibility of their electrical properties and their FET
behavior is not trivial.
Firstly we are demonstrating that at room tempera-

ture and for nanostructures fabricated with the same
lithographic parameters lead to similar electrical charac-
teristics. Fig. 4 presents IDRAIN–VDRAIN curves for the
two identical structures (1 lm in length, 15 nm in height,
70 nm in width and a doping level of 1019 cm�3). The
curves are superposed for two different backgate volt-
ages corresponding to the accumulation (20 V) and to
the depletion (10 V) regimes. We notice that we need
to apply a voltage on the backgate in order to suppress
the space charge region naturally existing in the nano-
wire. This experiment shows that, at room temperature,
the fluctuation of the number of dopant atoms does not
affect the electrical properties. This reproducibility of
the electrical properties versus lithographic parameters
was not reported before.
Fig. 5 gives the IDRAIN–VBACKGATE characteristics

for a nanowire of 800 nm in length, 70 nm in width,
15 nm in height and with a dopant level of 1017 cm�3.
The curves in Fig. 5(a) represent the measurements done
on fresh samples. The subthreshold swing, S, was
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Fig. 5. The curves IDRAIN–VBACKGATE at 300 K are showing the field
effect due to the backgate. The structure under test has a doping level
of about 1017 cm�3, L � 800 nm, w � 70 nm, h � 15 nm. The curves in
(a) are measurements realised directly after the fabrication. They are
showing a very small hysteresis (0.1 V) and a swing S � 200 mV/
decade. The curves in (b) are measurements done three weeks later.
They are showing a strong hysteresis (1.4 V) and a swing S � 750 mV/
decade. The difference between the two measurements is associated to
the growth of the native oxide layer on the structure.
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Fig. 6. IDRAIN–VLATERALGATE curve of a typical silicon nanowire
showing the field effect due to the lateral gate.

1500 I. Ionica et al. / Solid-State Electronics 49 (2005) 1497–1503
estimated to about 200 mV/decade. It is important to
note that a very weak hysteresis (0.1 V) is present on the-
ses curves. The curves in Fig. 5(b) present the measure-
ments on the same structure but three weeks later. The
new subthreshold swing is estimated at 750 mV/decade
and the curves present a large hysteresis (1.4 V). We
can evaluate the swing by using a model for thin SOI
films that takes into account the potential contribution
of the native oxide interface [12]:

S ffi lnð10Þ
Cox

� q
kB � T

� 1

EF � tSi
� Cit2

CSi þ Cit2

� ��1

� Cox þ Cit1 þ
CSi � Cit2
CSi þ Cit2

� �
ð1Þ
where Cox is the capacitance of the buried oxide, EF is
the electric field at the Si—buried oxide interface, tSi is
the thickness of the top silicon layer, Cit1 is the capaci-
tance due to the interface state density between the top
silicon and the buried oxide, Cit2 is the capacitance
due to the interface state density between the top silicon
and the air.
The native oxide layer will not contribute to S for the

electrical tests on fresh samples, so Cit2 = 0. For a top
silicon thickness of 15 nm and an interface state density
silicon—buried oxide of about 5 · 1010 cm�2 eV�1 Eq.
(1) gives:

Sno native oxide � 100 mV=decade

When the native oxide layer is formed, the interface
top Silicon – air and Cit2 become important. The inter-
face state density between the silicon and the native
oxide is about 1012 cm�2 eV�1 [13]. In this case, we ob-
tain for the swing:

Swith native oxide � 1 V=decade

Trapping and detrapping phenomena take place in
the native oxide layer. Therefore, the evolution of the
hysteresis might be also linked to the presence of the na-
tive oxide layer. Additional characterisations are in pro-
gress to investigate in more details the origin of this
hysteresis.
A typical IDRAIN–VLATERALGATE curve is given in

Fig. 6. Even if the lateral gates are very small and their
effect on the wire is very localised, there is a field effect
due to the polarisation on the lateral gates.
At room temperature the nanostructures have repro-

ducible electrical properties and the fluctuations of the
number of the doping atoms do not affect these proper-
ties. The conduction through the wire is modulated by
the voltage applied on the backgate. The classical mod-
els of SOI are still valid for the electrical properties of
the silicon nanostructures. As there is also a field effect
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due to the lateral gate, this means that the nanostruc-
tures act as multi-gate field effect transistors at room
temperature.
4. Coulomb blockade in silicon nanostructures

