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A B S T R A C T

Three-dimensional (3D) Si surface nanostructuring is interesting towards increasing the capacitance density of a
metal-oxidesemiconductor (MOS) capacitor, while keeping reduced footprint for miniaturization. Si nanowires
(SiNWs) can be used in this respect. With the aim of understanding the electrical versus geometrical char-
acteristics of such capacitors, we fabricated and studied a MOS capacitor with highly ordered arrays of vertical Si
nanowires of different lengths and thermal silicon oxide dielectric, in comparison to similar flat MOS capacitors.
The high homogeneity and ordering of the SiNWs allowed the determination of the single SiNW capacitance and
intrinsic series resistance, as well as other electrical characteristics (density of interface states, flat-band voltage
and leakage current) in relation to the geometrical characteristics of the SiNWs. The SiNW capacitors demon-
strated increased capacitance density compared to the flat case, while maintaining a cutoff frequency above
1MHz, much higher than in other reports in the literature. Finally, our model system has been shown to con-
stitute an excellent platform for the study of SiNW capacitors with either grown or deposited dielectrics, as for
example high-k dielectrics for further increasing the capacitance density. This will be the subject of future work.

1. Introduction

Arrays of vertical Si nanowires (SiNWs) on a silicon substrate have
attracted a lot of interest as a means of 3D nanostructuring towards
increasing the effective capacitor area of a MOS capacitor compared to
the flat Si case. Such capacitors find important applications as decou-
pling [1] and energy storage capacitors [2], including on-chip energy
storage [3–6]. The explored 3D structuring and resulting increase in
effective area and capacitance allows for a reduced device footprint,
significantly reducing their cost.

Research efforts so far in the above direction have been con-
centrated on maximizing the capacitance density of the devices, while
other important parameters were far from being optimized. For ex-
ample, values of 18 μF/cm2 were reported in Ref. [3], 5.3 μF/cm2 in
Ref. [4] and 2.6 μF/cm2 in Ref. [6], however the high capacitance has
been achieved at the cost of reducing the maximum working frequency
(cutoff frequency) and causing deviations of the measured capacitance
from the designed values. For example, the cutoff frequency of the
devices reported in Refs. [3–5] is only 1 kHz. This is due to the high
series resistance in these devices, resulting from the reduced SiNW
diameter, necessary to achieve maximum increase in the effective area
of the capacitor [5]. Moreover, in Refs. [3,5] the SiNWs were grown by

using bottom-up techniques [7,8], in which the density and position of
the SiNWs was random and not exactly known, while there was large
dispersion in their diameter and length. On the other hand, for the
SiNWs in Ref. [4] the authors used metal-assisted chemical etching
(MACE) [9–12], combined with lithographic patterning for the locali-
zation of the fabricated SiNWs. However, the above introduced an in-
creased complexity of the fabrication, while the measured capacitance
was still not in good agreement with the calculated one by considering
the device effective surface area. In a recent publication by our group
using SiNWs fabricated by MACE [6], a capacitance density of 4.1 μF/
cm2 has been achieved, at a cutoff frequency above 1MHz. This is a
very good result, achieved by reducing the SiNW surface roughness
through chemical treatment, and thus reducing density of interface
states and leakage current. Another issue towards optimizing the ca-
pacitance density and cutoff frequency of the SiNW 3D capacitors is the
difficulty in achieving good dielectric and metal coverage of the SiNWs.

In this work we present the fabrication and characterization of a
SiNW MOS capacitor using a vertical SiNW array model structure. The
crystalline SiNWs in the array were fabricated using a combination of I-
line optical lithography and highly anisotropic reactive ion etching,
allowing for a precise control of their location, diameter and height,
and thus also their density. The diameter and interdistance of the
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SiNWs were large enough so as to assure exact pattern transfer to the
wafer and exact knowledge of SiNW number and density within the
capacitor surface area. The characterization of the corresponding MIS
capacitor allowed the extraction of different single SiNW parameters in
a simple and accurate manner. The large diameter of the SiNWs allowed
for a small series resistance and thus a cutoff frequency above 1MHz for
both dielectrics used.

