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In this thesis the memory effect and negative differential resistance (NDR) rising
from the hysteresis present in carbon nanotube field-effect transistors (CNT-FETs)
with high-~ gate dielectrics is discussed. A high-yield fabrication method is devel-
oped where Hf-based gate dielectrics are used to control the memory effect by de-
signing the gate dielectric in nm-thin layers. The first CNT-FETs with consistent and
narrow distribution memory effects in their transfer characteristics are achieved, by
using atomic layer depositions of HfO, and TiO, in a triple-layer configuration. The
effect of humidity on the hysteresis of the triple-layer gate dielectric is found to be
smaller than in CNT-FETs having the more common SiO, gate dielectric.

As a figure of merit, a 100 ns Write/Erase speed is achieved with CNT-FET
memory elements having HfO, as a gate and passivation dielectric. This speed is
high enough to compete with state of the art commercial Flash memories. Also the
endurance of the memory elements is shown to exceed 10* cycles. A model where
the hafnium oxide has defect states situated above, but close in energy to, the band
gap of the CNT is discussed. The fast and effective charging and discharging of the
defects is shown to be a likely explanation to the 100 ns operation speed, largely
exceeding the CNT-FET memory speeds of 10 ms observed earlier.

By patterning the triple-layer high-« gate oxide, quantum dots can be induced
into the channel of CNT-FETs. This in turn is used to attain controllable and gate-
tunable NDR in these devices. The method is fully scalable and opens up a new
avenue for electronic nanoscale devices using NDR in their operation, e.g. nanoscale
amplifiers, fast switching elements and high-frequency oscillators operating in the
THz domain. All the above findings indicate strong charge trapping in the Hf-based
gate dielectrics, which can be utilized in many ways by carefully designing the gate
dielectric to suit the application.

Keywords Carbon nanotube, field-effect transistor, hysteresis, high-+x, memory, neg-
ative differential resistance, quantum dot, atomic layer deposition

111



iv

Author’s address ~ Marcus Rinkio
Department of Physics
Nanoscience Center
University of Jyvaskyla
Finland

Supervisor Professor Pdivi Torma
Department of Applied Physics
Helsinki University of Technology
Finland

Reviewers Professor Pertti Hakonen
Low Temperature Laboratory
Helsinki University of Technology
Finland

Professor Markku Leskela
Department of Chemistry
University of Helsinki
Finland

Opponent Dr. Ralph Krupke
Institut fiir Nanotechnologie
Forschungszentrum Karlsruhe GmbH
Karlsruhe
Germany



List of Publications

The main results of this thesis have been reported in the following articles:

Al

Al

A.IIl

A.IV

AV

ZAVODCHIKOVA, M. Y., JOHANSSON, A., RINKIO, M. TOPPAR], J.].,
NASIBULIN, A.G., KAUPPINEN, E.I. & TORMA P. Fabrication of car-
bon nanotube-based field-effect transistors for studies of their memory effects.
Phys. Status Solidi B 244 (2007) 4188.

RINKIO, M., ZAVODCHIKOVA, M. Y., TORMA, P. & JOHANSSON, A. Ef-
fect of humidity on the hysteresis of single walled carbon nanotube field-effect
transistors. Phys. Status Solidi B 245 (2008) 2315.

RINKIO, M., JOHANSSON, A., ZAVODCHIKOVA, M. Y., TOPPARI, J.].,
NASIBULIN, A.G., KAUPPINEN, E. I. & TORMA, P. High-yield of mem-
ory elements from carbon nanotube field-effect transistors with atomic layer

deposited gate dielectric. New J. Phys. 10 (2008) 103019.

RINKIO, M., JOHANSSON, A., PARAOANU, G. S. & TORMA, P. High-
speed memory from carbon nanotube field-effect transistors with high-x gate
dielectric. Nano Lett. 9 (2009) 643.

RINKIO, M., JOHANSSON, A., KOTIMAKI, V., & TORMA, P. Room tem-
perature negative differential resistance in carbon nanotube field-effect tran-
sistors with novel gate oxide design. Submitted to Nano Lett. (2009) .

Author’s contribution

The author of this thesis has the main contribution in writing the papers A.Il, A.IV
and A.V and participated in writing the paper A.IIL. In A.IV and A.V the author car-
ried out all the sample fabrication and electrical measurements and main part in the
analysis of the results. In A.Il and A.III the author carried out the main part of the
sample fabrication and electrical measurements and participated in the analysis of
the results. In A.I the author carried out part of the sample fabrication and the anal-
ysis of the results. In A.IV and A.V the author carried out the main part in creating

the model for operation.



vi

Other publications to which the author has contributed:

I

II

VANHANEN, J., RINKIO, M., AUMANEN, J., KORPPI-TOMMOLA, ]J.,
KOLEHMAINEN, E., KERKKANEN, T. & TORMA, P. Characterization of
used mineral oil condition by spectroscopic techniques. Appl. Opt. 43 (2004)
4718.

TUUKKANEN, S., KUzYK, A., TOPPARI, J. J., HAKKINEN, H., HYTO-
NEN, V. P, NISKANEN, E., RINKIO, M. & TORMA, P. Trapping of 27 bp-8
kbp DNA and immobilization of thiol-modified DNA using dielectrophoresis.
Nanotechnology 18 (2007) 295204.



List of Abbreviations

A anisole

ALD atomic layer deposition
AFM atomic force microscope
BJT bipolar junction transistor
CG control gate

CNL charge neutrality level
CNT carbon nanotube

CNT-FET carbon nanotube field-effect transistor

CVD chemical vapor deposition
DOS density of states
DRAM dynamic random access memory

EEPROM electrically erasable programmable read-only memory
EL ethyl lactate

EPROM  erasable programmable read-only memory

ES exited state
FG floating gate
GPC growth per cycle

GS ground state

vii



viii
IPA
MIBK
MIGS
MOSFET
MWCNT
NDR
ONO
PMMA
PMMA-MMA
PRAM
QD
QPC
RTD
SB
SEM
SRAM
SWCNT
TEMA-Hf
TMA
USB

WA

isopropyl alcohol

methylisobutylketone

metal induced gap states
metal-oxide-semiconductor field-effect transistor
multi-walled carbon nanotube

negative differential resistance
oxide-nitride-oxide

poly(methyl methacrylate)

polymethyl methacrylate-co-methacrylic acid
phase-change random access memory
quantum dot

quantum point contact

resonant tunneling diode

Schottky barrier

scanning electron microscope

static random access memory

single-walled carbon nanotube
tetrakis(ethylmethylamino)hafnium
trimethylaluminum

universal serial bus

working area



Contents

[Preface] i
[Abstract iii
st of Publicafions v
IList of Abbreviations| vii
1__Introduction| 11
2 Electrical properties of carbon nanotubes| 13
2.1 r re of carbon nanotubef . . . .. ..o oo Lo 13
2.2 Zone tolding approximation|. . . . . ... ... ... 0L 16
2.2.1 Band structure and density of states| . . . . ... ... .. ... 18

2.2.2 I re eff n - interactionl . . . . ... .... 19

2.3 Conductance, capacitance and inductance of carbon nanotube| . . . . 20
231 Conductancel . .. ... ... .. ... .. L 21

252 Capacitance] . . . . . . . ... 22

3.3 Inductancel. . . . ... ... oo 24
B3__Carbon nanotube field-effect transistors| 27
3.1 Operation of a metal-oxide-semiconductor tield-effect transistor| . . . 28

3.2 Operation of a carbon nanotube field-effect transistor| . . . . . . . .. 30
3.3 Carbon nanotube-metalcontactl . . . . ... ... ... .. ... ... 32
3.3.1 Schottkybarriers| . . . . ... . ... ... ... 000 32

3.3.2 Contact with differentmetalsl . . . .. ... ...... ... .. 37

3.4 Advanced carbon nanotube field-effect transistors and integrated cir- |

I cultsl. . ... 38
@ Fabrication of carbon nanotube field-effect transistor memory devices| 41
4.1 Atomic layer deposition of gate dielectrics|. . . . . ... ... ... .. 41
icati ield- istors| . . .. ... .. 44

[5 Properties of carbon nanotube memories| 47
5.1 Basics of Flashmemory|. . . .. ... ....... .. .. ... . ... . 48

5.2 Hysteresis in carbon nanotube field-etfect transistors| . . .. ... .. 50
5.2.1 Characterization of hysteresis|. . . . . ... ... ........ 51

5.2.2  Effect of gate oxide on hysteresis| . . . . ... ... ... .... 53

5.2.3  Effect of environment on hysteresis| . ... ... ........ 60

.3 Figures of merit in carbon nanotube field-effect transistor memories|. 62

iX



{6 Transport through double barrier structures in carbon nanotubes| 73
6.1 Introduction to quantumdots| . . . . . .. ... ... 000 74
6.2 The constant interactionmodel . . . .. ............... .. 75

06.2.1 Low-biasregimel . .. ... ... ......... . ....... 76

6.2.2 High-biasregime| . . . . ... ... ................ 78

6.3 Negative differential resistance in carbon nanotube field-effect tran- |

[ sistors|. . . . ... 80
[7Z__Conclusions| 91

ADPD 0 111



Chapter 1

Introduction

The story of carbon nanotubes (CNTs) began already in the 1970’s and 1980’s, when

a chemical vapor deposition synthesis of carbon filaments (with diameter less than

10 nm) was reported [1,2]. However, the gold rush of carbon nanotube research

started about twenty years later at 1991, when S. lijima from NEC laboratories (Japan)
observed carbon nanotubes using high-resolution transmission electron microscope.

These nanotubes were made of several concentric cylindrical shells spaced by about

3.4 A [3]. Later this kind of carbon nanotubes with multiple walls became known as

multi-walled carbon nanotubes (MWCNTs). Shortly after the discovery of MWCNTs,
single-walled carbon nanotubes (SWCNTs) were discovered [4},5]. Even though car-

bon nanotubes are made with many different methods, conceptually SWCNTs can

be thought to be made of a single graphite layer (a graphene sheet) that is rolled

up into a hollow cylinder. The SWCNTs have quite small diameter, on the order of

1 —2nm = 10~?m, but the length can be even centimeters [6]. In addition, the crys-

talline perfection of their atomic network makes them ideal systems to study phe-

nomena related their one-dimensionality. Moreover, depending on how SWCNTs

are rolled up, they can be either metallic or semiconducting, opening many possi-

bilities for applications. In the following discussion I will be considering only single-

walled carbon nanotubes.

One possible application that is studied in this thesis is the carbon nanotube
field-effect transistor (CNT-FET) which is suggested as one possible candidate to
continue the downscaling of conventional metal-oxide-semiconductor field-effect
transistor (MOSFET) [7-9]. In the scaling of MOSFETs, their dimensions and sup-
ply voltage need to be reduced with the same factor. This increases their speed and
packing density while keeping the power density the same. A number of limita-
tions arise when the dimensions reach nanometer level. Namely, leakage current
and power dissipation are increased and the channel potential control by gate bias
is hindered. The CNT-FET can in prinsiple answer to these issues. The small diame-
ter and cylindrical shape enhances the gate’s ability to control the channel potential,
especially in wrap-around gate configuration. This also reduces the possibility for

11



12 1. INTRODUCTION

leakage currents. Also the power dissipation is lower in CNT-FETs due to the much
lower capacitance compared to the MOSFET.

In this thesis I will be concentrating on the properties of single-walled car-
bon nanotubes and field-effect transistors based on CNTs. Especially, focusing on
understanding and controlling the charging of the gate oxide, on the properties
of CNT-FET-based memories and on introducing negative differential resistance in
CNT-FETs by utilizing the charging of the gate oxide. The chapters are organized as
follows. The structure and electrical properties of carbon nanotubes are described
in Chapter 2} The operation principles of MOSFETs and CNT-FETs are compared in
Chapter |3} especially describing the interesting phenomena arising from the 1D na-
ture of the CNT when incorporating it to these devices. In Chapter [4, I describe the
details related to the fabrication of our devices. The operation of Flash memories
is described in Chapter |5, although, the focus is in understanding of the origin of
hysteresis in CNT-FETs and the properties of memories made out of them. In Chap-
ter |6} the charging of the gate oxide is used to introduce quantum dots in the CNT
channel, thus producing negative differential resistance in the current vs. voltage
characteristics of CNT-FETs. Also the basics of quantum dots are discussed. Finally,
the conclusions are presented in Chapter|[7]



Chapter 2

Electrical properties of carbon
nanotubes

The production of carbon nanotubes can be done in many different ways. Most of
these synthesis methods can be classified by the main technology behind the growth
and divided into three groups. These are arc discharge [4,/10,11], laser ablation [12-
14] and chemical vapor deposition methods [15-18]. Both of the arc discharge and
laser ablation methods generate a hot gaseous carbon from a solid carbon target af-
ter which the gaseous carbon is cooled down thus forming the CNTs [19]. In chem-
ical vapor deposition method metal-nanoparticles catalyze the decomposition of
a gaseous or volatile compounds containing carbon. The metal-nanoparticles also
serve as a nucleation centers for the carbon nanotube growth [15]. This method can
be easily scaled up and has become the most important commercial method for
producing CNTs. Although, huge improvements have been made in synthesizing
CNT since their discovery, there are still remaining four main challenges related to
the carbon nanotube synthesis: (1) the development of low-cost, large-scale mass-
fabrication processes for high-quality CNT synthesis, (2) Controlling the location
and orientation of produced nanotubes on substrates [15], (3) fully understanding
the processes involved in the nanotube growth and (4) controlling the structure and
thus the electronic properties of carbon nanotubes [19]. In this chapter the discus-
sion is concentrated on the electrical properties of carbon nanotubes arising from
their structure. I will build a basic understanding of the mechanisms governing the
electrical devices made out of CNTs by briefly examining the electrical properties of
carbon nanotubes [20].

2.1 Structure of carbon nanotube

In order to understand the electrical properties of carbon nanotubes and the result-
ing characteristics of devices made out of CNTs, it is important to examine the mi-
croscopic structure of the nanotube. Since the structure of CNT is closely related to

13



14 2. ELECTRICAL PROPERTIES OF CNTSs

that of graphene, which is a two dimensional single layer of graphite, we can start
by viewing the lattice of graphene [21]. Nanotubes can be expressed in terms of
graphene lattice vectors. Forming of a carbon nanotube can be thought to be done
by rolling of a graphene ribbon to form a seamless hollow cylinder. The resulting
nanotube structure in the rolling process can be specified by a pair of integers (n, m),
defining the chiral vector C}, = na; + mas between two crystallographically equiv-
alent sites. Here a, and a; are the unit vectors of the graphene honeycomb lattice,
shown in Figure The chiral vector defines the circumference of the nanotube,
which gives an access to determine the diameter (d) of the CNT, as |C},| = wd. The
chiral vector assigns a particular (n,m) to individual tube, together with its chiral
angle 0 defined as the angle between a; and C},. The chiral angle is in the range of
0° < |0 < 30°, due to the hexagonal symmetry of the graphene lattice. Nanotubes
having indices (n,0) and angle 6§ = 0° are called zigzag tubes, because they show a
zigzag pattern along the tube perimeter. When the nanotube type is (n,n) and the
angle = 30°, the tube is called armchair, due to the armchair pattern along the
circumference. Other tube types (n,m # n # 0 and 0° < |6] < 30°) are called chiral

tubes (Figure 2.5).
LRI
0002028202000
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FIGURE 2.1 Graphene honeycomb network with lattice vectors. The chiral vector
C), = 6a1 + 2az shows the wrapping of the sheet in to CNT. Translational vector T
perpendicular to C}, runs along the tube axis. The angle between C), and a; defines
the chiral angle 6.

Carbon atoms in nanotubes exhibit sp? hybridization, analogous to that of
graphene (Figure . Out of the four orbitals of carbon, the 2s, 2p,, 2p,, and 2p,
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orbitals, only three orbitals along the lattice (2s, 2p, and 2p,) combine to form strong
covalent bonds. These are called o bonds, featuring occupied ¢ and unoccupied o*
bands. o bonds are responsible for most of the binding energy and mechanical and
thermal properties of carbon nanotubes, e.g. high thermal conductivity [22]. The left-
over p, orbital couples with its neighboring p, orbitals to form delocalized occupied
(valence) m and unoccupied (conduction) 7* bands. The o bands are far away from
the Fermi energy (Er) and do not contribute to the electrical conduction through the
tube. In contrast, the 7 bands touch at six points that lie at the Fermi energy and are
responsible of electronic properties of CNTs.

G bonds 7 bonds

b ﬁr L .ov«r..} = f“ Lo '-u-“ | et = i
- M ﬂ - -ﬂ S N B et T
z| X "I A A A A AR
v “.-q.‘". -"‘- “‘-ﬂ Q"-- -“‘- “"- Q“‘.Q“.

j= =22 "'-} o "‘!‘ ] "‘\' =2 "\' - *\‘ == "‘-u' e N e "\. T
,“ !r_;-# mwl :
‘q"-; S S8 "‘. "-“ WS ot T

FIGURE 2.2 sp? hybridization of graphene sheet. The o bonds along the surface of the
sheet connect the carbon atoms and are responsible for the elastic properties and the
binding energy of the graphene sheet. Perpendicular to the surface of the sheet are the
7 bonds which are responsible for the conduction through the tube.

Due to the hexagonal symmetry of graphene, there exists symmetry points
(M, T, K) in the hexagonal Brillouin zone, as presented in Figure 2.3a. The elec-
tronic structure of graphene along the I' — M and I' — K — M directions is shown in
Figure 2.3p. The o bands are well separated in energy, more than 10 eV at I" point.
Since they are far away from the Fermi energy, they do not contribute to the electri-
cal conduction through the tube. On the other hand, the first valence () band and
the first conduction (7*) bands cross at the K points of the Brillouin zone. Due to the
hexagonal symmetry of graphene lattice, there exist two equivalent (degenerate) K
points in graphene labelled K and K’ points. At the K points, the density of states
(DOS) goes to zero but everywhere else there is a finite DOS. This is why graphene
can be considered as a semimetal or zero band gap semiconductor. At energies close
to the Fermi energy, the dispersion of 7 and 7* bands is linear. The effective mass of
a particle in a semiconductor is proportional to the curvature of the bands, graphene
is said to host massless Dirac particles due to the linear relationship between energy
and momentum. This explains the extremely good conductivity of graphene.
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FIGURE 2.3 Electronic band structure of graphene. a, The Brillouin zone of graphene
with the points I', K/, M and K indicated. b, The band structure of graphene. The
bonding 7 (last valence) and 7* (first conduction) bands cross at the K points of
the Brillouin zone. The Fermi energy (Er) is set at zero. Adapted with permission
form [23].