The electrical properties of the nanostructures at low
temperature were also studied. We want to see if the
field effect is still present and if other phenomena are
revealed.
In IDRAIN–VBACKGATE curves (Fig. 7(a)) clear oscil-

lations are superimposed with the field effect. Two mea-
surements were done from low backgate voltage to high
backgate voltage and other two the reverse way. The
peaks obtained in the four curves are superposed; they
represent the Coulomb blockade phenomenon. The ori-
gin of the Coulomb blockade in highly doped silicon
nanostructures is related to the potential fluctuations
around the dopant atoms [14]. For low temperature
measurements, the local potential fluctuations are more
important than the thermal energy and their influence
becomes predominant in the electrical characteristics.
The most simple structure to obtain Coulomb oscilla-

tions is a single dot connected to source and drain by
tunnel barriers. In this case, with the hypothesis that
there can be only one extra electron in the dot, the
capacitance of the dot with respect to the gate can be
a

b

Fig. 7. (a) IDRAIN–VBACKGATE curves at low temperature (2.7 K).
Reproducible Coulomb oscillations are superimposed to the field effect
still present at low temperature. (b) Schematic of a simple model of
planar capacitance. The radius of the dot where the Coulomb blockade
is taking place can be estimated.
estimated from the peak to peak distance [15]. Further-
more, the diameter of the dot can be evaluated. In the
Fig. 7(a), the peak to peak distance is of about 2 V.
For the case of a single dot charged with a single elec-
tron, the capacitance is about 0.1 aF. A simple model
of a planar capacitance between a disc (the dot) and a
plane (the bulk silicon), as shown in the schematic in
Fig. 7(b), allows estimating the radius of the dot to
about 13 nm. As we suppose that the Coulomb blockade
originates from the potential fluctuations due to the
doping atoms, this radius should have the same order
of magnitude as the average distance between two dop-
ant atoms. The nanostructure under test has a doping
level of about 1017 cm�3, which corresponds to an
inter-dopant distance of about 20 nm. It is possible that
not all the doping atoms are electrically active, so it is
understandable that the dot-diameter estimated from
the electrical measurements is slightly larger than the
inter-dopant distance, but the order of magnitude for
the two parameters is the same. Anyway the coherence
between the two parameters confirms the hypothesis
that the Coulomb blockade phenomenon is due to the
potential fluctuations around the doping atoms.
A convenient way to present the electronic properties

at low temperature is to map the drain current versus the
backgate voltage and the drain voltage. This map, also
called stability diagram, exhibits some rhombus, or
Coulomb diamonds, corresponding to the blocked state
of the device. For the ideal case of a single dot the Cou-
lomb diamonds are regular [15]. In Fig. 8, the stability
diagram obtained on one of our nanostructures has
non-regular Coulomb diamonds. There are two phe-
nomena responsible for this irregularity. On one hand,
the dimensions of the potential wells in the device are
not fixed, but they depend on the backgate voltage ap-
plied, as shown in Fig. 9. These potential wells around
the dopant atoms are similar to dots where the electrons
are spatially localised. Potential barriers are present be-
tween two dots and electrons may tunnel from one dot
to the other. When the backgate voltage is increased,
the energy barrier between two doping atoms becomes
smaller therefore the electronic transport through the
nanostructure is established easier. Furthermore the
diameter of the dots can also increase with the backgate
voltage, so the thickness of the tunnel barriers decreases.
Therefore both the height and the thickness of the tun-
nel barriers between dots decrease when the backgate
voltage increases. The blocked regions must be smaller
for high backgate bias. This is exactly what we can see
in the stability diagram (Fig. 8): the Coulomb diamonds
are smaller for high backgate potentials. One the other
hand, the diamonds structure is not simple (each dia-
mond seems to have a double peak) which implies that
the nanowire cannot be modeled by a single dot. A more
adapted theoretical model corresponds to an array of
dots, having different dimensions (Fig. 9).



Fig. 8. Map of the drain current (in logarithm scaling) as a function of the backgate voltage (x-axis) and the drain voltage (y-axis) at 4.2 K. The
Coulomb diamonds visible here are not regular because of the superposition with the field effect and also because the structure is more complex than
a single dot.

Fig. 9. A more adapted model for the nanostructures is an array of
potential fluctuations around the doping atoms. The dimensions of
these potential wells are modified by the backgate voltage.

Fig. 10. IDRAIN–VDRAIN curves showing a zero-conductance region.
This region is modulated by the bias applied on the backgate.

Fig. 11. IDRAIN–(VDRAIN/VT � 1) curve for a nanostructure with
a doping level of 1017 cm�3. A model of capacitively coupled
dots (shown in the inset [16]) allows estimating the dimensionality
of the array. The slope of the curves is 1 for a 1D system and 5/3
for 2D systems. From our measurements the slope corresponds to
about 1.
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Fig. 10 presents the IDRAIN–VDRAIN curves and their
dependence with the backgate voltage. We notice a zero-
conductance region around VDRAIN = 0 V, which corre-
sponds to the blocked regions in the stability diagram.
The zero-conductance region is modulated by the back-
gate voltage.
A theoretical model presented in [16,17] and based on

arrays of capacitively coupled dots (inset of Fig. 11)
shows that the current through such an array has a
power law dependence with the drain voltage:

IDRAIN / V DRAIN

V THRESHOLD

� 1
� �f

ð2Þ

The scaling factor, f, depends on the dimensionality
of the array: f � 1, for one-dimensional array and
f � 5/3 for two-dimensional array. We have applied this
model to our experimental data (Fig. 11). The scaling
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factor was estimated between 0.9 and 1.1. We conclude
that the nanowire at low temperature has a one-dimen-
sional array electrical behaviour, which is consistent
with the fact that there is an average of one doping atom
occupying the cross-section of the wire.
5. Conclusion