2. Sample description

The Si wafers used were n-type with a resistivity of 1–2 Ω·cm.
Arrays of SiNWs were formed on square areas covering the whole 4-
inch wafer using a combination of photolithography and deep reactive
ion etching. The fabrication process was described in detail elsewhere
[13]. All process steps are compatible with standard Si processing. For
the photolithography, an i-line stepper (FPA CANON 3000I4) has been
used, with a critical resolution of 350 nm at wafer scale. The resist used
was a 1.1 µm thick positive photoresist ECI from MICROCHEM CORP.
For the Si etching an inductively-coupled plasma (ICP) reactor was
used, in combination with an anisotropic Si etching process based on a
mixture of SF6 (45 sccm), C4F8 (30 sccm) and O2 (2 sccm) gases. The
fabricated SiNWs had a diameter of 0.43 μm. A square pattern of Si NWs
was formed with a pitch of 1.4 μm. Two different SiNW lengths were
examined, namely 1.35 μm and 2.5 μm.

Characteristic scanning electron microscopy (SEM) images at 45°
angle of incidence of the 1.35 μm and 2.5 μm SiNWs are depicted in
Fig. 1(a) and (b), respectively. Their surface is quite smooth and their
diameter increases only slightly from their top to bottom. A top view
SEM image of the SiNWs is depicted in Fig. 1(c), illustrating the SiNW
diameter and pitch parameters. The increase in effective area caused by
the presence of the NWs, as compared to the flat case, is by a factor of
1.9 for the 1.35 μm tall NWs and 2.7 for the 2.5 μm tall NWs.

MOS capacitors were fabricated within the same process run on
both flat areas and areas with the SiNW arrays. The following standard
Si processing steps were used:

- Oxidation for the formation of the 6 nm thick SiO2 dielectric
- Phosphorus implantation and annealing for back ohmic contact
formation

- Deposition and pattering of a 1 μm thick Al layer on the front surface
area for contact and gate metal formation. The size of the contacts
was 300 μm by 520 μm.

- Oxide removal from the back side, followed by 500 nm Al layer
deposition and annealing for back ohmic contact formation

- Forming gas (mixture of H2/N2) annealing for interface trap mini-
mization.

In the case of the SiNW capacitor, the gate contact was taken outside
the SiNW area in order to avoid their damage through probe contacting.
The contact area was 300 μm×100 μm and the SiNW area was
300 μm×420 μm for the 1.35 μm SiNWs. For the 2.5 μm SiNWs the
contact area was 520 μm×100 μm and the SiNW area was
520 μm×200 μm. Since no field oxide was used for defining the ca-
pacitor area, the contact area in the case of the SiNW capacitor was
considered as a parallel flat capacitor and was taken into account in the
calculations. The number of SiNWs in each SiNW capacitor was calcu-
lated with accuracy. A schematic representation of the fabricated ca-
pacitors is depicted in Fig. 1(d). Each sample had a surface area of
2× 2 cm2 and contained eight similar MIS capacitors, which were all
measured.

3. Experimental results

Typical capacitance-voltage (C-V) characteristics of the three dif-
ferent measured devices (the flat capacitor and the SiNW capacitors
with the two different NW lengths) are depicted in Fig. 2 for frequencies
in the range 103–106 Hz.The different capacitor parameters are also
depicted in the same figure. The flat-band voltage was determined at
1MHz using the well-known method described in Ref. [14]. For the
series resistance (RS) and the oxide capacitance (Cox) we used the for-
mulas [15]:
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where ω = 2πf, and Gacc and Cacc are the values of conductance and
capacitance at accumulation, respectively. Finally, the quality factor
(Q) for the measured capacitors was calculated from:

Fig. 1. SEM image at 45° angle incidence of the sample
with Si NWs of (a) 1.35 μm and (b) 2.5 μm length and a
1.4 μm pitch. (c) Top view SEM image of the SiNWs,
illustrating the SiNW diameter and pitch parameters.
(d) Schematic representation of a flat and a MOS ca-
pacitor using the SiNWs.

E. Hourdakis et al. Solid State Electronics 143 (2018) 77–82

78



=Q
ωR C

1
S ox

The parameters extracted from the data in Fig. 2 for a frequency of
1MHz are summarized in Table 1. The maximum deviation of the
measured and extracted parameters is also indicated in the table. It is
clear that this deviation is quite small, at least within the surface area of
2 × 2 cm2 of the samples used. One can also see that the quality factor
is well above 1 for all measured capacitors, which means that the cutoff
frequency is well above 1MHz and does not influence our results. The
smaller quality factor of the SiNW capacitors compared to the flat ones
is due to their much larger capacitance, since Q is inversely propor-
tional to this capacitance. Moreover, the presence of the SiNWs does not
significantly shift the flat-band voltage as compared to the flat case,
revealing that the dielectric has comparable density of charged defects
in all cases. The obtained capacitance and series resistance values will
be further analyzed in the discussion section below.