2.2 Zone folding approximation

The hollow cylindrical structure of carbon nanotube induces periodic boundary con-
ditions around the circumference of a nanotube. These boundary conditions quan-
tize the component of momentum along the circumference (k) with the relation

k-C) =2mn, (2.1)

where 7 is a non-zero integer. Along the tube the wave vector (k) is continuous
and there are no restrictions for motion of the charge carriers. When plotting the
allowed wave vectors onto the Brillouin zone of the graphene, a series of parallel
lines is generated (Figure 2.4). The idea behind the zone-folding approximation is
that these allowed lines are superimposed with the dispersion relation of 7 orbitals
of graphene thus creating a discrete set of sub-bands in energy.

Depending on how the tube is rolled up, e.g. on the chiral vector C}, the tube
is either metallic or semiconducting. The relation between the chirality and elec-
tronic properties of a CNT can be quantitatively seen if we consider a general (n, m)
nanotube. The reciprocal lattice vectors can be defined with unit vectors as [20]

a; - kj = 27T§ij- (22)
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a kA b

FIGURE 2.4 Allowed k-lines of a nanotube. a, The Brillouin zone of graphene with
CNT k-lines. Also the reciprocal lattice vectors (k1 and k») are indicated. b, Magnifica-
tion around K point. The allowed wave vectors k consist of wave vector components
k, (quantized along the direction around the circumpherence of the CNT) and k|
(continuous along the axis of the tube). The open dots show points where k| =0, i.e.
the I" point of the Brillouin zone of the nanotube.

For i,5 = 1,2, this gives k; = 2ra; = (27,0) and ky = 27as = (0,27). Now, the K
point can be expressed with reciprocal lattice vectors as [23]
K= %(kl—/@) = 2?”(1,—1). (2.3)

Thus, combining Equations and we get a condition for a nanotube to be
metallic

K-Ch—27r77—2§(1,—1)-(n,m) —%T(n—m), (2.4)
indicating that n —m must be divisible by three. All other (n, m) nanotubes are semi-
conducting. For example, the tube obtained by rolling a graphene sheet in Figure[2.1]
would be (6—2 # 3n) semiconducting. The dependence of chirality on indexes (n, m)
and the resulting electronic properties of CNTs are presented in Figure The con-
dition for CNT to be metallic is always satisfied for armchair. The condition is valid
also for the subset of (n,0) zigzag tubes with n multiples of 3, but in reality they
exhibit a small band gap due to reasons explained in detail in Section Metallic
tubes exhibit similarities with graphene, e.g. a linear energy-momentum relation.

In the information technology applications (e.g. electronics and optoelectron-
ics) [19] point of view, the more interesting class of tubes constitutes 2/3 of all CNTs,
namely the semiconducting carbon nanotubes. The band gap (E,) of a semiconduct-
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metallic metallic semiconducting

(12,0) (6,6) (6,4)
FIGURE 2.5 Carbon nanotubes with chirality vectors (n, m) assigned. From the left:
Metallic zigzag, metallic armchair and semiconducting chiral CNTs.

ing CNT can be expressed as [7]

2000  4hvp
E, = YR (2.5)
where a. is the carbon-carbon bond length (1.42 A), 7 is the transfer integral be-
tween first-neighbor 7 orbitals (having a typical value of 2.9 eV), & is the reduced
Planck’s constant (h/(27)) and v is the Fermi velocity (8.1 x 10° m/s). The depen-
dence of the band gap on the diameter of the CNT leans on the assumption that
the dispersion of the nanotube bands is linear around the Fermi energy. In reality
the band gap also depends on the (n, m) indices as well, but the main contribution
comes from the diameter. The position of valence and conduction band edges in en-
ergy are determined by the wave vectors k located on the allowed line closest to
the K point. In the next section we will look more closely on the electronic band
structure of carbon nanotubes.

2.2.1 Band structure and density of states

Due to the one-dimensionality of the nanotubes, also their Brillouin zone is one di-
mensional. The graphene has two 7 orbitals. In the zone folding model the allowed
k-lines are superimposed with the dispersion relation of these 7 orbitals. This creates
a superposition of all allowed momentum values, with two bands per k-line.

The band structures together with the density of states are shown in Figure[2.6a
for (5,5) metallic armchair nanotube and in Figure for (10,0) zigzag nanotube.
As discussed above, the armchair tube is metallic with finite DOS at Fermi energy.
The density of states describes the number of available states at a given energy in-
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terval. The shape of DOS depends on the dimensionality of the object. For example,
in 1D the density of states diverges close to the band maxima and minima. This can
be seen as spikes in the DOS in Figure These spikes are called van Hove sin-
gularities and they manifest due to the confinement along the circumference. They
demonstrate the 1 dimensionality of CNTs.

3 o e
X p(B) X o(E)

FIGURE 2.6 Band structure and density of states for a, a (5,5) armchair and b, a (10,0)
zigzag tube calculated within the zone folding model and normed with ~,. The Bril-
louin zone edges are here marked with X and the center with I'. The energy bands are
presented in X —I' — X direction. The Fermi energy is placed at zero energy. Adapted
with permission from [20].

In the case of (10,0) zigzag nanotube a finite energy gap shows up at I'. For
general case of semiconducting nanotubes the band gaps are located at the I' point.
The corresponding DOS have a zero value at the Fermi energy, as shown for (10,0)
zigzag nanotube in Figure The density of states also exhibits the van Hove sin-
gularities, just as in the case of the armchair nanotube.

2.2.2 Curvature effects and tube-tube interaction

As shown earlier in Section [2.2 carbon nanotubes are not just 1D stripes but more
cylinders with all carbon atoms on the surface. This cylindrical curvature induces in-
teresting effects to the electrical properties of CNT. So far in the zone folding model
the band structure of a CNT was attained by superimposing the allowed k-lines
with the dispersion relation of 7 orbitals of planar graphene sheet. The curvature of
CNT induces small deformation to the hexagonal lattice, e.g. the bond lengths and
bond angles slightly change so that = and o orbitals can mix, which was not possi-
ble in the case of planar graphene. These curvature effects shift the point where 7
and 7* orbitals cross away from the K points at the corners of the Brillouin zone of
graphene. For armchair tubes this shift is along the k|| line that cross the K point. In
the case of metallic zigzag tubes the shift is in the direction of £, . This induces a sec-
ondary band gap to these zigzag tubes that scales as 1/r? as shown in Figure 2.7b.
Since the secondary band gap is much smaller than the primary band gap (only a
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few tenths of eV), these CNTs are called small band gap nanotubes. The secondary
band gap can be analytically expressed as [20]

3(12070
Eg2 - 4d2 .

(2.6)

Carbon nanotubes get easily stuck together as bundles or ropes (Figure [2.8a)
of tubes during the growth process or in the post-treatment. Their detaching from
each other requires some effort but it can be done by ultrasonication and/or chem-
istry [24]. This usually does not give 100% yield and also many experiments are done
with bundled CNTs [25-28]]. For these reasons it is important also to understand the
properties of CNT bundles.

Nanotubes in a bundle are separated by a distance so small that each nanotube
can feel the potential due to all other nanotubes. The 7 bonds, which are perpendic-
ular to the surface of the nanotube, are responsible for this weak interaction between
CNTs in a bundle. This is similar to the weak interaction between carbon layers in
pure graphite. The interactions between the tubes in a bundle opens up a band gap
of ~0.1 eV at the Fermi energy and drastically change the electrical properties of
armchair tubes making most of the bundles somewhat semiconducting [20].
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FIGURE 2.7 Comparison of the magnitudes of primary and secondary band gaps of
CNTs as a function of the radius. a, The primary gap (£, top curve) scales as 1/7. b,
The secondary, curvature induced gap (Ej2) scales as 1/72. The scale is expanded for
the lower curve in a. The armchair nanotubes are always metallic with zero band gap
corresponding to the dots at zero energy. Adapted with permission from [29].

2.3 Conductance, capacitance and inductance of carbon
nanotube

Many of the electrical properties of devices can be characterized by the capacitance,
inductance and resistance of the particular device. This is also true for carbon nan-
otubes and devices made out of them. Due to the geometrical and electrical prop-
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erties of CNTs and the interaction of nanotubes with the surroundings, important
implications to their electrical properties arise. We will now discuss some of the im-
plications on the conductance, capacitance and inductance of a nanotube.
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FIGURE 2.8 Carbon nanotube bundle. a, Schematic of a (10,10) carbon nanotube bun-
dle b, Interaction between (2, n) nanotubes in a bundle results in a repulsion of the
bands. Adapted with permission from [30].

2.3.1 Conductance

The current flow through the nanotube is also strongly affected by the 1D nature
of the tube. The mismatch between the large number of modes in the 3D macro-
scopic metallic contacts and a few one-dimensional sub-bands available in the CNT
leads to conductance quantization. The conductance through the tube is given by
the number of available quantum channels. Each channel adds a quantum of con-
ductance of Gy = % (including spin degeneracy) to the total conductance. In addi-
tion, the total conductance needs to account all the sub-bands and additional modes
taking part to the current flow. For a CNT, additional modes need to be taken into
account due to the degeneracy of the graphene lattice (equivalent K and K’ points).
For example, at the Fermi energy or charge neutrality level (CNL) of armchair nan-
otubes, there are present two quantum channels. This gives a conductance value of
4e?

Go =2G) = —. 2.7)
@ h

usually referred as the quantum conductance in the case of nanotubes. The corre-
sponding resistance is Ry = ;% = 6.45 kQ. If higher sub-bands take part in the
conduction the conductance increases. This possibility is discussed in more detail
below in Section

In the previous approach the CNT was assumed to be perfect so that the con-

duction through it is ballistic (no carrier scattering in the channel) together with
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transmission probability of unity at the metallic contacts. If the transmission at the
Fermi level in the contacts is not perfect, the reduced probability (1(Er) < 1) needs
to be taken into account and one gets for the conductance the Landauer formula [31]
4e?

G(Er) = TTP(EF)' (2.8)
The properties of the nanotube-metal contact will be discussed more deeply in the
Section[3.3]and for now we will concentrate on the conduction in the tube. The Equa-
tion can be expressed as resistance R = %%

The length over which a nanotube behaves as a ballistic conductor depends on
temperature and the size of the driving electric field, and as mentioned, the struc-
tural perfection of the CNT. Ballistic transport can be achieved even in CNTs with
lengths of a few 100 nm’s. On the other hand, if there is a scattering present in the
nanotube (scattering from a potential in one dimension), the resistance of the CNT
can be expressed as [32]

hoo1 h o h1-Tp(Ep) h  h Rp(Er)
- St is e —iat e ey = Bot R (29
1ETp(Bp) 42 4 Tp(Bp) 4 A2 Tp(Ep) 9T 29)

where Rp(Er) = 1 — Tp(EF) is the reflection probability that causes a voltage drop
in the CNT and R, is the resistance from a scattering collision in the nanotube.

In long CNTs, or at high bias, many scattering collisions can take place. This
is called diffusive transport and it is typical to conventional conductors. The resis-
tances given by single scattering collisions R,. are additive and the total resistance
is a series connection of resistances for every momentum relaxation length A,,. In
the diffusive limit, for N collisions, the Equation [2.9/can be expressed as [32]

N
h h W(E
R—=— ¢ MNRQ+NRQ

N R avg(Er)
4e2 4e2 . Tp_i(EF>

=Ro+ R assicaly 2.10
TP_avg(EF> ? “l : ( )

where Rp 4,4(Er) and Tp ,,4(EFr) are the respective average reflection and average
transmission probabilities for an individual scattering collision within a momentum
relaxation length \,,. Since the resistance Rciqssicat depends on the length of the nan-
otube L, it can be thought of as the Ohm’s law in one dimension. When )\, < L, the
classical resistance dominates. On the other hand, in the ballistic limit \,, > L and
Equation 2.10|reduces to the quantum resistance R,,.

2.3.2 Capacitance

The capacitance of a carbon nanotube can be divided into two components: The
quantum capacitance (Cy) is related to the density of states of the tube and the elec-
trostatic capacitance (Cg) arises from the coupling of the CNT to the surrounding
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conductors and depends on the dielectric structure and the geometry of the sur-
roundings.

When an electron is added to a 1D conductor, a finite energy is required to get
the electron in the next available quantum state. This energy per unit length in a
nanotube can be calculated as [33,[34]

OF 1 hl/F

E = - _
B = SN DL~ SL

(2.11)

where N(F) is the total number of states with energy less than E, D(EF) is the
density of states, i is the Planck’s constant and vy is the Fermi velocity (8.1 x 10°
m/s) of CNT. The quantum capacitance is caused by this energy addition related to
the 1D density of states of the CNT [33]]. For each mode in the CNT a quantum of
capacitance need to be added similarly as in the case of conductance. When spin and
lattice degeneracy is taken into account, the quantum capacitance per unit length
when adding an amount of charge 6() = §N(E)e has the form of [34]

L 16Q 1 4Q
©T L6V T Li(E/e)

= e?’D(Ep) = 8 (2.12)
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where e is the electron charge. The quantum capacitance is small, and experimen-
tally measured to be in the order of 107' F ym™' [35]. For semiconducting car-
bon nanotubes the quantum capacitance is not quantized (as in the case of metallic
CNTs) but rather continuous [36-38].

If a nanotube is placed on a conducting substrate with a dielectric between
the CNT and the substrate, an electrostatic gate capacitance (C¢;) is introduced. This
gate capacitance per unit length has the form of [39]

2meey

ln(%)’

Co ~ (2.13)

where d is the nanotube diameter, i and ¢ the thickness and the average dielectric
constant of the dielectric, and ¢ is the dielectric permittivity. When a nanotube is
placed in a field-effect configuration, also the capacitances of the source (Cs) and
drain (C)p) electrodes connected to the CNT need to be taken into account to get the
tull electrostatic capacitance of the system as

Cp = Cs+Cp + C. (2.14)

The total capacitance has both the quantum capacitance and electrostatic capaci-
tance components in series and has the form of [40]

1_

11
=T (2.15)
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2.3.3 Inductance

A magnetic field is induced around the conductor when current flows through it.
When the current changes also the magnetic field changes and in turn induces a
current and an electromotive force (EMF) that opposes the initial change in the cur-
rent. This EMF is related to the initial change in the current through magnetic in-
ductance (L) [41]]. This is the classical part of the inductance of nanotubes, and it

has a form [42]
_ toy, (4R
LM_an(d>’ (2.16)

where 1y = 47 x 1077 H/m is the permeability of vacuum.

At the electronic level, an additional inductance exists that can be thought as
a resistance to the change of the kinetic energy of the electrons in the CNT. This is
called the kinetic inductance and it makes the electron velocities lag in phase with
respect to the external driving field [7]. In ballistic CNTs the kinetic inductance is
proportional to the density of states and can be thought of as quantum inductance
(L) similar as in the case of the quantum capacitance. First, we consider the average
excess energy of electrons in bias window [43]:

1

0E = 5 (us — pip), (2.17)

where 15 is the electrochemical potential of the left lead and pp is the electro-
chemical potential of the right lead with equilibrium Fermi energy Er. Using Equa-
tion the number of electrons in the bias window is

1 Hs — D

where a factor of 1/2 is included since only right moving carriers contribute to the
current. From Equations 2.17] and 2.18] we obtain the excess kinetic energy in the
nanotube

1
Ex = ONOE = 2 D(Ep) (s — o). (2.19)
When taking into account the spin and lattice degeneracies, the current in the ballis-

tic CNT is given by

V 4e? ts — Up 4e
I — et I — 2.20
Rg h ( e ) h (s = o) ( )

giving the excess kinetic energy the form of

_ h*I*D(Ep)

Ex = 221
K 128¢2 (2.21)
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Equating and the inductive energy LgI?/2, the kinetic inductance becomes

h?D(Ep)
Lo=—2"1) .
QT Tpae2 (222)

Using Equation we obtain the kinetic inductance of the nanotube per unit length [43,

44]

h
Lo = (2.23)

Se2vp

In normal wires, the magnetic inductance is usually significantly larger than the ki-
netic inductance due to short electron collision time that makes the ohmic resistance
to dominate below frequencies of ~10"* Hz [45]. In CNTs, on the other hand, the ki-
netic inductance is larger than the self inductance for all frequencies. Since the total
inductance is a combination of the two inductances in series as L = Lg + Ly, the
larger inductance dominates. The value of the kinetic inductance in the case of CNTs
is Lg ~ 4 nH pum™', while the L), is more than four orders of magnitude smaller.
A ballistic nanotube would behave like a lossless transmission line in response to

AC signal, with the characteristic impedance of Z; = \/g [42,46]. Thus, the kinetic
inductance is important in the high-frequency applications of nanotube transistors.
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Chapter 3

Carbon nanotube field-effect

transistors

The history of transistors began when the point-contact transistor was invented by
John Bardeen, Walter Brattain and William Shockley at Bell Telephone Laborato-
ries in 1947. This discovery brought the Nobel Prize in physics to the inventors in
1959. The first integrated circuit was demonstrated in 1958 containing two bipolar
junction transistors (B]JT), although the researchers at Bell laboratories had already
learned how to make working field-effect transistors. It took still more than ten
years before the modern metal-oxide-semiconductor field-effect transistor (MOS-
FET) was used in integrated circuits and finally in 1971 the first microprocessor
was announced by Intel [47]. The downscaling of MOSFET has enabled modern
high-speed, low-cost, highly integrated microprocessors and helped us to attain
the modern way of living with e.g. personal computers, virtual environments and
magnitude of different applications requiring microprocessors. This down scaling
will continue with the current design type of MOSFET well into the next decade,
but ultimately new transistor technologies need to found to continue miniaturiza-
tion [48]. Carbon nanotube is one of the suggested materials to continue this down-
scaling. Field-effect transistors made from carbon nanotubes (CNT-FETs) feature
many desirable attributes like ballistic transport over considerable distances. Due
to the cylindrical form of the CNT it enables the ideal transistor, a "gate-all-around"
transistor, and large ON/OFF ratios. CNT-FETs are also amenable to band-to-band
tunneling which could provide high subthreshold slopes, leading to faster transis-
tors with lower dissipated power. In this chapter, I will discuss the above-mentioned
attributes of CNT-FETs. The role of the nanotube-metal contact, how CNT-FETs are
usually made and also some more novel CNT-FET designs together with integrated
circuits made with CNT-FETs will be discussed.