Good theoretical and experimental backgrounds are
needed for the future development of nanoelectronic de-
vices. We present here a fabrication method together
with the electrical measurements (at room and low tem-
perature) of silicon nanostructures.
The non-conventional fabrication method used is

based on AFM lithography of ultra-thin highly doped
SOI substrates. The final structures are silicon nano-
wires with lateral gates. The monocrystallinity and the
high quality interfaces of the SOI substrates lead to
the fabrication of nanostructures with reproducible elec-
trical properties.
The electrical tests at room temperature show a

multi-gate transistor-like behaviour that can be under-
stood with the existing SOI models.
At low temperature the nanostructures show strong

and reproducible Coulomb oscillations superposed on
the field effect. We show that the origin of the Coulomb
blockade is linked to the potential fluctuations due to
the presence of doping atoms in the wires. From the
electrical transport point of view, the nanowires behave
like one-dimensional arrays of capacitively coupled
dots. This conclusion is consistent with the fact that
typically there is only one doping atom occupying the
cross-section of the structures.
Our future studies shall be concentrated on the evolu-

tion of the electrical properties from room temperature
to low temperature. Possible evolution of the scaling
factor, f, with the temperature is in progress.
Acknowledgements

The authors are grateful D. Fraboulet, D. Mariolle
and J. Gautier from LETI/CEA Grenoble for providing
the ultra-thin SOI substrates.
References

[1] Campbell PM, Snow ES, McMarr PJ. Fabrication of nanometer-
scale side-gated silicon field effect transistors with an atomic force
microscope. Appl Phys Lett 1995;66:1388–90.

[2] Servat J, Gorostiza P, Sanz F, Perez Murano F, Barniol N,
Abadal G, et al. Nanometer scale lithography of silicon (100)
surfaces using tapping mode atomic force microscopy. J Vacc Sci
Tech A 1996;14:1208–12.

[3] Legrand B, Stievenard D. Nanooxidation of silicon with an
atomic force microscope: A pulsed voltage technique. Appl Phys
Lett 1999;74:4049–51.

[4] Bouchiat V, Faucher M, Fourner T, Pannetier B, Thirion C,
Wernsdorfer W, et al. Resistless patterning of quantum nano-
structures by local anodization with an atomic force microscope.
Microelectron Eng 2002;61:517–22.

[5] Clement N, Tonneau D, Dallaporta H, Bouchiat V, Fraboulet D,
Mariolle D, et al. Electronic transport properties of single-crystal
silicon nanowires fabricated using an atomic force microscope.
Physica E 2002;13:999–1002.

[6] Ionica I, Montès L, Ferraton S, Zimmermann J, Bouchiat V,
Saminadayar L. Silicon Nanostructures Patterned on SOI by
AFM Lithography. Nanotech Conference. Boston, USA, 2004;3:
165–8.

[7] www.soitec.com.
[8] Marchi F, Bouchiat V, Dallaporta H, Safarov V, Tonneau D,
Doppelt P. Growth of silicon oxide on hydrogenated silicon
during lithography with an atomic force microscope. J Vac Sci
Tech B 1998;16:2952–6.

[9] Stievenard D, Fontaine PA, Dubois E. Nanooxidation using a
scanning probe microscope: an analytical model based on field
induced oxidation. Appl Phys Lett 1997;70:3272–4.

[10] Morimoto K, Perez-Murano F, Dagata JA. Density variations in
scanned probe oxidation. Appl Surf Sci 2000;158:205–16.

[11] Tabata O, Asahi R, Funabashi H, Shimaoka K, Sugiyama S.
Anisotropic etching of silicon in TMAH solutions. Sens Actuat A
1992;1:51–7.

[12] Hovel HJ. Si film characterization in SOI substrates by the
HgFET technique. Solid-State Electron 2003;47:1311–33.

[13] Okorn-Schmidt HF. Characterization of silicon surface prepara-
tion processes for advanced gate dielectrics. IBM J R&D 1999;
43:351–65.

[14] Tilke A, Blick RH, Lorenz H, Kotthaus JP. Single-electron
tunneling in highly doped silicon nanowires in a dual-gate
configuration. J Appl Phys 2001;89:8159–62.

[15] Grabert H, Devoret MH. Single charge tunneling. New York:
Plenum Publishing Corporation; 1991.

[16] Middleton AA, Wingreen NS. Collective transport in arrays of
small metallic dots. Phys Rev Lett 1993;71:3198–201.

[17] Kaplan DM, Sverdlov VA, Likharev KK. Coulomb gap, Cou-
lomb blockade, and dynamic activation energy in frustrated
single-electron arrays. Phys Rev B 2003;68:45321-1.

http://www.soitec.com

	Field effect and Coulomb blockade in silicon on insulator nanostructures fabricated by atomic force microscope
	Introduction
	Fabrication
	Field effect in the silicon nanostructures
	Coulomb blockade in silicon nanostructures
	Conclusion
	Acknowledgements
	References