The measured capacitance depicted in Fig. 2 was corrected for the
parallel capacitance of the probe contact area by subtracting the flat
capacitance for the corresponding contact area at a frequency of 1MHz.
The capacitance density as a function of applied voltage for all three
measured devices at 1MHz is depicted in Fig. 3, while the value of the
capacitance density at accumulation in all three cases is given in
Table 1. It can be seen that the capacitance density increase compared
to the flat case is ×2 in the case of the 1.35 μm SiNWs, very close to the
calculated ×1.9 by considering the surface area increase by the pre-
sence of the SiNWs. On the other hand, in the case of the 2.5 μm long
SiNWs the corresponding factor is ×2.4, smaller than the calculated

one (×2.7). A discussion on this discrepancy can be found in the fol-
lowing section.

The displacement current versus voltage of the three types of ca-
pacitors is given in Fig. 4(a), measured at a scan rate of 0.1 V/s for both
positive scans (from −2V to 2 V) and negative scans (from 2 V to
−2 V). This displacement current results from the charging and dis-
charging of the capacitors and can be expressed as:

=I CdV
dt

From the displacement current characteristics we deduce the low

Fig. 2. C-V characteristics for frequencies be-
tween 103 and 106 Hz for all measured capacitors
(flat capacitor and SiNW capacitors with 1.35 μm
and 2.5 μm long SiNWs respectively. The values of
the flat band voltage (VFB), series resistance (RS),
oxide capacitance (Cox) and quality factor (Q) are
also reported in each case for a frequency (f) of
106 Hz.

Table 1
Summary of the electrical parameters calculated at 1MHz for the three measured capacitors.

Ctotal, calculated (nF) Cox, measured (nF) Cap. density ( μF/cm2) Ileakage @2 V (A) RS (Ω) VFB (V) Q Dit (states/V cm2)

Flat 0.89 0.90 ± 0.01 0.58 7.7× 10−13 38 ± 2 −0.10 ± 0.05 4.6 ± 0.3 (2.0 ± 0.4)×1010

SiNWs (1.35 μm) 1.70 1.70 ± 0.1 1.2 4.52× 10−12 41 ± 1 −0.20 ± 0.05 2.3 ± 0.2 (5.0 ± 0.3)×1010

SiNWs (2.5 μm) 2.10 1.80 ± 0.1 1.4 1.25× 10−10 44 ± 1 −0.20 ± 0.05 2.0 ± 0.2 (2.0 ± 0.3)×1010

Fig. 3. Comparative curves at 1MHz of the capacitance density (C) vs. applied voltage
(V). The factor of the experimental capacitance density increase between the flat and
SiNW cases is also depicted.
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The low frequency capacitance versus voltage for all measured de-
vices is depicted in Fig. 4(b). The corresponding 1MHz curves for the
flat and the 1.35 μm SiNW capacitors were also included for compar-
ison, illustrating the good agreement between the low and high fre-
quency curves at accumulation, as expected. This is another indication
that the cutoff frequency of our NW capacitors is well above 1MHz.
Deviation from the expected behavior is only found at accumulation

and inversion regions of the 2.5 μm SiNWs. The displacement current
increases rapidly in these regions, indicative of the presence of in-
creased leakage current in this capacitor and the low frequency capa-
citance at deep inversion decreases abruptly. These will be further
analyzed in the next section.

The leakage current versus voltage characteristics for all three de-
vices are depicted in Fig. 5. The leakage current was measured at a scan
rate of 0.01 V/s (an order of magnitude lower than the scan rate for the
displacement current measurements). Scanning was performed from
−2V to positive 2 V in all cases. The leakage current at +2 V (accu-
mulation) for each device is depicted in Table 1. Compared to the flat
case it is increased by a factor of 5.9 in the case of the 1.35 μm SiNWs,
while in the case of the 2.5 μm SiNWs this increase is ×162. This result
will be discussed in detail below.