27
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3.1 Operation of a metal-oxide-semiconductor field-effect
transistor

In a conventional MOSFET the switching of current through the device is produced
by modulation of electric fields. A MOSFET has three terminals (electrodes). Two of
these, called source (S) and drain (D), are connected to the semiconducting channel.
A third metal gate (G) electrode is separated from the semiconducting channel by
an oxide layer and the modulation of the current is done with the gate. A schematic
of a p-type MOSFET is shown in Figure B.T. Negative voltage applied to the gate
(Vi) electrode creates an electric field that induces a positive charge near the semi-
conductor surface. These mobile positive charges form an inversion layer called the
"channel" to the n-type substrate, shown in Figure [3.Tp. For this to happen, there is
a threshold voltage (V) that the gate voltage needs to exceed. Beyond this thresh-
old voltage, V¢ is used to control the number of induced positive charges and the
conductivity of the channel.

a b
S GO D S G0 D)

Dielectric

FIGURE 3.1 A schematic of a p-type MOSFET transistor. a, Negative voltage applied
to the gate (G) induces an electric field pulling positive charges near the surface of the
semiconductor. b, When a bias voltage (Vps = Vp — V) is applied between the source
(S) and the drain (D) electrodes, the current can flow through the device.

When a negative drain-source voltage (Vps) is applied the current starts to
flow through the transistor. For small drain-source voltages, the current through
the transistor is dependent on the magnitude of Vps and resembles a resistance.
Thus this region is called the ohmic region. The situation changes when Vg is large.
When further increasing the Vpg, the voltage drop between the gate and the drain
electrode decreases. This reduced potential difference results in a fewer inversion
charges on the drain side of the channel and the channel is in pinch-off. This causes
the current to increase much more slowly and the current depends almost solely on
the gate voltage. Therefore this region is called the saturation region [49]]. The output
characteristics of a p-type MOSFET are shown in Figure

A few important physical device parameters, called figures of merit, can be
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FIGURE 3.2 Output characteristics of a p-MOSFET showing usual operation with neg-
ative voltages. The current in the saturation still grows slowly. This is due to channel
length modulation, an effect analogous to the Early effect in bipolar junction transis-
tors. Adapted with permission from [49].

used to describe the performance of a transistor, namely the ON/OFF ratio, the sub-
threshold slope and the carrier mobility. The ratio between the ON and OFF current
of a transistor is given as the ON/OFF ratio. This parameter gives information about
how well the transistor closes e.g. how small the OFF state current is, which relates
to gate leakage and band-to-band tunneling.

The inverse subthreshold slope gives valuable information about the switch-
ing behavior of the transistor. It describes the change in drain-source current (Ip)
induced by the modulation of the gate voltage (V;) when the transistor is operated
with gate voltages below the threshold. The subthreshold current is caused by ther-
mal emission of electrons over the conduction band (n-FET) or valence band (p-FET)
of the semiconductor and it has an exponential dependence on the V. In an ideal
case, the subthreshold slope does not depend either on the gate to channel coupling
or the drain-source voltage, but the exponent depends only on temperature (7') [50].
The inverse subthreshold slope is defined as [9]

Ve kT

S = ioaln) N In(10), (3.1)

where £ is the Boltzmann constant and e is the elementary charge. The subthresh-
old slope shows how easily small changes in V(; increase the current when the tran-
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sistor is in OFF state. At room temperature S = 60 ¥ and with decreasing tempera-
ture the subthreshold slope also decreases.

To be able to get faster microprocessors the size of the transistor needs to con-
tinuously become smaller. The operation speed of a transistor is primarily limited
by the internal RC time constants, where the capacitance is directly proportional to
the geometry and the dielectric structure of the transistor. On the other hand, to be
able to get high currents for small dimension transistors, high carrier mobility is nec-
essary. For silicon MOSFETSs, the usual mobility for electrons is about p = 1300 C"}f
and the hole mobility is about ; = 500 ’3{}“—; [49]. So, for a transistor having the same
dimensions, n-MOSFET has more than twice the ON current of a p-MOSFET. For a
comparison, CNT-FETs can have hole mobilities up to 79000 % [51].

3.2 Operation of a carbon nanotube field-effect transis-
tor

An enhancement of current through a semiconductor requires an activation of charge
carriers over the band gap (e.g. heat or light absorption) or modulation of the band
gap by an external factor, such as doping [52-54], applied strain [55], magnetic
field [56] or electric field as in the common field-effect transistors. The first carbon
nanotube field-effect transistors were demonstrated by Tans et al. [57] and was soon
followed by other groups at IBM [39] and Stanford [58]. Up to date the field has ex-
panded continuously from research of intrinsic properties of CNT-FETs to making
advanced CNT-FET structures and even integrated circuits [7-9].

A typical conventional CNT-FET is shown in Figure 3.3l A carbon nanotube is
connected to metallic drain and source electrodes. The current through the tube is
monitored while modulating it with the gate voltage connected to the silicon wafer.
The most commonly used dielectric layer is SiO, but also other types of oxides can
be used, e.g. HfO,.

The output characteristics of a typical p-type CNT-FET are shown in Figure
resembling those of p-type MOSFET having ohmic and saturation regions. The two
curve sets belong to the same device. The difference between them is the exchang-
ing of the source and drain. Exchanging the source with drain is not the same as
reversing the polarity of Vg, since the gate voltage breaks the field symmetry. If the
current saturation would be caused by channel pinch-off as in the case of MOSFET,
this difference could not exist. This feature is one evidence of Schottky barriers be-
tween the CNT and the metal electrode, which are described in more detail on the
next section.

As mentioned earlier, carbon nanotube field-effect transistors are amenable to
bipolar behavior [60-H62] (see Section [3). This is illustrated in Figure exhibit-
ing transfer characteristics with large ON/OFF ratio of 10° attainable in CNT-FETs.
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FIGURE 3.3 An atomic force microscope (AFM) image of a typical CNT-FET stud-
ied in this thesis together with a schematic of a measurement setup. The drain and
source electrodes are connected to a semiconducting carbon nanotube and the current
through the tube is modulated with the gate voltage connected to the silicon wafer.

Starting from a negative gate voltage, the current first decreases until it becomes
immeasurably small and finally increases again. This shows that the Fermi level of
the system is successively shifted from the valence band (Figure 3.5b) through the
band gap (Figure B.5c) to the conduction band of the nanotube (Figure [3.5d), and
the transfer characteristics displays both p-type and n-type conduction [59]. This
bipolar behavior originates from the valence and the conduction bands of the CNT
both taking part in the conduction through the transistor. The change in the electric
field required to achieve this bipolarity depends on the band gap of the tube, initial
Fermi level placement and the gate capacitance.

In addition to the bipolar behavior, CNT-FETs have also other differences com-
pared to conventional MOSFETs. At a given Vg, the profile of energy bands in CNT-
FETs is determined by Vi; and the total capacitance (C) of the device. As mentioned
earlier (see Section [2.3.2), the total capacitance has two contributions: electrostatic
capacitance (C'g) and quantum capacitance (Cg) that are coupled in series. In a con-
ventional CNT-FETs Cp < (g and the electrostatic capacitance is controlling the
total capacitance. This is also true for conventional MOSFETs, where the ability of
the gate to control the potential in the channel is limited once V;; exceeds the thresh-
old voltage. The potential in the channel no longer rises since the increased charge
pulled into the channel by an increase in Vi; cancels the potential increase [9]. In
a scaled down CNT-FETs the case is different. There Cr ~ Cg or even Cg > Cj
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FIGURE 3.4 Electrical characteristics of conventional CNT-FETs. a, Output charac-
teristics of a p-type CNT-FET having a channel length of 300 nm. The silicon wafer
was used as a backgate and between the gate and the CNT there was 20 nm of HfO».
The two curve sets belong to the same device while exchanging the source and drain
electrode. Adapted with permission from [50]. b, Transconductance of an Al gated
CNT-FET with Vpg = 5 mV measured at room temperature in vacuum of ~10~* mbar.
The carrier doping of the semiconducting nanotube can be changed from p-doped to
n-doped. Adapted with permission from [59].

and the quantum capacitance can be dominant. In this situation, gate can still con-
trol the potential in the CNT channel when the device is in ON-state. Thus, higher
conduction bands can be pulled below the Fermi level of the source electrode [63].

3.3 Carbon nanotube-metal contact

In order to study the intrinsic transport properties and the performance limits of
carbon nanotubes, it is important to form ohmic contacts without any significant
scattering or energy loss of the carriers at the source/drain interfaces. Already at the
time of the first CNT-FETs the necessity of ohmic contacts to the carbon nanotube
was recognized and research on the contact properties began.

3.3.1 Schottky barriers

According to the Schottky-Mott theory, when a metal and a semiconductor is brought
in contact, the difference in the work function of the metal (¢,,), and the electron
affinity (EA) of the semiconductor (ys) determines a barrier height (called Schottky
barrier) for charge carriers [64]

Orm-s = dum — Xs- (3.2)
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FIGURE 3.5 Operation of a CNT-FET. A cross section perpendicular to the device is
shown on top and a schematic along the device on bottom. a, we assume that there
is no built-in potential due to the work function difference between the nanotube and
the gate conductor. The Fermi levels (EF) of the system align and there is no voltage
drops in the dielectric. A nanotube of diameter d is connected with Pd source (S) and
drain (D) electrodes and separated from the gate by a dielectric with thickness h. The
potential barrier for electrons to cross the dielectric from the gate conductor is ¢ p. Ini-
tially, the Fermi level of the system lies in the valence band (Fy-) of the CNT and the
nanotube is p-doped. Already a small drain-source voltage makes the current flow
through the device. b, A negative voltage applied to the gate increases the conduc-
tion through the tube since the nanotube becomes more positively charged. ¢, When
applying a positive gate voltage, the Fermi level is driven into the band gap and the
CNT is depleted from carriers. Now the conduction can only happen as a result of
thermally excited carriers (Pipermal)- d, Further increasing the gate voltage drives the
Fermi level in the conduction band (E¢) and n-type conduction becomes possible. The
main mechanisms for n-type conduction are tunneling from metal electrode states to
conduction band states (P,nne;) and thermal activation of electrons over the barrier.
Since the band gap is inversely proportional to diameter, both conduction types be-
come more relevant in large-diameter nanotubes. The larger barrier for n-type carriers
explains the experimentally observed lower n-type conduction compared to p-type
conduction.

The Schottky barrier forms in the vicinity of the junction due to equalization of
the chemical potentials that induces bending of the valence and conduction bands
(Figure 3.6). In p-type devices the Schottky barrier (SB) height is determined for
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holes and in n-type devices for electrons. However, in traditional semiconductor-
metal contacts the SB height has a much weaker dependence on the metal work
function than is expected from the Schottky-Mott theory. This is known as Fermi
level pinning and there are several different theories developed that try to explain
the pinning phenomenon [65]. One of the most popular theory is the metal induced
gap states (MIGS) model. At the metal-semiconductor interfaces, the metal induces
gap states, which result in planar dipoles due to charge transfer at the interface
and pin down the Fermi level making SB heights nearly independent of the contact
metal work function [66]. It has been theoretically predicted that for MIGS to induce
any pinning of the Fermi level in a metal-CNT contact, their density needs to be
very large in CNTs [67]. In end-bonded CNTs even for strong pinning the width
of the depletion area is only nanometers, and will result in a barrier height which
is determined only by the metal work function and the CNT band gap [68], as in
Equation 3.2} This enables the control of the barrier height by an appropriate choice
of contact metal work function, just as if there were no pinning and no interface
dipole. Recently, in Pd contacted CNT-FETs the Schottky barrier heights were found
to follow the size of the CNT band gap indicating little or no influence of Fermi level
pinning [69].
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FIGURE 3.6 Schematic of the charge transfer in the Schottky barrier.

Typically, carrier transport through the metal-CNT interface is dominated by
quantum mechanical tunneling through the Schottky barrier rather than thermally
activated emission over the Schottky barrier (Figure [3.5d) [61,[70,[71]. Therefore, the
thickness of the Schottky barrier becomes critical. The thickness of the Schottky bar-
rier can be modified by external electric fields. In sufficiently short nanotube transis-
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tors the modulation of Schottky barrier can be used for the transistor operation [61].
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FIGURE 3.7 Conductance versus Vi for a 300 nm long CNT-FET at various tem-
peratures. In the inset, a differential conductance plot of dIpg/dVpg versus Vps and
Ve at T =1.5 K shows a Fabry-Perot like interference pattern with bright peaks
G =~ 0.5 x 4e%/h and dark region G ~ 0.4 x 4¢? /h. Adapted with permission from [72].

The existence of barriers between semiconducting CNTs and the metal con-
tact together with the correlation between the CNT diameter and the barrier height
were first reported by Zhou et al. [73]. The first nearly zero SB contacts to the va-
lence band of intrinsic semiconducting nanotubes with diameters d 2 1.6 nm (band
gap E, < 0.5 eV) were reported by Javey et al. [72]. They found that with palla-
dium (Pd) the ON-state exhibits metallic-like behavior, as the low drain-source bias
conductance linearly increases with decreasing temperature (Figure3.7). Below 50 K
pronounced Fabry-Perot interference oscillations appear having a peak conductance
close to the quantum conductance limit of G = 4e?/h, as shown in the inset of Fig-
ure This corresponds to ballistic transport in the p-type semiconducting CNT.
The interference pattern shows that the nanotube acts as coherent electron waveg-
uide, with the resonant cavity formed between the two nanotube-electrode inter-
faces. The Fabry-Perot interference forms when electron waves multiply reflected
between two nanotube-metal interfaces interfere with each other [74]. The V; mod-
ulates the Fermi level position and the charge density in the nanotube. This in turn
gives electrons, propagating in the two m and 7* bands, different phase shifts as they
travel a round trip in the nanotube. The phase change as a function of electron en-
ergy is responsible for the interference patterns as a function of Vpg and V;; [75] as
shown in the inset of Figure
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Similarly to the Schottky barrier height calculation for metal-semiconductor in-
terfaces (see Equation also the band line-ups for semiconductor-oxide interface
can be calculated by the Schottky barrier theory. To do this, we first generalize the
Schottky barrier Equation 3.2l which was given for metal-semiconductor interface
without a charge transfer. Generally though, there is some charge transfer between
the metal and semiconductor interface states lying in the band gap, as shown in Fig-
ure This charge transfer creates a dipole (e.g. like in the MIGS model), which
reduces the electron Schottky barrier height to

dr—s = Sp(dm — ¢s) + (ds — Xs), (3.3)

where ¢g is the energy of semiconductor interface states below the vacuum level and
Sp is so called Schottky pinning parameter. Empirically Sp was found to depend on
the electronic part of the dielectric constant (¢.,) of the semiconductor according
to [76479]

1
T 1401(e — 1)

Sp (3.4)

The pinning parameter Sp is characteristic of the semiconductor. There are two
limits for Sp. When there is no charge transfer and thus no dipole, Sp = 1 and the
Equation 3.3 reduces to the Equation [3.2] For the well screened and strongly pinned
case, the metal Fermi level is pinned by the charge transfer to ¢5 and Sp = 0.

The energy of semiconductor interface states below the vacuum level (¢g) can
be thought as broken surface bonds that are dispersed as dangling bond states across
the band gap of the semiconductor, or as evanescent states of the metal wave func-
tions continued into the forbidden energy gap of the semiconductor. The ¢ is then
the charge neutrality level (¢cn1) of these interface states, defined as the energy
above which the states are empty for a neutral surface [66,[76]. The CNL is the bal-
ance point of the weights of the valence and conduction band density of states. A
high density of states in the valence band tends to push the ¢¢n;, towards the con-
duction band and vice versa.

To be able to apply this theory to semiconductor-oxide interface, we treat the
oxides as wide band gap semiconductors. This way the interface of an oxide and
a semiconductor can be treated as an interface of two semiconductors ‘a” and "b’.
The band alignment between two semiconductors depends on the charge transfer,
just as in the case of Schottky barriers in metal-semiconductor junction. The charge
transfer across the interfacial bonds creates a dipole, which modifies the band line-
up according to [78,79]

$s5-5 = (Xa — dcNLa) — (X6 — GonLp) + SP(PcNLe — PONLa), (3.5)

where Sp depends on the ¢, of the wider gap material. The band line-up is now
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described by matching the charge neutrality levels of each semiconductor, modi-
fied by the Sp parameter. Again, as in the metal-semiconductor interface, the band
alignment for strongly pinned case is just given by the alignment of the two charge
neutrality levels.

3.3.2 Contact with different metals

As mentioned earlier, the barrier height can be controlled with the choice of contact
metal work function ¢,, [80], which is the difference of the vacuum level energy
and the Fermi level of the material. Some work functions for metals typically used
to contact CNTs are listed in Table For nanotubes, the work function is approx-
imately ¢pcnr = 4.8 eV, close to that of graphite [81]]. If metals have work functions
outside the range of ¢cnr = E¢/2 of nanotube, the contacts should be ohmic. This
is the case for metals having ¢, < 4.5 eV or ¢5; > 5.1 eV. For example, palladium
falls outside this range and therefore it forms an ohmic contact to the valence band

of a CNT (Figure3.5p).

TABLE 3.1 Work function ranges of metals used in CNT-FETs [82].

Metal Work function
Al 4.06 -4.26
Au 5.1-5.47
Ni 5.04 -5.35

Pd 5.22-5.6
Pt 5.12-5.93
Sc 3.5
Ti 4.33

In reality the barrier depends also on the atomic configuration of the con-
tact [83], explaining the different ON currents in p-type CNT-FETs contacted with
metals having similar work functions (e.g. Pd, Au or Pt) [72,84]. Nevertheless, n-
type CNT-FETs have been demonstrated with low work function metals, e.g. Al or
Sc [85,86], and a diode behavior with CNT-FET having metallic source and drain
electrodes of different work function [87]. The operation of the CNT-FET can also be
influenced in-situ by metal work function modulation, thus modulating the Schot-
tky barrier height. For example, the surface work function of Pd can be reversibly
modified upon exposure to molecular hydrogen or oxygen [61,72,84]. These results
provide a clear experimental proof of the lack of Fermi level pinning at the inter-
faces and demonstrates the large sensitivity of the Schottky barrier height on the
work function of the metal contacts.

The behavior of conventional CNT-FET transfer characteristics is nearly inde-
pendent on whether the reason for current increase is band gap or Schottky barrier
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modulation [88]. The difficulty in determining which one is actually dominating in
the nanotube is creating much discussion. It is generally agreed that the Schottky
effect is present in large band gap CNTs at all times which makes for example the
mobility determination from the slope of the I vs Vi; curves no longer appropriate.