The density of interface states (Dit) has been calculated for the ca-
pacitors discussed above using the conductance method [14,15]. This
method has been chosen since it is generally considered to be the most
accurate down to densities of 109 states/V cm2. The parallel con-
ductance over angular frequency (Gp/ω) vs. angular frequency (ω)
graphs for all three devices are presented in Fig. 6. From these curves
we can calculate:
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From Fig. 6 it is clear that the corresponding values of Dit for all

Fig. 4. (a) Displacement current (I) versus voltage
(V) for all three devices at a sweep rate of 0.1 V/s.
Voltage was swept both from negative to positive
and from positive to negative values (see corre-
sponding fleshes). (b) Low frequency capacitance
versus applied voltage for all three devices, com-
pared with the 1MHz flat and 1.35 μm SiNW ca-
pacitors.

Fig. 5. Leakage current (I) versus voltage (V) for all measured devices. Scanning was
performed from −2V to 2 V.

Fig. 6. Parallel conductance over angular frequency
(Gp/ω) vs. angular frequency (ω) for all three devices.
From the corresponding peak in each case we calculate
the density of interface states (Dit), quoted in each
figure.
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three capacitors are in all cases only 2 to 5× 1010 states/V·cm2, which
is an indication of the good electronic quality of the SiO2/Si interface.
This is attributed to the smooth SiNW surface and the absence of any
contamination during processing. The Dit of all measured devices are
also depicted in Table 1.

4. Discussion

In order to better understand the results presented in the previous
section we calculate the expected capacitance for each measured de-
vices by taking into account the capacitor surface area. So, for the flat
capacitor we have:

= = × −C εε A
d

8.9 10 Fflat
0 10

where A is the capacitor surface area, namely 300 μm by 520 μm, d is
the dielectric thickness (6 nm), ε is the dielectric constant of SiO2 (3.9)
and ε0 is the vacuum permittivity.

In the case of the SiNW capacitors, the total capacitance is the sum
of the capacitance of the flat surface area plus the capacitance of a
single nanowire multiplied by the total number of SiNWs. The single
SiNW capacitance can be calculated using the cylindrical capacitance
relationship:

=
+( )

C πεε h2

ln
NW single r d

r

,
0

where h and r are the height and radius of each SiNW respectively. So,
for h1= 1.35 μm and h2= 2.5 μm we have:

= × −C 1.3 10 FNW single, 1
14

= × −C 2.4 10 FNW single, 2
14

The total SiNW capacitance for the two different SiNW lengths is:

= × = × −C N C 8.2 10 FNW total NW single, 1 1 , 1
10

= × = × −C N C 1.25 10 FNW total NW single, 2 2 , 2
9

where N1 and N2 is respectively the number of SiNWs in each case.
The calculated total capacitance of each SiNW capacitor is respec-

tively:

= + = × −C C C 1.7 10 Ftotal NW total flat1 , 1
9

= + = × −C C C 2.1 10 Ftotal NW total flat2 , 2
9

These values are depicted in table 1 as the calculated values of ca-
pacitance. It can be easily seen that they coincide nicely well with the
measured values in the cases of the flat and 1.3 μm SiNW capacitors,
while a small deviation (approximately 15%) exists in the case of the
2.5 μm SiNWs. One possible explanation for this deviation is the in-
creased leakage current at accumulation and inversion regions in the
case of the 2.5 μm SiNWs, depicted in Fig. 5(b) and the corresponding
value at 2 V given in table 1. It can be seen that the leakage current does
not scale with the increase in the capacitor area (close to a factor of 2 in
both SiNW cases compared to the flat devices), but by a factor of 5.9
compared to the flat in the case of the 1.35 μm SiNWs and a factor of
162 in the case of the 2.5 μm ones. Clearly, the leakage current increase
in the case of the 1.35 μm SiNWs is moderate, while it is very large in
the case of the 2.5 μm SiNWs case, which explains the observed de-
viation in the low frequency capacitance measurements and possibly
the 15% deviation in the high frequency measurements. The increased
leakage current in the case of the SiNW capacitors beyond what is ex-
pected by the increase in effective area is attributed to increased
roughness at the SiNW vertical surfaces compared to the flat case, re-
sulting from the etching process. Additionally, the existence of corners
in the SiNW 3D structure is at the origin of dielectric thickness in-
homogeneities and increased local electric fields, which are an

additional source of leakage current. The above effects are more pro-
nounced in the case of the longer SiNWs.