3.4 Advanced carbon nanotube field-effect transistors
and integrated circuits

The conventional CNT-FET design with global backgate is no longer sufficient when
trying to scale down CNT-FETs and incorporate carbon nanotubes into logic gates.
Since the first CNT-FETs, a number of different CNT-FET designs have been imple-
mented, attempting to optimize their performance. First local gated devices were
produced by Wind et al. [89]. They also showed later a significant improvement
to the subthreshold slope of local gated devices having p-doped source and drain
sections of the same CNT, compared to a global gated device [90]. The thermionic
emission limited subthreshold slope of 60 mV /dec was first achieved with a double
gated CNT-FET, where a global backgate selectively thinned the Schottky barriers in
the contacts while a central gate was independently used to modify the band struc-
ture in the middle of the CNT-FET [91]. With further improving the same design,
values below the thermal limit were achieved. In a device incorporating band-to-
band tunneling (Figure [3.8), p-n junction tunneling barriers between the valence
and conduction bands of the CNT could be controlled with the central gate voltage.
This produced an inverse subthreshold slope of ~40 mV /dec [92].
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FIGURE 3.8 Transfer characteristics of a double gated CNT-FET. For negative gate
voltages the device shows S ~ 65 mV/dec. For positive gate voltages the device in-
corporates band-to-band tunneling with S ~ 40 mV/dec. On the left and right side of
the figure band profiles for the respective operation modes are shown. Adapted with
permission from [9].
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First CNT-FET with patterned gate of Al were fabricated by Bachtold et al. [59].
Using multiple CNT-FETs together with off-chip resistors, they could simulate a va-
riety of logic elements, e.g. inverter, NOR gate, SRAM and a ring oscillator. Soon this
was followed by other designs showing logic gates [27,86,93-95]. To build these cir-
cuits energy-efficiently, pairs of n- and p-type transistors in complementary-MOS
architecture is preferred. This design was used to fabricate a ring oscillator on a sin-
gle CNT by controlling the polarity of transistors with the gate metal work function.
The gate metal for p-FET was Pd and for n-FET Al. Frequency response of the ring
oscillator shows a strong dependence on the bias voltage. With a supply voltage of
about 1V a signal of about 400 11V and 72 MHz was measured (Figure[3.9a).

Technologically the most relevant are the alternating current properties of CNT-
FETs, although so far most of the work has been concentrated on their direct current
properties. It has been theoretically proposed that the unity-current-gain frequency
(fr) of a CNT-FET operating in the ballistic regime and in the quantum capacitance
limit approaches a maximum value of vp/2rL~ 130 GHz/L (um) [96]. However,
directly measuring alternating current performance of a CNT-FET is very difficult
since the capacitance is typically in the range of aF/;m and the input impedance is
much higher than 50 (2. Experimentally fr of a 300 nm channel-length CNT-FET has
been shown to be 50 GHz [97]]. The observed behavior was determined by the para-
sitic capacitances of the setup. This again underscores the need for the optimization
of the CNT-FET and the whole circuit before the unique properties of the nanotube
can be effectively utilized.
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FIGURE 3.9 a, A ring oscillator circuit based on a single nanotube showing the change
in ringing frequency as a function of the supply voltage. The supply voltage is in-
creased from 0.56 V to 1.04 V in 0.04 V steps. b, A schematic of an array of nanotube
transistors with wrap-around gates and doped drain-source extensions. This could be
one way of optimizing the nanotube transistor structure. Adapted with permission
from [7].
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One possible way in trying to optimize the structure of a CNT-FET is shown in
Figure[3.9p. A wrap-around gate configuration together with a thin oxide optimizes
the electrostatic capacitance so that the condition Cy > CJ is fulfilled. This allows
an optimum coupling between the gate and the channel, so that the gate can con-
trol the potential of the channel in the ON-state and the use of higher conduction
bands in the transport through the device is possible. Furthermore, doped insulator
wrapped onto the source and drain extensions of the tube gives a possibility to elec-
trostatically dope these sections to n-type and p-type, respectively. This can be used
to induce band-to-band tunneling in the device. With these optimizations, a high
ON-state performance together with extremely steep inverse subthreshold slopes
(S < 60 mV /dec) can be attained [9].



Chapter 4

Fabrication of carbon nanotube
field-etfect transistor memory devices

The nearly perfect, quasi-one-dimensional, crystalline structure of carbon nanotubes
(CNTs) make them promising candidates to extend the down-scaling of electronic
components beyond the limitations of present Si-based technology (see Section [3).
They can in principle replace both active components as well as their intercon-
nects, since they feature both semiconducting and metallic transport properties. For
CNT-FET-based memories, a suggested integration level of up to 10'* cm =2 could
be achieved [98], which is about four orders of magnitude higher density than in
current technology. But there are many challenges with incorporating CNTs into
logic devices, such as being able to separate a certain chirality semiconducting CNTs
from the metallic ones [24,99-103] and to control their placement with high accu-
racy [104-107].

Another challenge is that CNT-FETs are known to frequently display unde-
sirable hysteresis in their transfer characteristics between the forward and reverse
sweeps of Vi (see Section [5.2.1)). This hysteresis allows the device to function as a
memory cell. For this purpose the hysteretic behavior of a CNT-FET is a favorable
feature and could be utilized in the fabrication of memory elements. In this chap-
ter, I will describe high-yield fabrication techniques to control the reproducibility of
the hysteresis phenomenon in CNT-FETs (papers A.I, A.Il and A.III of this thesis).
These techniques enabled 100 ns operation speed of a CNT-FET memory element,
fastest CN'T-based device reported to date (paper A.IV of this thesis). With a novel
gate oxide design, phenomena related to negative differential resistance can also be
studied (paper A.V of this thesis).

4.1 Atomic layer deposition of gate dielectrics

A chemical vapor deposition (CVD) technique called atomic layer deposition (ALD)
is a powerful tool, capable to conformally coat complex shapes with a high qual-
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ity material layer. With ALD, it is possible to manufacture inorganic material lay-
ers with precisely controlling the thickness down to a monolayer. These capabil-
ities make ALD unique among thin-film deposition techniques, and as a conse-
quence ALD-grown materials [108-110] are used in a wide range of applications
[111], from electroluminescent displays [112] to microelectronics and phase-change
memories [113-118], even nanoelectronics [94,119-122].

Atomic layer deposition is based on successive reactions from the gas phase to
the substrate to produce thin films and overlayers in the nanometer range. The film
deposition is surface-controlled, self-terminating, gas-solid reaction which consists
of repeating the following four separate steps. In step (1), the substrate is exposed to
gas phase precursor molecules (precursor 1) which ideally adsorb as a monolayer on
the surface. In step (2), excess of precursor 1 that is still in the gas phase is removed
by inert purging gas. In step (3), the substrate is exposed to gas phase precursor
2 which reacts with the adsorbed precursor 1 to form a layer of desired material
on the surface. In step (4), excess of precursor 2 and the reaction by-products are
removed by purging. These four steps constitute a reaction cycle that is illustrated
schematically in Figure Each reaction cycle adds a given amount of material to
the surface and is referred to as the growth per cycle (GPC). This reaction cycle is
repeated until the desired thickness of the desired material is obtained [111].
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FIGURE 4.1 A schematic of one ALD reaction cycle.

When starting the ALD growth process, the surface is first stabilized to a known



4.1. ATOMIC LAYER DEPOSITION OF GATE DIELECTRICS 43

controlled state. This can be done, for example, by a heat treatment or chemical
modification of the surface. Because the reactions are surface-controlled and self-
terminating, other process parameters than the reactants, substrate, and tempera-
ture have little or no influence to the growth. Due to the surface control, ALD-grown
films are extremely conformal and uniform in thickness [123].

Carbon nanotubes are structurally chemically extremely inert and lack the
functional groups on the surface needed for their conformal and uniform coating
by ALD. This is why first experiments used chemically functionalized CNTs as tem-
plates to grow ALD layers on them [120}124,125]. Also other types of functionaliza-
tions are used, e.g. functionalization with DNA results in enhanced nucleation and
growth of the high-~ oxide HfO, by ALD at 90 °C. The thickness of the high-« gate
oxide could be pushed down to 2 — 3 nm, which makes it possible to approach the
ultimate vertical scaling limit of nanotube FETs [121].

Our devices were built on a highly boron-doped Si wafer. All ALD depositions
were carried out on top of the wafer without removing the native SiO, layer from
the surface, by Beneq Oy (Vantaa, Finland), using a Beneq P400A ALD deposition
tool. This thesis is based on studies were ALD grown gate oxides of Al,O3, HfO,
and/or TiO, were used. In paper A.III of this thesis, we used these three oxides as
gate dielectrics together with the combination of HfO; — TiOy — HfO,, all grown at
300°C. Gate oxide of HfO, — TiO, — HfO5 was also used in paper A.II of this the-
sis. The precursors used for HfO, growth were hafnium tetrachloride (HfCl;) and
water. For the single HfO, layer the thickness of 20 &+ 1 nm, and the refractive in-
dex of 2.05 & 0.01, was measured with Rudolph Research AutoEL III ellipsometer
with an excitation wavelength of 632.8 nm. This method produces amorphous HfO,
having the refractive index specified for HfO, in the literature which shows that the
quality of the oxide is good [126]. Precursors used for TiO, growth were titanium
tetrachloride (TiCly) and water. The nominal thickness of this layer was in all stud-
ies 0.5 nm. For Al,O3 growth, the precursors were trimethylaluminum ((AlMes),) or
the abbreviation TMA and water, with a nominal thickness of 20 nm.

In paper A.IV of this thesis, the previously described single 20 nm HfO, layer
grown at 300 °C using hafnium tetrachloride (HfCl;) and water as precursors, was
used as a gate dielectric. Another HfO, layer with nominal thickness of 20 nm was
used as a passivation layer on top of the device. This passivation layer was grown at
alower temperature of 100 °C from precursors of tetrakis(ethylmethylamino)hafnium
(TEMA-Hf) and water. In paper A.V of this thesis, an ALD deposition of the first 20
nm HfO, layer was done at 300 °C using hafnium tetrachloride (HfCl;) and water
as precursors. Subsequently an e-beam lithography step (see Section was done
to open squares in poly(methyl methacrylate) with 495,000 molecular weight dis-
solved in anisole (495PMMA A 3%, purchased from MicroChem Corp., Newton,
USA) with nominal dimensions of 150 x 150 nm. Then another ALD deposition to-
gether with a lift-off procedure was performed to produce more than 20 000 ALD
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islands comprising of TiOy — HfO4, having nominal thicknesses of 0.5 nm and 1 nm,
respectively. The use of the structure is explained in more detail in Section The
precursors used were titanium tetrachloride (TiCl,) and water for TiO, growth, and
TEMA-Hf and water for HfO, growth, both done at a deposition temperature of
100°C. The pressure was ~0.5 mbar and N, was used as a carrier gas in all the pro-
cesses.

4.2 Fabrication of carbon nanotube field-effect transis-
tors

Our CNT-FETs were fabricated in a bottom-up approach as described in paper A.I
of this thesis. A highly boron-doped silicon substrate serving as a backgate was cov-
ered with a thin dielectric layer. The emphasis was made on developing fabrication
techniques which are compatible with the use of nanometer thin dielectric materi-
als as the gate insulator film, grown by the atomic layer deposition technique (see
Section £.T). In addition, reference devices on a highly boron-doped Si substrate,
covered with a thermally grown SiO, layer with a thickness of ~300 nm, have been
fabricated.

Two positive resist layers were used in our experiments for covering the sub-
strate as a mask. As a first layer, the wafer was uniformly coated by spinning with
polymethyl methacrylate-co-methacrylic acid dissolved in ethyl lactate (PMMA-
MMA EL 3%, purchased from MicroChem Corp.) or poly(methyl methacrylate)
with 495,000 molecular weight dissolved in anisole (495PMMA A 3%) using a ro-
tation speed of 3000 rpm for the time period of 50 sec. Then the second resist layer
of poly(methyl methacrylate) with 950,000 molecular weight dissolved in anisole
(950PMMA A 2%, purchased from MicroChem Corp.) was spun on top with a ro-
tation speed of 6000 rpm for a period of 50 sec. The resist was soft baked on a hot
plate at 160 °C for 3 min after each deposition layer. Standard electron beam lithog-
raphy and subsequent evaporation of Ti/Pd was used in order to fabricate a 6 x 6
alignment mark matrix surrounded by 28 electrodes, as seen in Fig. In total,
the patterned structure measures 2.5 x 2.5 mm. The alignment marks were around
650 nm long with a separation of 7 ym between them (see Figure 4.2d).

Patterning of this structure was carried out with a Raith e-line electron-beam
writer (equipped with Elphy Quantum 4.0 -lithography software) with an accelera-
tion voltage of 20 kV and a dose of ~200 — 220 A /cm?. The patterned structure was
exposed using two different working areas (WA). The smaller features (alignment
marks and inner electrodes) had a WA of 500 ym and exposure was carried out with
a beam aperture size of 30 um. For the larger structural elements (outer electrodes
and bonding pads) 2500 ym WA and 120 ;m beam aperture size were used. For all
exposures the write field was 500 ym. The working distance was near 6 mm. The
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FIGURE 4.2 Overview of the patterned design. a, Optical microscope image of the
overall design (2.5 x 2.5 mm). b, Enlarged optical microscope image of the fabricated
structure, including inner electrodes and a matrix of alignment marks (500 x 500 pm
area). ¢, Enlarged optical microscope image of a 6 x 6 alignment mark matrix in the
middle of the structure (53 x 53 um area). d, Enlarged scanning electron microscope
(SEM) image of four alignment marks (8 x 8 yum area). e, Enlarged AFM image of two
CNTs located close to an alignment mark. Adapted with permission from the paper
AL of this thesis.

spot size of the focused electron beam was estimated to be in the range of 10 — 40
nm, which allows to perform an accurate exposure with a good linewidth control.

After exposing the desired pattern with the electron beam, the resists were
developed. For the PMMA resists (950PMMA and 495PMMA), a 1:3 solution of
methylisobutylketone:isopropyl alcohol (MIBK:IPA) was used for ~40 — 50 sec. For
the PMMA-MMA EL 3% resist, a 2:1 solution of methanol:methoxyethanol for 5 sec
was used. The development step was followed by washing the chip with IPA and
drying under a nitrogen flow. A bilayer technique of depositing two layers of resist
was applied for creating a so-called undercut profile, which is due to an increased
developing of the more sensitive bottom layer (PMMA-MMA EL 3% or 4995PMMA
A 3% in our case), helpful during the lift-off process.

After the development process, two metal layers, 5 nm Ti (evaporation rate
~0.15 nm/s) and 25 nm Pd (evaporation rate ~0.12 nm/s) were thermally evapo-
rated using Balzers Evaporator System. The Ti layer was evaporated below the Pd
layer in order to improve adhesion of the latter. Lift-off was carried out in acetone
for about 15 min. The sample was washed with IPA and dried under a nitrogen flow.
Figure [£.2a-d shows an overview of the patterned design, giving a close-up look at
the smaller structural elements.

Subsequently deposited CNTs were precisely located with respect to the align-
ment mark matrix using an atomic force microscope. Figure shows two CNTs
mapped in the vicinity of one of the alignment marks. In our studies, either com-
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mercial CNTs (purchased from a CNT producing company NanoCyl, Sambreville,
Belgium) or CNTs produced by a hot wire generator (HWG) method (from Helsinki
University of Technology (HUT), NanoMaterials group) were used. The original
powder-like NanoCyl CNTs (with an average diameter of 2 nm), produced via cat-
alytic carbon vapor deposition process, were first dispersed in a 1,2-dichloroethane
suspension and then deposited onto the substrate after a mild sonication for 10 —
15 min. CNTs from HUT were produced by an aerosol method by means of intro-
ducing catalyst particles, formed by a hot wire generator, into a laminar flow reactor,
where suitable conditions for the nanotube formation were maintained. An elec-
trostatic filter was used for the separation of individual (electrically neutral) CNTs
from bundled ones (charged). CNTs of an average diameter of ~1.4 nm and length
of ~1 um were deposited onto the substrate, directly from the reactor without any
suspension [127].

After mapping the locations of the CNTs with an AFM, Pd source and drain
electrodes (25 nm thick) were fabricated on top of the selected CNTs by a second e-
beam lithography step with the processing parameters similar to the ones used for
the primary pattern. An AFM image of a typical fabricated device is shown in Fig-
ure Since the sample processing incorporates two steps of electron beam lithog-
raphy, nanometer scale accuracy in spatial alignment between the consecutive layers
is important. We have achieved an alignment precision of a few tens of nanometers.
Finally, thin Au wires were carefully bonded to the contact pads at the end of each
electrode in order to electrically connect the device terminals to the measurement
setup.



Chapter 5

Properties of carbon nanotube
memories

In the past decade the semiconductor industry has continuously grown, with ~10
billion dollar revenues at 1996 to ~20 billion dollar revenues at 2009 [128]. A large
section of the industry is the semiconductor memories, which can be divided into
the following two branches, both based on the complementary metal-oxide-semicon-
ductor field-effect transistor technology [129]. (1) Volatile memories, like static ran-
dom access memory (SRAM) and dynamic random access memory (DRAM). Volatile
memories are very fast in writing and reading (SRAM) or very dense (DRAM) but
both lose their data content when the power supply is turned off. (2) Nonvolatile
memories, like erasable programmable read-only memory (EPROM), electrically
erasable programmable read-only memory (EEPROM) or Flash memory. These mem
ories are slower in operation in comparison to volatile memories. The advantage in
these memories is the capability to retain their data content even without power
supply. These memories suffer from the same scaling limits as MOSFET circuits and
the current trend of downscaling will also eventually stop. In addition to these tra-
ditional semiconductor memories there are many new types of memories [[130-133]
that try to continue the downscaling beyond traditional memory designs. Examples
of these are e.g. phase-change random access memory (PRAM), where the material
has two different stable and distinct phases [115,(116], or charge trap Flash, where
the charges responsible for changing the state of a bit are stored in multilayer dielec-
tric gate stack instead of floating polysilicon gate as in the traditional Flash mem-
ory [133,134].

Carbon nanotube field-effect transistors often display some degree of hystere-
sis in their transfer characteristics. For a CNT-FET this is an unwanted feature, ren-
dering it unpredictable in its output, and it has motivated several studies to find
ways to prevent or remove hysteresis [135-139]. On the other hand, the presence of
hysteresis opens up a possibility to use them as a memory cell. In this section, I will
discuss the properties of conventional Flash memory together with the idea behind
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charge trap flash. However, the main focus of this chapter is on the properties of
carbon nanotube memories based on CNT-FETs, where we are trying to understand
the reasons for the hysteresis and how we can control it. Finally, I will show some
results of figures of merit for CNT-FET memories, especially the speed of CNT-FET
memories with the proper choice of gate and passivation oxides, and try to build
a model of the operation. The discussion is based on papers A.Il, A.IIl and A.IV of

this thesis.

5.1 Basics of Flash memory

The most important phenomenon of this past decade in the field of semiconductor
memories has been the explosive growth of the Flash memory production, driven by
USB drives, cellular phones and other types of electronic portable equipment (lap-
tops, palm computers, MP3 audio players, digital cameras, and so on). Today there
are two types of Flash memory architectures [140]: common ground NOR Flash,
which is used for code execution and data storage due to its versatility, and more
commonly used NAND Flash [133], that is optimized for data storage having the
smallest cell size among the semiconductor memory devices commercially avail-

able [130].
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FIGURE 5.1 Schematic cross section of a Flash cell together with a schematic energy
band diagram of the floating gate MOSFET. a, Neutral cell corresponding to bit "1". b,
Negatively charged cell corresponding to bit "0".

Both Flash architectures are based on the same kind of cell, so called floating-
gate MOS transistor. A schematic of the cell together with a corresponding energy
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band diagram is shown in Figure The cell is comprised of source, drain and
control gate electrodes, just like a MOSFET, but between the control gate and the
channel there exists a polysilicon island completely surrounded by dielectric [110]
called a floating gate (FG). The floating gate is electrically governed by the capac-
itively coupled control gate (CG). Due to electrical isolation of the FG, it acts as a
charge storing electrode for the memory cell. The charge injected to the FG is main-
tained there, allowing a capacitive modulation of the V; (see Section and, thus,
causing hysteresis to the transfer characteristics. The quality of the dielectrics guar-
antees the nonvolatility and the different thicknesses of gate and tunnel dielectrics
allow the possibility to Write and Erase the cell by electrical pulses. Usually the di-
electric between the channel and the FG is a thin oxide, called the tunnel oxide, and
the dielectric between the gates is considerably thicker to allow electrical integrity
of the device [129].

The energy band diagram for a Flash cell is presented in Figure It can be
seen that the FG acts as a potential well for the charge. Once the charge has tunneled
to FG, the tunnel and the gate dielectrics form potential barriers that keep the charge
stored in the FG. When the charge is stored in the floating gate by applying a positive
voltage to the control gate, the threshold voltage of the device changes. When the
charge is erased from the FG by negative gate voltage, the threshold of the device
returns to its original value. This phenomenon is called hysteresis. Together with
the change in V in the I-V characteristics of the device, also the current through the
device changes. The change in current is used to read the state of the memory, with
high current representing bit "1" (Figure[5.1a) and a low current representing bit "0"

(Figure 5.1p) [140].

In addition to the speed of the memory, there are two parameters that describe
how "good" and reliable the memory cell is. Endurance tells the capability of the cell
to maintain the stored information after many Erase/Write/Read cycles. Retention
shows the capability of the cell to keep the stored information in time. As the Flash
cells are scaled down, the performance in terms of endurance and retention is be-
coming weaker. The high electric fields required for the Write and Erase operations
are making the strict leakage requirements for long term charge storage difficult,
since the gate dielectrics are getting thinner and there should not be any charge
transfer between the FG and the CG during Write and Erase operations [141]. Also,
as the spacing between adjacent floating gates reduces, the FG to FG coupling in-
creases. Thus the data stored in one cell can influence the operation of an adjacent
cell. Non-conductive floating gate structures, where the floating gate is replaced by
a dielectric, are being actively investigated in the industry as ways to replace the
floating gate [141]. These are called charge trapping memories and they offer advan-
tages for scaling flash memories. Charge trapping memory cells are usually based
on a n-MOSFET transistor with a multilayer dielectric serving as gate dielectric and
charge storage layer. The most common multilayer dielectric used is so called oxide-
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nitride-oxide (ONO) stack where the cell is written by channel hot electron injection
into the nitride layer [133]. Otherwise, the operation principle in these memories is
similar to that of a Flash memory.

5.2 Hysteresis in carbon nanotube field-effect transis-
tors

Since the first demonstration of an electro-mechanical carbon nanotube memory [98],
there have also been reports of CNT-FETs showing memory effects [119}138,|142-

150]. These effects are based on hysteresis in their transfer characteristics between

the forward and reverse sweeps of V;, as shown in Figure CNT-FET memo-

ries have been demonstrated with ON and OFF states which are well separated and

addressable with positive or negative gate voltage pulses [142-146].

However, the challenge is to be able to control the presence of hysteresis, which
so far has been reported as a widely varying property among the studied CNT-
FETs [144,151}[152]. This is why several different models, which all can explain hys-
teresis in the transfer characteristics of a CNT-FET, have been suggested. These in-
clude: (1) Surface chemistry models, where for instance water molecules adhered
to the surface of the dielectric have been shown to give a large contribution to the
hysteresis for some CNT-FETs [138,147,149,152,153]. (2) It was pointed out that, es-
pecially for CNT-FETs with a gate insulator of SiO,, it may have the same origin as
the hysteresis sometimes seen in conventional Si-MOSFETs [142,143,151]. There it is
known that mobile ions or charges within the SiO, layer can relocate in response to
the applied gate voltage, and as a result modify the local electric field sensed by the
charge carriers in the conduction channel. (3) Charging centers like defects in the
nanotube itself could cause hysteresis when filled or emptied in response to the gate
modulation [154-156]. A charging center in this case may be a carbon atom substi-
tuted with a different atom or molecule, which can donate or accept electrons from
the conduction channel. (4) It has also been suggested that the charge traps within
the gate dielectric may not be mobile, but stationary in the near vicinity of the car-
bon nanotube [142,153}[157]. An applied gate voltage could then assist in filling or
emptying the charge traps with charge carriers moving in the CNT, which in turn
screens the applied electric field and causes hysteresis to appear in the gate voltage
response.

All of these four scenarios may contribute in varying degree to hysteresis in the
transfer characteristics of a CNT-FET. One way of controlling the memory response
would be to tailor one mechanism to dominate the electrostatic charging around the
carbon nanotube conduction channel. In this section, I will discuss how this tailoring
of one mechanism to govern the others by gate oxide design could be done and show
results that support this idea. The discussion in this section follows papers A.Il and
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A III of this thesis.

5.2.1 Characterization of hysteresis

The focus in this chapter is on the appearance of hysteresis in the transfer char-
acteristics of our CNT-FETs. A typical example of a CNT-FET exhibiting hystere-
sis is shown in Figure [5.2a, where a CNT is resting on a backgate dielectric of 20
nm thick HfO, with 10 mV applied between the drain and source electrodes. Most
of the studied CNT-FETs displayed typical unipolar p-type behavior [39,57], with
strongly suppressed conductance at positive gate voltages and a transition into a
highly conducting state at negative gate voltages. A few devices showed ambipolar
dependence, with a somewhat increased conductance at high positive backgate volt-
ages, which in this section are attributed to semiconducting nanotubes with a small
band gap [60,88]. Upon scanning the backgate voltage back and forth, the threshold
voltage attains in some, but not all, of the CNT-FETs a higher value for the reverse
sweep than for the forward sweep, which results in a highly reproducible hysteresis
loop with different conductance values at zero backgate voltage depending on the
sweep direction. In Figure is shown a demonstration of switching a hysteretic
CNT-FET between the two states at zero gate voltage by sending either a positive
or negative voltage pulse to the backgate. The working memory devices included
in this section were subjected to slow switching frequencies of up to 10 Hz. This
switching speed is not yet suitable for a memory operation of a real device. Some of
the devices were also tested for charge stability, with no change in ON or OFF state
for several days, while others have a retention time of a few hours.

All measurements in this chapter were carried out at room temperature in an
electrically shielded room, either under ambient conditions or in a chamber con-
taining a gas inlet for dry nitrogen gas flow. A Honeywell relative humidity sensor
(HIH-3602-A) with a £2% total accuracy was incorporated for monitoring the rela-
tive humidity and temperature. For measuring in dry conditions the relative humid-
ity was reduced below 1% (below the resolution of our humidity sensor). We per-
formed two-terminal measurements, with the Si substrate acting as a backgate. For
dc measurements, all the applied voltages were given by a home-built voltage dis-
tribution box, powered by batteries and computer controlled via a data acquisition
card with the current response measured through the nanotube. I — Vs character-
istics and transconductance response to an applied backgate voltage were collected
from all samples. A schematic of the measurement setup is shown in Figure The
samples with linear / — Vpg characteristics and transconductance insensitive to an
applied backgate voltage were considered to have metallic CNTs. Achieving low
contact resistance between the source and drain electrode and a nanotube is often a
problematic part in CNT sample processing [71]. We sampled the total two-terminal
resistances of the metallic CNTs, as an upper limit measure of the contact resistances
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FIGURE 5.2 Memory effect for a typical CNT-FET with a gate dielectric of HfOs. a,
Drain current versus backgate voltage at a constant drain-source voltage of 10 mV.
The arrows mark the scan direction within the loop. The hysteresis gap is given by the
difference in threshold voltage (V1) between the reverse and the forward gate voltage
scan direction. b, Demonstration of its memory function. The upper pane displays the
voltage applied to the backgate as a function of time. The lower pane shows with a
constant Vpg of 0.1 V the current response through the CNT switching to an ON state
or an OFF state in response to a positive or negative voltage pulse on the backgate,
respectively. Adapted with permission from the paper A.III of this thesis.

in our devices. Resistances were found to be in the range of 14 — 160 k(2. This is close
to the theoretical minimum resistance for CNTs of Ry = h/4e* ~ 6.45 k(), ¢ is the
charge of the electron and h is Planck’s constant.

We quantify the memory effect in each device in terms of the shift in threshold
voltage (V7), called the hysteresis gap (see figure[5.2a). This measure relates directly
to the reconfiguration of charges trapped in the close vicinity of the CNT, and is
sensitive to the gate voltage scan rate, the scan range, as well as the hold time at
the turning points of the scanning interval before starting the next scan. While the
scan rate was kept at 10 mV/s and the hold time at the turning points was close
to 1 second throughout the study, the gate voltage scan range was altered between
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the samples having different gate insulator thicknesses. The samples with 300 nm
thick SiO, dielectric were measured with a gate voltage scan range of +10 V, while
the ALD based samples with gate insulator thicknesses of 20 — 43.5 nm had gate
voltage scan ranges of +2 V to £3 V. It has been shown that for CNT-FETs with
hysteresis, the threshold voltage value scales roughly linearly with the scan range
for quite large voltage ranges [138,152]. Therefore, to allow comparison between
samples having different dielectrics, we calculated the relative hysteresis gap, where
the hysteresis gap is normalized by the gate scan range. The measured threshold
voltages, relative hysteresis gap and the ON and OFF conductance values for the
CNT devices are presented in the next section.

5.2.2 Effect of gate oxide on hysteresis

For studying how the hysteresis changes with different gate oxides, we first deter-
mined the physical dimensions of each CNT-FET using AFM imaging. A pie chart of
nanotube diameters in the field-effect transistors is presented in Figure[5.3p. Most of
the nanotubes have diameters between 0.8 nm and 3 nm (altogether 73 nanotubes,
or 78 %). These are interpreted as single-walled nanotubes. The rest of the tubes
fall between 3 nm and 10 nm and are probably comprised of large diameter single-
walled and/or multi-walled carbon nanotubes and nanotube bundles. A pie chart
of transistor channel lengths is presented in Figure[5.3p. Most of the channel lengths
fall in between 70 nm and 600 nm (altogether 86 nanotubes, or 91 %), leaving only 8
devices in the range from 600 nm to 2.5 ym.

There are many different reasons why hysteresis could appear in the transfer
characteristics of a CNT-FET, as mentioned in Section [5.2] We wanted to assess what
kind of dielectrics always causes hysteresis, and whether tailored gate oxides could
make one of the mechanisms causing hysteresis to be dominant. For this we made
CNT-FETs having different gate dielectrics. In total 94 semiconducting CNT-FETs
were manufactured, comprising about 82% of all the samples. This is a bit higher
than the expected 67% for randomly picked CNT chiralities. Eight of the eleven de-
vices having CNTs grown with hot wire generator reactor show clear metallic behav-
ior. Characteristics of the two CNT-FETs made with CNTs grown with the hot wire
generator reactor did not deviate notably compared to the other 25 devices with the
same gate dielectric. Here 7 of the 94 samples had the backgate covered with ALD
of Al,O3 (nominal thickness: 20 nm), 14 with an ALD of HfO, (20 nm), 11 with an
ALD of HfOy — TiOy — HfO4 (40-0.5-3 nm), 27 with an ALD of HfO5; — TiOy — HfO,
(40-0.5-1 nm), and the remaining 25 with thermally grown SiO, (300 nm).

The threshold voltages from all samples used in this study are presented in
Figure The values are extracted from the Ip vs Vi data taken at ambient con-
ditions (see Figure [5.2h). When sweeping the backgate voltage in forward and re-
verse direction, different threshold voltages are seen for most of the samples. Both
forward (blue) and reverse (red) sweep threshold voltage values are displayed in
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FIGURE 5.3 Distribution of the conduction channel diameter and length for the CNT
devices. a, CNT diameters, with the interval displayed in nanometers followed by the
number of CNTs within that range. The CNT diameters were determined from AFM
images. b, The channel lengths, the interval is followed by the number of devices in
that range. Adapted with permission from the paper A.III of this thesis.

Figure 5.4} and divided into different panes according to the used gate oxide. The
last 12 samples in pane a and the last 5 samples in pane b show no shift in threshold
voltage. The remaining samples have a shift in threshold voltage between forward
and reverse scan directions. As mentioned earlier in the case of the significantly
thicker SiO, (300 nm) compared to the other gate dielectrics (20 — 43.5 nm), a higher
backgate voltage range was used to produce the electric field strength required for
reaching the saturation plateau in the ON state. All the SiO, based CNT-FETs in Fig-
ure have a scan range of 10 V and the samples in the remaining panes have
a scan range of £3 V, except for a few exceptions. The exceptions are samples 11 in
pane c with 17, 25, and 26 in pane e, which have a scan range of +2.5 V and sample
12 in pane ¢ which has a scan range of +2 V.

The corresponding ON and OFF conductance values for the CNT-FET mem-
ory devices are displayed in Figure The ON and OFF values are taken at zero
gate voltage, as appropriate for nonvolatile memory readout. The last samples in
pane a and in pane b have no shift in threshold voltage, and thus show the same
conductance value for both forward and reverse scan directions. The best memory
devices fabricated have an ON/OFF ratio of about 4 orders of magnitude, while
some of the others have a value just above 1. We would like to point out that in
these cases the ON and OFF states were clearly separated and reproducible in the
data. The small ON/OFF ratios in some of the samples are caused by a “bad” or
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FIGURE 5.4 Threshold voltages for forward (blue) and reverse (red) gate voltage scan
direction for all samples. The scan range was in a, £10 V and in the rest of the panes
+2 to £3 V. The gate dielectric is in a, SiO3 (300 nm), b, Al;O3 (20 nm), ¢, HfO (20
nm), d, HfO5 — TiOy — HfO5 (40-0.5-3 nm) and e, HfO5 — TiOy — HfO4 (40-0.5-1 nm).
Adapted with permission from the paper A.III of this thesis.

highly conducting OFF state, which could be explained by these devices consisting
of either a small band gap CNT or a bundle of several CNTs instead of a single tube.
But for the memory application, a large ON/OFF ratio is of much smaller impor-
tance than having a narrowly distributed hysteresis gap. We therefore valued also
these samples and included them in the study.

All mass-fabricated electronic devices have a natural variation of characteris-
tic parameters. This is acceptable as long as the parameter distribution is narrow
enough not to interfere with its intended function. The large number of devices al-
lows us to estimate the distribution of hysteresis seen for differing gate dielectrics.
As mentioned earlier, the threshold voltage value scales roughly linearly with the
scan range for quite large voltage ranges for CNT-FETs with hysteresis [138,152].
Therefore, we calculate the hysteresis gap and normalize it with the scan range to
include all the samples having a differing scan range. The normalization also makes
comparison of the hysteresis gap distribution between different sample sets easier.
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FIGURE 5.5 ON (red) and OFF (blue) conductances for the CNT memories at zero
gate voltage. The gate dielectrics are a, SiO2 (300 nm), b, Al,O3 (20 nm), ¢, HfO, (20
nm), d, HfOy — TiOy — HfO4 (40-0.5-3 nm) and e, HfO5 — TiOy — HfO2 (40-0.5-1 nm).
Adapted with permission from the paper A.III of this thesis.

Our results are plotted in Figure Each column represents a 5% interval (bin) of
the relative hysteresis gap along the x-axis. We show in Figure that from 25
SiO9-based CNT-FETs, 12 devices do not exhibit hysteresis at all. The remaining 13
display a relative hysteresis gap almost evenly spread within the interval 30 — 65%.
The results are in agreement with earlier reports [144}151] on SiO,-based CNT-FETs,
tinding that only a fraction of the produced devices show hysteresis in their transfer
characteristics. The picture is very similar in Figure5.6b, where the CNT-FETs have a
gate dielectric of 20 nm thick ALD grown Al,O3. There 5 devices show no hysteresis
while 12 devices have their relative hysteresis gap within the interval 25 — 65%.

For the remaining three panes of Figure 5.6} there is a distinct difference in that
all the fabricated devices display a clear relative hysteresis gap. With memory de-
vices in mind, this translates into a 100 % fabrication yield. In Figure [5.6, the gate
dielectric is 20 nm thick ALD grown HfO,. The 14 devices made have their relative
hysteresis gaps spread from 10% up to 70% of the total gate scan range. While all
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FIGURE 5.6 Statistics of the relative hysteresis gap from 94 devices with varying
gate dielectric. Each column covers a 5% interval of the full gate voltage scan range.
The gate dielectric is in a, SiOy (300 nm), b, Al,O3 (20 nm), ¢, HfO2 (20 nm), d,
HfO9 — TiOg — HfO3 (40-0.5-3 nm) and e, HfOy — TiOy — HfO3 (40-0.5-1 nm). Adapted
with permission from the paper A.III of this thesis.