Another interesting observation is that the series resistance (RS) is
38Ω in the case of the flat capacitor, while it is 41Ω and 44Ω re-
spectively in the cases of the shorter and longer SiNWs. The increased
series resistance in the case of the SiNW capacitors (3Ω and 6Ω re-
spectively) is attributed to the SiNW resistance, being larger in the case
of the longer SiNWs. Indeed, the SiNW resistance for the two different
nanowire lengths (R1 and R2) can be calculated as:

=
′

R Nρ l
ASi1
1

=
′

R Nρ l
ASi2
2

where ρSi is the resistivity of the Si wafer used, N is the number of
SiNWs in the capacitor area, l1 and l2 is respectively the length of the
SiNWs in each case and A′ is the cross sectional area of the SiNWs,
which is considered to be the same in both cases. By setting the values
of R1= 3Ω and R2=6Ω, the resulting wafer resistivity is found to be
2Ω·cm and 1.85Ω·cm respectively. These values are within the re-
sistivity range of the substrates used (1–2Ω·cm). As before, these
measurements and calculations are possible in our model system be-
cause of the relatively small number and ordering of the SiNWs used.

The exact knowledge of the series resistance introduced by the
SiNWs is very important since it is related to the capacitor cutoff fre-
quency (1/RSCox) or the quality factor at a given frequency of a capa-
citor with a given capacitance value.

Based on the above, we have to conclude that the very good
agreement between calculated and measured values of capacitance and
series resistance, as well as the exact correlation of the electrical with
structural properties of the SiNWs, has been made possible because of
our model SiNW system. The large spacing between SiNWs and the
conformal metal coverage allowed their use as a platform to investigate
SiNW-based MOS capacitor properties and correlate to a single SiNW
MOS capacitor characteristics.

5. Conclusions

In conclusion, we have developed and characterized SiNW MOS
capacitors based on a model system of ordered arrays of vertical Si
nanowires. Due to their large diameter and interdistance no proximity
effects were present. This, along with an excellent size, shape and po-
sition of the SiNWs allowed to extract the capacitance density increase
per SiNW. A measured capacitance density of 1.4 μF/cm2 has been
demonstrated for the fabricated capacitors, with cutoff frequency above
1MHz, much higher than in other reports in the literature. The mea-
sured capacitance and series resistance were very close to the calculated
ones by considering the geometrical characteristics of the model SiNW
system. Finally, our model system is excellent for the study of SiNW
capacitors with deposited dielectrics, as for example high-k atomic-
layer deposited (ALD) dielectrics. This will be the subject of future
work.

Acknowledgements

This work was financially supported by the Greek National Project
“Establishing a multidisciplinary and effective innovation and en-
trepreneurship hub” (Project No. 11928, 23-4-2015) and by LAAS-
CNRS micro and nanotechnologies platform, member of the French
RENATECH network.

References

[1] Black CT, Guarini KW, Zhang Y, Kim H, Benedict J, Sikorski E, et al.
Metal–oxide–semiconductor decoupling capacitors. IEEE Electron Device Lett
2004;25(9):622–4.

E. Hourdakis et al. Solid State Electronics 143 (2018) 77–82

81

http://refhub.elsevier.com/S0038-1101(17)30691-3/h0005
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0005
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0005


[2] Chan CK, McIlwrath K, Huggins RA. High-performance lithium battery anodes using
silicon nanowires. Nat Nanotechnol 2008;3(1):31–5.

[3] Morel PH, Haberfehlner G, Lafond D, Audoit G, Jousseaume V, Leroux C, et al. Ultra
high density three dimensional capacitors based on Si nanowires array grown on a
metal layer. Appl Phys Lett 2012;101(8).

[4] Chang SW, Oh J, Boles ST, Thompson CV. Fabrication of silicon nanopillar-based
nanocapacitor arrays. Appl Phys Lett 2010;96(15):31–4.

[5] Li Q, Xiong HD, Liang X, Zhu X, Gu D, Ioannou DE, et al. Self-assembled nanowire
array capacitors: capacitance and interface state profile. Nanotechnology
2014;25(13):135201.

[6] Leontis I, Botzakaki MA, Georga SN, Nassiopoulou AG. High capacitance density
MIS capacitor using Si nanowires by MACE and ALD alumina dielectric. J Appl Phys
2016;119(24):2–8.