CNT-FETs in this set show a memory effect, the distribution of the relative hysteresis
gaps is very wide, having a standard deviation of 22%. The following two panes of
Figure 5.6/show data from a specially designed three-layered ALD structure. It was
made in order to study the hypothesis that the lower interface of the top-most HfO,
layer can play an important role in controlling the amount of charge traps available.
The first deposited layer is a 40 nm thick buffer layer of HfO, with the purpose of
providing a stable dielectric which can withstand the physical stress of sample pro-
cessing. Next a 0.5 nm thick layer of TiO, was deposited with the intent of creating
an interface to the top-most layer. Finally another layer of HfO, was deposited, with
a thickness of 3 nm in Figure and 1 nm in Figure [5.6e. While the total thick-
nesses of the ALD dielectrics in Figures and are about twice the thickness
in Figure 5.6k, the lower interface of the top HfO, layers are moved considerably
closer to the CNT. The resulting relative hysteresis gap distributions show strongly
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decreased standard deviations of 0.09 and 0.06 for Figure and Figure [5.6p, re-
spectively. More so, the latter pane with a top layer of only 1 nm thickness displays
a distribution of relative hysteresis gap values that closely resembles the normal dis-
tribution as indicated by the Gaussian fit (red). This indicates that the distribution
is not likely to change noticeably if we were to add more samples to the study.

TABLE 5.1 Statistics taken from data in Figure|5.6, with the lettering of gate dielectric
in the first column according to that of the panes. The following columns display the
total number of samples, the mean relative hysteresis gap, and its standard deviation.

gate no.of meanrel. standard
dielectric samples hyst. gap deviation
a 25 0.27 0.27
b 17 0.32 0.24
c 14 0.38 0.22
d 11 0.26 0.09
e 27 0.29 0.06

Our results are summarized in Table showing the number of samples, the
mean of the relative hysteresis gap, and its standard deviation for each gate dielec-
tric type according to the lettering in Figure 5.6, Clearly, the triple layer with thinner
upper HfO, layer is the best choice as gate insulator from studied dielectrics when
preparing a memory storage device. More important, we show here that memory
effects in CNT-FETs can be controlled in ambient conditions, even without applying
any kind of surface passivation layer. The reason for the differences seen between
single layer dielectrics of SiO,, Al,O3 and HfO, is difficult to discern, but may be
related to differing charge trap densities, or even types of charge traps. While we
have not made direct measurements of the charge trap densities, this could possibly
be done for charge traps close to the surface using either scanning probe microscopy
or conductive AFM.

Turning our attention to the rapidly narrowing distribution in hysteresis gap
when going from single layer HfO, to a triple-layered dielectric structure, the most
significant difference in the surrounding of the CNT is the closely located interface
between the HfO, and the TiO, layer. It is commonly known that the interface be-
tween two different materials may carry defects or charge traps and also on the
basis of these data, it is reasonable to assume that moving the lower interface of the
upper HfO, layer closer to the CNT provides a layer of stationary charge traps at a
well calibrated distance from the CNT. It is supported by the notion that a layer of
stationary charge traps in the vicinity of the CNT will screen the action from mobile
charge carriers, thus creating well defined device geometry with a narrow hysteresis
gap distribution. We therefore conclude that the most probable dominating charge
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storage mechanism in the triple layer structure is due to stationary charge traps at
the lower interface of the uppermost HfO, layer which are filled and emptied by
charge carriers from the CNT in response to application of a negative or positive
gate voltage.

Since there is also some longer channel lengths within our Pd contacted CNT-
FET where the Schottky barrier effect might be comparable or even smaller than the
field effect, we made estimates of field-effect mobility and subthreshold slope from
the measured hysteresis loops shown in Figure[5.2a. For determining mobilities for
our devices we first calculated the nanotube gate capacitances (see Equation
per unit length with respect to the backgate. For the SiO, samples the calculated ca-
pacitances were around Cg /L ~ 0.33 % and for the Al,O3 samples C/L ~ 1.1 %.
In the capacitance calculation we used average dielectric constant values of 3.95
for thermally grown SiO, and 7.5 for the ALD grown Al;O3 gate dielectric. For the
ALD grown HfO,-based gate dielectrics we used ¢ value of 25 for all. The corre-
sponding capacitances are C/L ~ 4.0 2 for the HfO, (20 nm) samples and for
the HfO, — TiO, — HfO, (40-0.5-3 nm) and (40-0.5-1 nm) samples Cg/L ~ 3.2 pE

and Cg/L ~ 3.7 2, respectively. As most of the calculated capacitances are clocgle
to the quantum capacitance of a carbon nanotube having a value in the order of
Co/L = 4e*/mhvp ~ 4 B&, we need to take Cy into account (see Equation . For
devices having SiO, as a gate dielectric the contribution from the gate capacitance

clearly dominates over the quantum capacitance.

For calculating the mobility of our devices we used the so-called “field-effect
mobility” p ., which is used to compare device properties. It is device specific and
includes e.g. surface effects, contact resistances, etc. The field-effect mobility of a
CNT-FET can be calculated by [51]

L* 0G

_Loe 1
Hfe CaVGa (5 )

where V;; is the backgate voltage. Purewal et al. reported electron mean free paths
for semiconducting CNTs ranging from ~250 nm to ~800 nm at room tempera-
ture [158]. The majority of our CNT devices have lengths that fall between 70 nm
and 600 nm, and are thus in the ballistic limit where the field-effect mobility does not
apply. We therefore calculated the mobility for our longest device of 2.5 ym, which
has HfO, — TiO, — HfO, (40-0.5-1 nm) as its gate dielectric. Using Equation we
extracted a value of 200 %' which corresponds well to previously reported mobil-
ities for similar devices [39} 72,138} 142, 143]]. Using equation we also calculated
the subthreshold slope S. We found for our CNT-FETs values as small as 100 2%,
e.g. from the data shown in Figure [5.2a. This is close to the theoretical limit of 60
mV 1135].

dec
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5.2.3 Effect of environment on hysteresis

There are several models explaining the hysteresis seen in the transfer characteristics
in the CNT-FETSs, as mentioned earlier in Section[5.2 One suggested model indicates
that surface chemistry effects play an important role in introducing hysteresis to
CNT-FETs. Water molecules adhered to the surface has been shown to give a large
contribution to the hysteresis of CNT-FETs. So far the studies have concentrated
on CNT-FETs having SiO; as a gate dielectric [136,|138,[160]. In this section I will
discuss how the ambient humidity changes the hysteresis in CNT-FETs having Hf-
based gate dielectric and compare it to the more conventional SiO,. The discussion
is based on paper A.II of this thesis.
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FIGURE 5.7 Memory effect of CNT-FET in different relative humidities. Drain current
versus backgate voltage at a constant drain-source voltage of 300 mV for a typical de-
vice having a gate dielectric of HfO; — TiO2 — HfO5. The arrows mark the scan direc-
tion to produce the loop. Hysteresis loop is shown for three different relative humidity
values; red trace for 22%, green trace for 1% and blue trace for 14%. The hysteresis gap
is presented for the humidity value of 14% and is given by the difference in threshold
voltages (V1) between reverse and forward scan directions. Adapted with permission
from paper A.II of this thesis.

A typical example of the influence of humidity on CNT-FETs is shown in Fig-
ure for a CNT resting on an ALD grown oxide of HfO, — TiOy — HfO,, with nom-
inal thickness of 40-0.5-1 nm, and 300 mV applied between the drain and source
electrodes. All of the measured CNT-FETs in this study displayed a typical unipolar
p-type behavior with highly conducting state at negative gate voltages that devel-
ops into a suppressed conductance at positive gate voltages [39,57]. As previously,
when scanning the backgate from positive to negative voltages and back, the thresh-
old voltage attains a higher value for reverse (towards negative gate voltages) than
forward (towards positive gate voltages) sweep direction.

For studying the effects of humidity on these transfer characteristics, the hys-
teresis loop presented in was taken at different relative humidity values. We
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TABLE 5.2 Hysteresis gap in dry Ny flow (in % of hysteresis gap in ambient condi-
tions). The accuracy used here is 2%

Sample Gate dielectric Gate dielectric
HfO, — TiOy — HfO, Si0,
1 51 % 67 %
2 61 % 28 %
3 91 % 7%
4 68 % 47 %
5 1% 56 %
6 67 %
7 85 %
Average 1% 55 %
Sd 14 % 19 %

quantify the hysteresis loops in the same way as previously in Section[5.2.T} in terms
of the shift in threshold voltage, called the hysteresis gap (see Figures 5.2 and
and they are taken consecutively as follows: the first trace (red) was recorded un-
der ambient conditions with a relative humidity of 22%. Then a dry nitrogen flow
was introduced to the chamber and the humidity was monitored until it reached a
value under 1%, which is below the lower sensing limit of our humidity sensor. The
samples were kept at this point under N, flow from 0.5 to 18 hours depending on
a sample, after which a second hysteresis loop trace (green) was measured. Finally
the chamber was opened to ambient air. When the relative humidity reached 14%
the third trace (blue) was measured. When relative humidity is lowered close to zero
the hysteresis diminishes but does not vanish as can be seen from Figure 5.7] In this
case the hysteresis gap is 68% of the original value. One sample from each dielectric
was held in N, for longer than 0.5 hours. During this procedure the development
of the hysteresis gap was followed, and no noticeable change was observed. After
the CNT-FET was exposed to ambient conditions again the hysteresis loop quickly
attained the original shape. The shift of threshold voltage to lower gate voltage for
the reverse gate sweep in low humidity compared to higher humidity is observed.
This can be attributed to the desorption of water molecules around the CNT-FET,
including surface-bound water in the vicinity of the nanotube [136,160].

These measurements were repeated for 7 CNT-FETs with ALD grown triple
layer of HfO, — TiO; — HfO, as a gate dielectric. As a comparison the hysteresis
loop of 5 CNT-FETs with SiO, as a gate dielectric was measured in ambient con-
ditions and in dry nitrogen flow. Not all CNT-FETs having gate oxide of SiO, show
hysteresis, as shown in Section In this study only devices showing hysteresis
in ambient conditions were chosen. Our results are presented in Table display-
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ing the change in hysteresis gap in dry N, flow compared to the original value under
ambient conditions for samples having either ALD-based triple-stack or SiO, gate
dielectrics. From Table can be seen that in dry N, flow the hysteresis gap of
CNT-FETs having gate dielectric of HfO, — TiOy — HfO, decreases less than that of
CNT-FETs with SiO, as a gate dielectric, when compared to original gap size. The
low humidity hysteresis gaps of devices having HfO, — TiO, — HfO, have a mean
of 71%, while the devices having SiO, as a gate dielectric have a mean of 55% of
the original gap. The standard deviations are 14% and 19%, respectively. This in-
dicates that the devices having an ALD-based gate dielectric retain their hysteresis
gap better and have smaller distribution than devices on SiOs.

It is known that water molecules can bind on the hydroxylated silica sur-
face [161]. On the other hand, Lee et al. have shown that surface-bound water on
SiO, alone is not the only cause of gate hysteresis in CNT-FETs [160] contradicting
the earlier finding of Kim et al. [136]. On HfO,, this specific surface chemistry is ab-
sent but Raghu et al. have shown that moisture adsorbs better on HfO, than on SiO,
due to the polar nature of amorphous HfO, and also desorbs slower from HfO, than
from SiOs,. In both cases almost all adsorbed water could be removed in a 300°C
bake-out [126]]. This is one possibility of explaining our findings, that more moisture
is desorbed from the SiO, than from the HfO, — TiO, — HfO, gate dielectric. On the
other hand, we showed in Section that the hysteresis gap can be controlled by
carefully designing the gate dielectric in nm-thin layers. By using the same ALD
grown HfO, — TiO; — HfO, gate oxide used here, we achieved the first CNT-FETs
with consistent and narrowly distributed hysteresis gap in their transfer character-
istics "paper A.III of this thesis". This indicates that the majority of the hysteresis
would come from the stationary charge traps located at the lower interface of the
uppermost HfO, layer, which can be filled and emptied by charge carriers from the
CNT by modulating the gate voltage. ALD is known to produce a very conformal
coating, while the preparation of thermally grown SiO; may produce a more porous
film. This could also have an influence on the adsorption/desorption behavior of
water. The magnitude of hysteresis caused by adsorbed water on CNT-FETs and the
effect it has on different gate dielectrics is still under debate. The role of humidity
on CNT-FETs is important for their possible memory and sensor applications and it
needs to be studied further to improve the reliability and operation of these devices.

5.3 Figures of merit in carbon nanotube field-effect tran-
sistor memories

In the past few years, there has been a steady progress in boosting the performance
of the CNT-FETs [19]. The single-walled carbon nanotube field-effect transistors
have been shown to be very fast, with transit frequency as high as 50 GHz [97] and
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could theoretically approach a maximum value of vz /27L ~ 130 GHz/L (um) [96].
The high sensitivity of CNT-FETs has been also demonstrated by monitoring single-
electron tunneling events between a gold particle and a nearby nanotube [162,163].
Since the first demonstration of an electro-mechanical carbon nanotube memory by
Rueckes et al. [98], there has also been a steady progress of CNT-FET memories [138)
142-148}[150]. While the mobility of these devices is excellent (79 000 cm?/Vs) [51],
the charge storage stability of at best 14 days [147] for CNT-FET memories leaves
room for improvement. In this section, I will concentrate on another key property
for a high-performance nonvolatile memory, namely the speed with the Write and
Erase operations are executed together with the endurance of these memories. To
date the operation frequency in CNT-FET memories is reported to be in the order
of 10 ms [143,|146]]. This figure of merit needs to be improved before a CNT-FET
memory can compete with conventional silicon-based Flash memories with Write
and Erase times of 100 us [164]. The discussion in this section follows paper A.IV of
this thesis.

The devices used to study the operation speed of CNT-FET memories are intro-
duced in Figure[5.8l An AFM image of a device taken before the 2nd ALD deposition
(as described in Section with a schematic of the measurement setup is shown
in Figure 5.8pb. The drain-source and gate-source voltage bias was supplied by a
computer-controlled home-made voltage distribution box powered by batteries. A
drain-source bias of 10 mV was used for all the CNT-FET measurements. The current
response through the tube was monitored while modulating the voltage on the gate.
The Si backgate was operated in two different ways. The transfer characteristics of
CNT-FETs were measured while the backgate was scanned from positive to nega-
tive voltages and back. The memory operation was performed with voltage pulses
applied to the backgate by manually triggering either positive or negative voltage
pulse from an Agilent 33250A 80 MHz function generator. All measurements were
carried out at room temperature in an electrically shielded room.

Even though the focus on this section is on the Write/Erase speed of memory
elements made out of CNT-FET and operated with a backgate, also other device
parameters such as operation endurance and retention time are considered. But be-
fore starting to test the different parameters, we again measured the hysteresis loop
of these memories. A typical example of such transfer characteristics is presented
in Figure As shown previously, again the threshold voltage where the current
response starts to rise attains a higher gate voltage value for reverse than forward
sweep, producing an advanced p-type hysteresis loop. This results in a different cur-
rent (indicated as Iony and Iorr) at zero backgate voltage depending on the sweep
direction. We define these two states as the ON- and the OFF-state of the memory
device. In this device, the ON and OFF currents are separated by more than three
orders of magnitude. In the inset of Figure an I-V curve taken at Vg = 0 in the
OFF-state is shown.
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FIGURE 5.8 Overview of devices used to study the figures of merit in the CNT-FET
memories. a, Sideview of a CNT-FET having ALD grown HfO, gate and passivation
layers together with drain (D) and source (S) electrodes. The nominal thicknesses of
both HfO; layers was 20 nm. b, AFM image of a typical device, where a CNT is resting
on a HfO, layer and contacted with Pd source and drain electrodes having a spacing
of 140 nm. The measurement setup is also schematically illustrated. The bias voltage
is applied between the drain and source electrodes and the backgate voltage to the Si
wafer. The current response is measured through the CNT. Adapted with permission
from the paper A.IV of this thesis.

Having a stable hysteresis loop with well separated states at zero gate voltage
enables us to use this device as a memory element. Similar devices have previously
been studied with different gate insulators, device geometries and varying parame-
ters [142-148|[150]. So far these CNT-FET memory elements have been subjected to
slow Write and Erase times, the fastest being 10 ms [143,[146]. The Write and Erase-
pulses with a duration of 100 ns and an amplitude of +4 V, respectively, were sent
to the backgate. The Write-pulse is shown in the inset of Figure The ON and
OFF states are separated by more than two orders of magnitude and monitored for
~25 s before switching to the other state. This 100 ns operation speed was limited
by our measurement setup, therefore the CNT device itself may allow even higher
speeds.

As a comparison for our high speed CNT-FET memory devices on HfO,, we
also performed similar operation speed measurements for CNT-FET memories hav-
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FIGURE 5.9 Hysteresis loop of a typical CNT-FET used in this study with Vpg = 10
mV. The device has a hysteresis gap of 3.2 V, subthreshold slope of 120 mV/dec and
an ON/OFF ratio more than 103. The arrows mark the backgate scan direction within
the loop. The inset shows the I-V curve of the device in the OFF-state. Adapted with
permission from the paper A.IV of this thesis.

ing more commonly used SiO, as a gate oxide. The CNTs in these reference de-
vices were produced by arc-discharge and spin coated onto a thermally grown SiO,
having thickness of about 300 nm. Results on memory operation speed for these
CNT-FETs are shown in Figure 5.11] The device has an ON/OFF ratio of about 10 at
Vas = 0V, as shown in the inset of Figure 5.1Ta. The 1 s pulsing is writing well to
both of these states but already at 1 ms pulsing these states deviate distinctly from
the original. As the pulse length is still lowered to 100 us the states cannot be any-
more resolved as shown in Figure [5.1Tb. The drain-source bias voltage was 10 mV
and the pulse amplitude was £10 V in all the measurements done with CNT-FET
memory devices having SiO, as gate dielectric.