[7] Wang Y, Schmidt V, Senz S, Gösele U. Epitaxial growth of silicon nanowires using an
aluminium catalyst. Nat Nanotechnol 2006;1(3):186–9.

[8] Lu W, Lieber CM. Nanoelectronics from the bottom up. Nat Mater
2007;6(11):841–50.

[9] Nassiopoulou A, Gianneta V, Katsogridakis C. Si nanowires by a single-step metal-
assisted chemical etching process on lithographically defined areas: formation ki-
netics. Nanoscale Res Lett 2011;6(1):597.

[10] Peng K, Yan Y, Gao S, Zhu J. Dendrite-assisted growth of silicon nanowires in
electroless metal deposition. Adv Func Mater 2003;13(2):127–32.

[11] Huang Z, Geyer N, Werner P, De Boor J, Gösele U. Metal-assisted chemical etching
of silicon: a review. Adv Mater 2011;23(2):285–308.

[12] Han H, Huang Z, Lee W. Metal-assisted chemical etching of silicon and nano-
technology applications. Nano Today 2014;9(3):271–304.

[13] Hourdakis E, Nassiopoulou AG, Casanova A, Larrieu G. Model 3D MOS capacitor
system using regular arrays of vertical Si nanowires. IEEE Xplore, EUROSOI-ULIS
2017 – Proc; 2017. p. 124–7.

[14] Schroder DK. Semiconductor material and device characterization. New York:
Wiley; 1998.

[15] Nicollian EH, Brews JR. MOS physics and technology. New York: Wiley; 1982.

Emmanouel Hourdakis received his M.S. (2004) and Ph.D.
(2007) degrees in Physics from the University of Maryland.
Currently he is post-doctoral researcher at the Institute of
Nanoscience and Nanotechnology of NCSR Demokritos in
Greece. His interests focus on the fabrication and char-
acterization of porous Si based sensors, the electrical
characterization of Si-based microelectronic devices and
the electrical properties of high-k dielectrics.

Adrien Casanova was born in Toulon (France) in 1987. He
studied at the Ecole Normale Supérieure de Cachan and
received his MSc degree in Nanosciences and Electronics in
2008. He joined the MPN group at LAAS CNRS in Toulouse
for a PhD on the interaction between recording devices
based on 1D-nanostructures and living cells (especially
primary mammalian neurons). He received the PhD degree
in 2016 from the Paul Sabatier University and is currently
post-doctoral Researcher at the MPN group.

Dr. Guilhem Larrieu, CNRS researcher, received the Ph.D.
degree in Electronics from the University of Lille, France,
2004. In 2005, he was a Post-doctoral fellow at University
of Texas at Arlington (UTA), USA. At the end of 2005, he
was hired by the IEMN-CNRS laboratory in Lille as a senior
independent scientist and contributed to the metallic S/D
FET topic by developing the dopant segregation technology.
Finally, in 2010, he moved to LAAS-CNRS in Toulouse to
establish in this laboratory a new research axis dealing with
nanowire arrays for electronics and sensing applications.
He is head of “Materials and Processes for nanoelectronics”
group.

Androula G. Nassiopoulou is the Head of the Nano4NPS
research group at NCSR Demokritos, in Athens,
Greece (http://nano4nps.imel.demokritos.gr), former
Microelectronics Institute Director (1996-2009). She
holds a Physics diploma from the University of Athens, an
MSc and PhD degrees from the University of Paris XI,
France and a habilitation to direct research (doctorat
d’Etat) from the University of Reims, France. Her current
research interests are mainly on Si nanostructures and
porous materials and their applications in nanoelectronic
devices, sensors and solar cells.

E. Hourdakis et al. Solid State Electronics 143 (2018) 77–82

82

http://refhub.elsevier.com/S0038-1101(17)30691-3/h0010
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0010
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0015
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0015
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0015
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0020
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0020
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0030
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0030
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0030
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0035
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0035
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0040
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0040
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0045
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0045
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0045
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0050
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0050
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0055
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0055
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0060
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0060
http://refhub.elsevier.com/S0038-1101(17)30691-3/h0075
http://nano4nps.imel.demokritos.gr

	Three-dimensional vertical Si nanowire MOS capacitor model structure for the study of electrical versus geometrical Si nanowire characteristics
	Introduction
	Sample description
	Experimental results
	Discussion
	Conclusions
	Acknowledgements
	References