We also investigated how the memory devices perform under continuous op-
eration. The endurance of another device (that also showed 100 ns operation speed)
is presented in Figure where 10 ms long Write- and Erase-pulses with an am-
plitude of £3 V and rise and fall times of 3 us were used. The state readout time was
0.5 s. The states stayed well separated for more than 10* cycles, until after 18 000
cycles a failure of operation was observed and the device was broken. The pulse du-
ration in this endurance measurement is 100 000 times longer (for reasons explained
below) than the fastest operation speed achieved. Compared to the 100 ns operation,
this adds an extra static stress on the gate oxide that is also contributing to the ag-
ing of the device. In addition, breaking of the nanotube is likely to be caused by the
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FIGURE 5.10 Memory operation of the CNT-FET. Writing and erasing the memory
was done with 100 ns pulsing to the gate, and the state was recorded between the
pulsing with Vzg = 0 V. In the inset is shown the Write-pulse for high current state.
Adapted with permission from the paper A.IV of this thesis.

backgate operation since due to large parasitic capacitances and small rise and fall
times of the pulses, a transient pulse is induced in the source and drain electrodes.
To ensure that this transient response is not seen in our measurements, a 10 Hz low-
pass filter was placed between the CNT-FET and the current amplifier. This response
also sets the higher limit for our readout speed and the readout needed to be done
below the lowpass filter’s cutoff frequency of 10 Hz. This also affected the choices
for our pulse duration and readout time of a state in the endurance test. Since in
our function generator the pulse width and waiting period before the next pulse are
related through a finite number of points in an arbitrary wave function, for us to be
able to get 0.5 s readout period we used 10 ms pulses in the endurance test. When
studying the fast memory operation, we obtained the 100 ns pulse width combined
with a long readout time by triggering the pulses manually, which was not feasi-
ble in the endurance test consisting of a large number (18 000) pulses. Previously, it
has been demonstrated by Chaste et al. that the CNT is capable of giving accurate
readout response in the GHz regime when gated with a local gate [97], which could
probably be attainable with CNT-FET memory devices on HfO, having a top gated
device configuration.

To represent a more detailed development of the memory endurance data we
constructed a histogram containing more than 13 000 cycles, which was assembled
from the ON and OFF state plateaus in each cycle. To show single state with one
value, we calculated averages from the ON and OFF states in each cycle. From this



5.3. FIGURES OF MERIT IN CNT-FET MEMORIES 67

a 100 . . . . . . . b

—— 100us pulses

—— 1 s pulses 101
—— 1 ms pulses

©
Il

los INAT

10}

©
T
Il

1

0 50 100 150 200 250 300 350 400 0 20 40 60 80
Time [s] Time [s]

FIGURE 5.11 Memory operation of the CNT-FET having SiO» as a gate dielectric
with different pulsing speeds. a, Writing and erasing the memory was done with 1 s
pulsing (red) and with 1 ms pulsing (blue) to the gate, both having an amplitude of
+10 V. After a pulse the state was recorded with Vg = 0 V. The timescale in data with
1 ms pulsing is multiplied by three to allow better comparison with data having 1 s
pulsing, which expands longer in time. In the inset is shown the hysteresis loop for the
same device with Vpg = 10 mV. The arrows mark the scan directions. The device has
an ON/OFF ratio of about 10 at Vg5 = 0 V, which the 1 s pulsing is still retaining but
when having 1 ms pulsing the ON/OFF ratio is almost vanished. b, Trial of memory
operation of the CNT-FET on SiO; with 100 us pulsing speed and +10 V amplitude.
As seen from the graph, the states are no longer resolved. Adapted with permission
from the paper A.IV of this thesis.

data we constructed the histogram shown in Figure Since the endurance data
is logarithmic in nature, the bin intervals in this histogram are also logarithmic. This
way we can produce equal size bins in logarithmic /g scale and do not distort the
number of counts in each bin. In Figure two distinct peaks are observed. These
peaks correspond to the ON-state (red) centered at 4.80 nA with a standard devia-
tion of 4.47 and to the OFF-state (blue) centered at 0.14 nA with a standard deviation
of 0.11. In between these two peaks is a valley containing a few counts that overlap
with each other. These are indicated by purple bins around /ps = 1 nA which occur
as the device is aging. For example commercial Flash memories are usually specified
more than 10° Write/Erase cycles. The main reason there for limited endurance is
the tunnel oxide degradation due to trap generation in the oxide and interface state
generation on the drain side of the channel [129].

To investigate the volatility of the memories, the retention times of both ON
and OFF states were recorded after the hysteresis loop sweep shown in Figure
The OFF-state does not change remarkably during the measurement, as seen in Fig-
ure In contrast to the OFF-state, the ON-state has an exponential decay, with
fast relaxation in the beginning and a slower tail, until it reaches the OFF-state. Here
we considered the two states to be separated as long as they differed by more than a
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FIGURE 5.12 Memory operation endurance of a CNT-FET. Write and Erase cycles
operated with £3 V and 10 ms pulses. The memory can be operated for more than
18 000 cycles before a failure. The OFF-state stays unchanged while the ON-state is
lowered by about a decade before a failure of operation. Adapted with permission
from the paper A.IV of this thesis.

factor of 10, and with this threshold the retention time of the device was ~1.5x10%* s
(> 4h). This relaxation time is not sufficient for a nonvolatile memory element but it
could be improved by an additional insulator layer as will be discussed below.
Finally, we discuss the origin of the extremely fast operation speeds observed.
The hysteresis in the transfer characteristics of CNT-FETs has previously been ex-
plained by several different models as mentioned in Section (1) Surface chem-
istry effects (e.g. water molecules adhered to the surface of the dielectric) can give
a large contribution to the hysteresis for some CNT-FETs [136,(138]. Our studied
devices have on top of the CNT a 20 nm passivation layer of HfO, to reduce the
surface chemistry effects to a minimum. Also, screening of the applied gate voltage
by adsorbed water molecules is a relatively slow process and already 500 ;s puls-
ing was shown to remove completely the hysteresis induced by surface effects [165].
In summary, the passivation layer and the fast operation speed in our experiments
make significant contribution of surface effects unlikely. (2) Mobile charges or ions
that can be relocated within the dielectric layer by modulating the gate voltage are
known from Si MOSFETS to cause retarded hysteresis (clockwise) [159]. Here we
see advanced hysteresis (anticlockwise), which indicates that this mechanism is not
the main reason for the memory effect. (3) Charging centers like defects in the nan-
otube itself could cause hysteresis when filled or emptied with the applied gate
voltage [154-156]. However in Section using several different layer structures
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FIGURE 5.13 A histogram showing variation in the ON-state (red) and OFF-state
(blue) when testing the endurance of CNT-FET memory device. The ON-state is cen-
tered at 4.80 nA with a standard deviation of 4.47 and the OFF-state is centered at 0.14
nA with a standard deviation of 0.11. In the valley between these two peaks bins that
contain counts from both states are shown in purple. These occur due to aging of the
device. Adapted with permission from the paper A.IV of this thesis.

of oxides as gate insulators, we showed that the amount of hysteresis in CNT-FETs
can be controlled by the design of the gate dielectric (paper A.II of this thesis). That
study thus indicates that defects in the nanotube are a minor contributor in the hys-
teresis. (4) Therefore, in the present case and as in the case in Section the most
likely explanation remains a model where stationary charge traps within the dielec-
tric are dominating the hysteresis. An applied gate voltage could fill these charge
traps with charge carriers moving in the CNT.

As high-« dielectrics are being introduced to increase the physical thickness
of the Si-MOSFET gate dielectric, a lot of recent research has focused on studying
charge trapping, particularly in HfO, . It has been shown that HfO, has fast, sig-
nificant charge trapping and thicker oxide layers exhibit stronger charge trap-
ping [168}[169]]. This indicates that the traps are located at the bulk of the HfO,. The
fast charge trapping and detrapping we observe could be due to charging and dis-
charging of pre-existing bulk defects since no defect generation has been observed in
measurements [170]. Based on their measurements, Kerber et al. suggested a defect
states model to explain the experimental data [170]. This model is also supported
by spectroscopic ellipsometry measurements, where an additional absorption peak
exists in the range 0.7 — 1.2 eV below bottom of the conduction band of HfO, [171].
These defect states, available within the band gap of HfO,, are attributed to oxygen
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FIGURE 5.14 Retention time for the ON and OFF states of a CNT-FET memory de-
vice. The ON state has an exponential decay to the OFF state with a retention time
of about ~1.5x10* s, while the OFF state stays relatively unchanged throughout the
measurement. Adapted with permission from the paper A.IV of this thesis.

vacancies which have a large electron affinity [171,]172] and they can function as
electron traps [171].

To show that charge trapping in the HfO, defects is a likely process in our case
for the high speed operation, we estimated the band alignments for our devices,
see Figure m The flat band case for the Si/SiOy/HfO,/CNT /HfO, energy band
diagram together with the defect states in HfO, layers are depicted in Figure [5.15p.
We calculated the semiconductor band alignments using the Schottky barrier the-
ory presented in Section The oxides were considered as wide-band-gap semi-
conductors and their conduction band offsets determined by matching the charge
neutrality levels of each semiconductor, modified by the Schottky pinning param-
eter as presented in Equation For the CNT, we took into account that it is in
contact with electrodes made of palladium which has the work function of 5.12 eV.
Note that we used the values for intrinsic Si although in our experiment the sub-
strate was highly doped p-type Si; the result for p-type Si would be modified only
slightly and, especially, this does not affect the CNT — HfO, alignment which is the
main point here. Also, for HfO, we used the experimentally determined band gap
of 5.7 eV [171], which is slightly smaller than the theoretical band gap of 6 eV. The
location and width of the HfO, defect states is also taken from the experiment in
Ref. [171]. The charge traps located above the CNT can be efficiently charged with
positive gate bias by electron tunneling from the conduction and valence bands of
the CNT as shown in Figures 5.15b and .15, even for rather small gate voltages.
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FIGURE 5.15 Schematic energy band diagram for a Si/SiO9/HfO2/CNT/HfO, gate
stack containing defect states in the HfO, layers. a, The flat band condition without
taking into account voltage drops within the dielectric. The CNT band gap is calcu-
lated for a 1.4 nm diameter tube. b, and ¢, Band profile when writing with positive
gate voltage. The electrons tunnel from the conduction and the valence band of CNT
to the defect states in HfO,. d, Band profile when the stored electrons are erased from
the HfO2 by applying a negative gate voltage. The band bending induced by the gate
operation in b, ¢, and d, is omitted for clarity and the diagram represents the positions
of bands away from the interface. Adapted with permission from the paper A.IV of
this thesis.

This corresponds to the Write-sequence of the memory. During the Erase-sequence,
depicted in Figure [5.15(d, the defect states can be discharged by tunneling to the
CNT. This model can also explain qualitatively the observed short ON state reten-
tion time. When the memory is written to ON state with a positive gate voltage, the
HfO, layer stores negative charge. As there is no additional tunneling oxide between
the CNT and trapped charges in the HfO, layer, the electrons have only a small bar-
rier to cross in order to tunnel back to the CNT. The thermal energy could assist this
tunneling process. The retention time could possibly be made longer by having a
thin, large band gap, and defect-free tunneling oxide between the CNT and HfO,
charge trap layer.
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Chapter 6

Transport through double barrier
structures in carbon nanotubes

A one-dimensional periodic potential barrier structure, or superlattice, in monocrys-
talline semiconductors was first considered theoretically by Esaki et al. in 1970 [173]].
They predicted that this kind of structure would host intriguing transport properties
such as negative differential resistance (NDR). When the Fermi energy of the elec-
trode coincides with the quasistationary states of the potential well, the resonance is
shown to give rise to current maxima [174].

The first demonstration of NDR was done by Chang et al. in a GaAs double
barrier structure, just four years after the prediction [175]. Since then, NDR has been
observed in molecular devices as well [176-178]. More recently, carbon nanotube
devices have been emerging that exhibit NDR in their electrical characteristics due
to many different phenomena. These consist of chemical doping [179], introducing
defects [180] or having heterojunctions within the same tube [181,182]]. NDR is ob-
served also in bundled or multi-walled CNTs [25,183] and in CNT devices with
quantum dots between the metal contact and the CNT [184]. So far the NDR in
these devices has been uncontrolled and not suitable for mass production. In this
chapter, I will discuss and demonstrate controllable and gate-tunable NDR in CNT
tield-effect transistors, both at room temperature and at 4.2 K. This is achieved by
creating quantum dots into the CNT channel by patterned, high-~ gate oxide. This
method can be easily scaled up to mass production and it opens up a possibility for
a new avenue for nanoscale electronic devices. The devices exhibiting NDR could
be used for fast switching elements [185], nanoscale amplifiers [186], and oscillators
working with THz frequencies. The discussion in this chapter follows paper A.V of
this thesis.
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6.1 Introduction to quantum dots

For understanding properties of double barrier structures, we can consider a so
called quantum dot. A quantum dot (QD) is a small electron box in a
solid-state device or material, with sizes typically ranging from nanometers to a few
microns. The focus in this section will be on properties of QDs that are coupled via
two tunnel barriers to reservoirs, with which electrons can be exchanged as shown
in Figure Otherwise, the QD has similar structure as e.g. MOSFET, with the
reservoirs being the source and drain, and the dot is coupled capacitively to one or
more gate electrodes. By biasing the device, the electronic properties of the QD can
be measured with gate electrodes tuning the electrostatic potential of the dot with
respect to the reservoirs.

Drain Source

FIGURE 6.1 A schematic of a quantum dot in a lateral configuration. The quantum
dot (shown as disk) is connected to source and drain reservoirs via tunnel barriers.
The current through the device is measured in response to a bias voltage Vsp and a
gate voltage V.

Quantum dots contain an integer number of conduction electrons, and in semi-
conductor QDs the number of trapped electrons can be reduced to 0, or 1, 2, etc.
or extended to a puddle of several thousands. Two effects dominate the electronic
properties of quantum dots. First, the Coulomb repulsion between electrons on the
dot leads to an energy cost for adding an extra electron to the dot, called the charg-
ing energy (E¢). Due to charging energy, tunneling of electrons to or from the reser-
voirs can be suppressed at low temperatures. This phenomenon is known as the
Coulomb blockade [190,[191]. Second, the confinement of electrons in all three spa-
tial directions leads to quantum effects namely to quantized energy spectrum. This
makes the electronic properties of quantum dots similar with those of atoms and
therefore quantum dots are regarded as artificial atoms [192].

There are two electrical measurement techniques usually used in QD measure-
ments: (1) transport of electrons through the dot while measuring the current and
(2) detection of changes in the number of electrons on the dot with a nearby elec-
trometer, so-called charge sensing. With the second technique, the dot can be probed
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without the need of current flow through the dot. The charge sensing can be imple-
mented in different ways: a single-electron transistor [193,(194], a second electrostat-
ically defined quantum dot [195] or a quantum point contact (QPC) [196] can be
fabricated next to the dot. The QPC is the most widely used because of its ease of
fabrication and experimental operation. For quantum information purposes, charge
detection is preferred since it still functions for very small couplings to reservoirs.
For studying transport properties of double barrier structures we concentrate on
the current measurement technique but both techniques can be conveniently under-
stood with the constant interaction model. In the next section, I will use this model
to describe the physics of single quantum dots and show how relevant device pa-
rameters can be extracted from measurements.

6.2 The constant interaction model

The constant interaction model is based on two assumptions. First, the Coulomb
interactions among electrons on the dot and with all other electrons in the environ-
ment are parameterized by a constant capacitance C'. This capacitance is the sum
of the capacitances between the dot and the source Cg, the drain Cp, and the gate
Cg: C = Cs + Cp + Cg. Note here for CNT QDs, when operating in the quantum
capacitance limit, the Cy needs to be taken into account (see Section[2.3.2). Secondly,
the discrete single-particle energy spectrum is independent of Coulomb interactions
and therefore of the number of electrons on the dot. Under these assumptions, the
total energy U(V) of a dot having N electrons in the ground state is given by [189]

—lel(N — N, CsVs + CpVp + CaVa]?
[—le|( 0) + CsVs + CpVp + CeVi] +2En(3),

UN) = 2C

6.1)

where e is the electron charge, N = N, for V; = 0 and B is the applied magnetic
tield. The voltages Vs, Vp, and V; applied to the source, drain, and gate, respectively
are taken into account in Equation The terms CsVs, CpVp, and CVi; represent
an effective induced charge on the dot. These terms can be changed continuously in
order to change the electrostatic potential on the dot. The last term of Equation
depends on the characteristics of the confinement potential and is the sum over the
occupied single-particle energy levels £, (B), which can be neglected from now on
in the discussion.

The electrochemical potential ;(/N) of the dot can be defined as [189]

p(N)=U(N) -U(N - 1)

1 Ec (6.2)
= (N = No— 5)Ec - H(CSVS +CpVp +CVe) + Ex,
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where the charging energy Ec = ¢?/C. The first two terms in electrochemical po-
tential are describing the electrostatics of (V) and the last term (Ey) is the chem-
ical potential of the system, giving the energy of the topmost filled single-particle
level. Here (V) denotes the transition energy between the N-electron ground state
(GS(N)), and the (/N — 1)-electron ground state (GS(NN — 1)).

Examination of Equations [6.1| and |6.2| shows that the energy has a quadratic
dependence on the gate voltage, whereas the electrochemical potential has a linear
dependence . This makes the dependence the same for all V electrons and the whole
"ladder" of electrochemical potentials can be moved up or down while the distance
between the levels remains constant. Sometimes deviations from this model are ob-
served when both the source-drain voltage and gate voltage are varied over a very
wide range, e.g. in carbon nanotube quantum dots. [197]. Anyway, the linear depen-
dence of ;1(N) on the gate makes the electrochemical potential the most convenient
quantity for describing electron tunneling.

The energy difference between the consecutive electrochemical potentials of
the ground states is called addition energy, given by

Eoaa(N) = (N +1) = p(N) = Ec + AE, (6.3)

where AFE is the energy spacing between two discrete quantum levels. If two elec-
trons are added to the same spin-degenerate level, the AE can also be zero.

When a bias voltage is applied between the source and drain reservoir, a win-
dow in energy opens up between ug and pp of us — pup = —|e|Vpg. This energy
window is conveniently called the bias window. When an electrochemical poten-
tial level enters to the bias window, electrons can tunnel from the filled reservoir
onto the dot and off to the empty states in the other reservoir and a flow of current
is established. For a quantum dot to be well defined with discrete energy levels the
temperature needs to be negligible compared to the energy-level spacing AE. When
this condition is fulfilled, the size of the bias window separates two regimes. In the
low-bias regime only one level on the dot is within the bias window at a given time
(—|e|Vps < AE). In the high-bias regime multiple levels on the dot can be in the bias
window at the same time (—|e|Vps > AFE and/or —|e|Vps > Euaa)-

6.2.1 Low-bias regime

An electron transport through a quantum dot is only possible when an electrochem-
ical potential level is in bias window, i.e. us > u(N) > pp (Figure [6.2b). If there
is no level in the bias window, the number of electrons on the dot remains fixed
and no current flows through the dot (Figure [6.2p). This is known as the Coulomb
blockade. The condition between these two states can be continuously varied by
changing applied gate voltage. When ;(N) level is on the bias window, an electron
from the source can tunnel to the dot and then to the drain. This cycle is known
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as single-electron tunneling and during the cycle the electron number on the dot is
varied between N — 1 and N.

a N N b N N

Ms

H(N'1) Mo

loor (@.u.)

FIGURE 6.2 Schematic of a quantum dot in the low bias regime. a, No electrochemical
level is in the bias window. The electron number is fixed to N — 1 due to Coulomb
blockade. b, The (V) level has entered to the bias window and the electron number
fluctuates between N — 1 and N. As a result, tunneling current flows through the dot,
with the magnitude of the current depending on the tunnel rate between the dot and
the reservoirs on the left (I's) and on the right (I'p). ¢, The current (Ipor) through
the dot as a function of gate voltage Vi and with constant Vpg. The arrows mark the
places where the level alignments of a and b occur.
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With constant drain-source bias, when the gate voltage is swept while measur-
ing the current through the dot (Ipor) a trace is obtained as schematically shown
in Figure [6.2c. Between the peaks the number of electrons on the dot is fixed due
to Coulomb blockade. At the gate voltage corresponding to the Coulomb peaks, a
level is aligned with the bias window and tunneling current flows. By tuning the
voltage between consecutive valleys, the electron number on the dot can be varied.
The distance between peaks corresponds to E,4; through the proportionality factor
a = (Cg/C), as can be seen by examining Equations 6.2 and The addition en-
ergy can be determined from the peak spacing by E,44(N) = ea(VY ™ — VL), where
V& and V't are gate voltages corresponding to the Coulomb peaks N and N + 1.
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Thus, this approach gives a way to examine the energy spectrum of the dot.

6.2.2 High-bias regime

A more straightforward and more informative way to examine the energy spectrum
of the dot is to include multiple dot levels in electron tunneling. This can be done
by increasing Vpg so high that many levels fall into the bias window. In the follow-
ing the drain electrode is considered to be grounded, i.e. 1p = 0. When a negative
voltage is applied between the source and the drain, ;15 increases, as shown in Fig-
ure and b. Also the levels in the dot increase in energy, due to the capacitive
coupling between the source and the dot, as can be seen from Equation This
increase of the dot levels is so called lever arm effect. When Vg is further increased
a second conduction path corresponding to an exited state can fall into the window
as shown in Figure[6.3p. Usually this will lead in increase in current, which enables
energy spectroscopy of the excited states. When further increasing the Vg until the
bias window is larger than the addition energy, a second ground state can enter to
the window leading to double-electron tunneling (Figure [6.3b) where the electron
number alternates between N — 1, N, and N + 1.

a b

Us
MUs
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FIGURE 6.3 Schematic of a quantum dot in the high bias regime. The level in grey
corresponds to the exited state of GS(NN). a, Applied Vpg exceeds AE and electrons
can tunnel via both the ground and the exited state. b, Increasing the Vpg further to
exceed the 44 leads to double-electron tunneling via two ground states.

To use the multiple dot levels effectively, both the Vpg and the V; voltage can
be changed continuously, in order to map out the current spectrum of the dot. If we
consider two successive ground states GS(N) and GS(N +1) and the corresponding
excited states E£S(IN) and ES(N + 1), separated from the ground states in energy by
AE(N) and AE(N + 1), respectively (see Figure [6.4p), we end up having the elec-
trochemical potential ladder illustrated in Figure [6.4b. The transition between the
two excited states is omitted for clarity. The electrochemical potential ladder (in Fig-
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ure[6.4p) can also be used to define the places of transitions in the gate voltage axis of
the differential conductance plot, shown in Figure[6.4c. At the positions of the tran-
sitions in V; the electrochemical potential level in the dot is aligned with ;15 and 1
with Vpg = 0. When sweeping the gate with low Vpg, the electron tunneling is only
possible at the gate voltage indicated by GS(N) <> GS(N + 1), similarly as shown
in Figures and c. For all other gate voltage values shown in the Figure the
quantum dot will be in the Coulomb blockade.

a b c
ES(N+1)
A GS(N)e>
- ES(N+1)
2 A~
5 |GS(N+1 3
A GS(N)| T 3
GS(N+1)y < @
ES(N o [ '
) % |esny o5
g S |GS(N+1)y <
= |GS(N) vy
0

ES(N) <> GS(N)e<> GS(N)es V,
GS(N+1) GS(N+1) ES(N+1)

FIGURE 6.4 Schematic of a quantum dot measurement in the high bias regime. a, Pos-
sible transitions (indicated with arrows) between the consecutive ground and excited
states. b, The transitions depicted in a, shown as an electrochemical potential ladder. c,
A schematic of the differential conductance dIpor/0Vps as a function of both —|e|Vpg
and V. The level alignment is indicated at several positions with schematic diagrams
of electrochemical potential levels.

In the differential conductance plot, dIpor/0Vps, versus (—|e|Vps, Vi) plane
(Figure[6.4c), a V-shaped area is outlined for each transition, where the electrochem-
ical potential corresponding to the particular transition enters to the bias window.
Within this area, the ;1(/V) level stays in the window. The transition between N and
N + 1 electron ground states defines the region within where tunneling is possible
(V-shaped black line). For all other gate and bias voltages shown in the Figure
the quantum dot will be in Coulomb blockade. The colored solid lines show the
places where an exited state enters to the bias window and the current changes. In
the measurement such a data set is assembled by first taking a trace of 91por/0Vps
versus Vpg while keeping a fixed value for V. For the next trace, V; is changed
slightly and the bias voltage trace is taken again. This procedure is repeated until
the desired V(; range is acquired. The slopes of the edges of transitions depend on
capacitances of the system. When the drain reservoir is grounded, i.e. V), = 0, the
two slopes of 9(—|e|Vpg)/0Ve corresponding to a transition are —C¢/(C' — Cg) and
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Ca/Cs.

The lines in Figure indicate the places of finite 0/por/0Vps. The line ter-
minating to the N electron Coulomb blockade region outside the V-shaped transi-
tion region, involving the two ground states, is a transition involving N electron
excited state. Similarly, the NV + 1 electron excited state terminates on the N + 1 elec-
tron Coulomb blockade region. The bias window exactly equals to the energy level
spacing at the points where a transition line involving an excited state touches the
Coulomb blockade region and the level spacing can be read off straight from the
—le|Vps axis.

When also the positive bias voltages are swept in the measurement, producing
similar plot than in Figure [6.4c, the Coulomb blockade regions appear as diamond
shapes in the differential conductance plot. These are called Coulomb diamonds.
Since inside the diamonds the number of electrons is fixed and the charge (e/N) on
the dot is stable, this plot is often called a stability diagram.

6.3 Negative differential resistance in carbon nanotube
field-effect transistors

In semiconducting carbon nanotube, the forbidden band gap offers a possibility to
use the intrinsic properties of CNTs in inducing quantum confinement. In this sec-
tion I will discuss how we can use the band gap to induce p-n junctions in the chan-
nel of a CNT-FET, and more importantly, the consequent NDR in CNT-FETs and the
implications of it. We induce NDR to the CNT-FETs by patterning the atomic layer
deposited gate oxide (described in Section of the device, resulting in strong
charge trapping at specific places within the gate oxide. With sufficient gate volt-
ages the charge trapping induces p-n junctions in the channel of the CNT-FET and
quantum confinement.

A cross-section of the devices together with the patterned profile of the grown
ALD layers is illustrated in Figure [6.5a. The patterned high-+ gate oxide was used
to influence the local electrical properties of our transistors. An AFM image of the
ALD structure together with a cross shaped AFM marker is shown in Figure[6.5p. In
the dark grooves, there is only a layer of HfO, (20 nm) on top of the silicon wafer. Be-
tween the lines, additional layers are grown comprising of TiO, — HfO, with nomi-
nal thickness of 0.5-1 nm, called ALD islands (AI) in the following.

An AFM image of a device together with a schematic of the measurement setup
and the ALD islands is shown in Figure[6.5c, where a CNT is connected with Pd (30
nm) drain (D) and source (S) electrodes. The silicon wafer was used as a backgate
for three terminal operation. The drain-source and gate-source voltage bias was sup-
plied for all the measurements from a home-made voltage distribution box powered
by batteries and computer-controlled via a data acquisition card. We studied these
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FIGURE 6.5 Integrating patterned gate oxide with CNT-FETs. a, A cross-section of
our CNT-FETs having ALD grown triple layer of HfO; — TiO2 — HfO5 with patterned
upper two layers of TiOy — HfO,. The nanotube is contacted with palladium (30 nm)
drain (D) and source (S) electrodes. b, An AFM image together with a schematic of
ALD grown TiOs — HfO; islands. In the grooves highlighted with arrows, there is
a single layer of HfO, (20 nm) and between these grooves are additional layers of
TiO2 — HfO5 (0.5 — 1 nm) forming squares of ~200 x 200 nm. The width of the groove
between the islands is measured with AFM to be ~50 nm. Also an AFM marker is
visible in the image (see Section [£.2). ¢, An AFM image of a device where a CNT is
connected to drain (D) and source (S) electrodes having channel length of ~400 nm.
The measurement setup is also schematically illustrated. Between the CNT and the
gate we have the ALD island structure. Scale bars are 200 nm.

devices both at room temperature and at 4.2 K. The room temperature measure-
ments were done at ambient conditions as well as in vacuum for reducing surface
chemistry effects, e.g. adsorbed water. Vacuum measurements were done in a home-
made vacuum chamber at a pressure of 1.3 x 1072 mbar. The liquid helium mea-
surements at 4.2 K were done with a home-made dip-stick, where the sample was
situated in a helium atmosphere of a few mbar, isolated from the liquid helium. All
measurements were carried out in an electrically shielded room. The gate voltage
sweep direction was in Figures and from negative to positive. The
CNT-FET channel lengths in this study were 400 4= 10 nm and the diameters of the
CNTs ranged from 1.3 — 3.4 nm, based on AFM images.
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FIGURE 6.6 Quantum dots defined by charging the ALD island structure. a,The flat
band case at zero gate voltage. The Fermi level (Er) within the band gap of the CNT
is aligned with the drain (D) and source (S) electrodes and the ALD islands (Al) are
neutral. b, A positive gate voltage pulls electrons from the CNT to the ALD islands
which in turn screens the applied V. Between the islands, the oxide stays uncharged
and the conductance band (E¢) is pulled below the Fermi level. The resulting p-n
junctions define a quantum dot with discrete electronic states. When a resonant level
is aligned with the Fermi level the charge carriers can flow. ¢, The electrons are ejected
from the ALD islands by applying a negative gate voltage and the remaining positive
charge screens the V; above these sections. Between these islands, the valence band
(Ev) is pulled above the Fermi level and the resulting p-n junctions form a quantum
dot.

When the ALD islands become charged due to modulation of the gate voltage,
p-n junctions are formed in the conduction channel of the CNT. These p-n junc-
tions form tunnel barriers, effectively forming a quantum dot in the middle of the
CNT [197]. The resonant electrochemical potential levels on the dot enable the NDR
phenomenon [198]. This is schematically illustrated in Figure With zero gate
voltage, the ALD islands are neutral (Figure [6.6a), corresponding to the flat band
case. When the gate voltage is increased, electrons can tunnel from the CNT to the
ALD islands making them charged (Figure [6.6b). The charge stored within the is-
lands screens the applied gate voltage. Thus, the sections above these regions, form-
ing the drain and source sections of the CNT, see a weaker electric field. On the other
hand, the region between the islands stays uncharged and in this region the posi-
tive gate voltage can lower the bands in energy. When a sufficiently high voltage
is applied to the gate, the CNT band gap descends below the Fermi level (Er) and
forms an n-type quantum dot with discrete electronic states. At a fixed gate voltage,
with increasing amplitude of the drain voltage (Vs = 0), the current increases at first,
until a resonant tunneling level aligns with the Fermi level and the current reaches
a local maximum. When further increasing the amplitude of the drain voltage, the
resonant level moves below the Fermi level of the p-type CNT drain section and the
current drops, until the next resonant level enters to the bias window. This is anal-
ogous to the negative differential resistance observed in double barrier structures
like GaAs quantum dots [175,199,200]. Similarly, we can have a p-type quantum
dot (Figure[6.6f).

A differential conductance plot measured for device D2, at 4.2 K, is shown in
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FIGURE 6.7 Negative differential resistance in gate-oxide designed CNT-FETs. a, Dif-
ferential conductance for device D2 measured at 4.2 K. The NDR regions are shown
with blue and indicated with arrows. NDR is visible in both positive and negative bias
voltages. In positive bias the NDR is related to two different resonant tunneling levels.
In the inset is shown a larger parameter space from the same device. The NDR occurs
in the vicinity of the CNTs band gap as indicated by arrows. b, The development of
the NDR related to the two resonant levels. When sweeping the gate to more posi-
tive voltages, the NDR corresponding to the first resonant level increases only slightly
while the NDR related to the second localized level has a twenty-fold increase. In the
inset: current vs voltage curves for the device D1 measured at room temperature (red)
and at 4.2 K (blue). Clear NDR peaks are visible for both, situated at around -0.3 V
at room temperature and around -0.18 V at 4.2 K. The peak to valley ratio is 1.38 for
room temperature and 1.45 at 4.2 K.

Figure[6.7a. The NDR is visible with both positive and negative drain-source volt-
ages as diagonal lines that occur after a resonant level enters to the bias window,
as highlighted with arrows. For positive drain-source bias we observe strong NDR
peaks related to two resonant levels. Also the charging of the gate oxide is visible in
the images as abrupt horizontal displacements of the slopes while sweeping the gate
voltage. The inset of Figure shows that the NDR emerges in the vicinity of the
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band gap edge of the CNT which is also indicated by the p-n junction model. In Fig-
ure[6.7p, the first NDR feature is increased only slightly while changing the gate to
more positive voltages, whereas the second NDR feature has a twenty-fold increase.
These results show that the place of the NDR and more importantly its magnitude
are tunable with the gate voltage. Moreover, this approach to induce NDR to CNT-
FETs is fully scalable and the ALD islands providing the effect can be accurately po-
sitioned at any desired location on the underlying wafer. In the inset of Figure
two typical I, versus Vpg curves are shown, measured in 1.3 x 1072 mbar vacuum at
room temperature and at 4.2 K. Clear NDR peaks are visible in both traces, situated
at around -0.3 V at room temperature and around -0.18 V at 4.2 K. The difference be-
tween the peak and the valley current is ~3.5 nA at room temperature and ~4 nA for
the same device measured in cold. In this study, we measured three large-band-gap
CNT-FETs, all showing NDR.
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FIGURE 6.8 Differential conductance plots measured at 4.2 K for the devices RD1 and
RD2 with non-patterned HfOy — TiO2 — HfO5 gate dielectric. a, Stability diagram of
RD1. No clear band gap is visible in the measurement, showing the small band gap
nature of the CNT. b, For the device RD2 band gap opens up at positive gate voltages,
illustrating the large band gap nature of the CNT. There was no evidence of NDR in
these devices.
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For further evidence that the engineered structures within the gate oxide are
causing the negative differential resistance in our devices, we also measured refer-
ence devices on a continuous HfO; — TiOy — HfO, (nominal thickness 40-0.5-1 nm)
gate oxide, without the atomic layer deposition island patterning. The oxide was
the same used in CNT-FET hysteresis study in Section We performed the same
measurements for these reference devices as for the ALD island samples. The re-
sults at 4.2 K are shown in Figure |6.8|in the form of differential conductance plots.
For RD1 (Figure[6.8p), there is no wide band gap visible which is in agreement with
the small ON/OFF ratio in of the transconductance measurements in Figure [6.10]
This demonstrates the small band gap nature of the CNT. For the device RD2 (Fig-
ure [6.8b), the band gap gradually opens up at positive gate voltages, resulting in
a completely closed structure for Vi; > 2V, illustrating the large band gap nature
of the CNT. All together we measured three devices having the unpatterned triple
layer gate oxide and in these reference devices we did not see any evidence of NDR.
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FIGURE 6.9 Hysteresis in the ALD island CNT-FETs. a, Transfer characteristics at
room temperature with Vpgs = 10 mV showing advanced hysteresis. The subthresh-
old slopes are for p-type ~89 mV/dec and for n-type ~161 mV/dec. b, Hysteresis at
4.2 K with Vps = 0.6 V. The relative hysteresis decreases by 80% compared to the
original room temperature hysteresis but it still remains strong. The corresponding
subthreshold slopes are for p-type ~17 mV /dec and for n-type ~49 mV/dec.

In Chapter[5|was shown that ALD grown nanometer thick gate oxides of high-
x materials such as HfO,, and layer structures such as HfO, — TiO; — HfO,, are an ef-
ficient way to create controllable charge trapping in CNT devices. To further demon-
strate that we have significant charge trapping in the ALD islands, we discuss results
on the hysteresis seen in the measurements. We observe bipolar transconductance
curves (Figure for all the devices with the patterned gate oxide (ALD islands).
This indicates that both the valence and conduction bands are contributing to the
transconductance and makes band to band tunneling plausible [92]. In Figure [6.9b,
the persistent advanced hysteresis at low temperatures shows that we have in these
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devices very strong charge trapping within the oxide. For comparison, we also mea-
sured reference samples having uniform, non-patterned ALD grown triple layer of
HfO, — TiO, — HfO, as gate oxide. The produced reproducible hysteresis loops are
shown in Figure and were measured at room temperature (Figure [6.10p) and
at 4.2 K (Figure [6.10p). These hysteresis loops resemble those of the ALD island
samples. At room temperature (Figure [6.10p) the relative hysteresis was 2.5 V/6 V.
When measuring hysteresis at 4.2 K we used a higher (V) voltage of 0.6 V to clearly
see the hysteresis without any Coulomb blockade behavior visible in the measured
traces. The triple ALD layer CNT-FET also displays strong advanced hysteresis at
4.2 K, with a relative hysteresis of 0.4 V/6 V, indicating that the triple layer gate
oxide exhibits pronounced injected charge trapping "paper A.IIl and A.IV of this
thesis".
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FIGURE 6.10 Hysteresis in CNT-FETs having ALD grown triple layer gate oxide. a,
Transfer characteristics measured at room temperature with Vps = 10 mV showing
advanced hysteresis of a small band gap device RD1. b, Hysteresis at 4.2 K for the
same device measured with Vps = 0.6 V. The relative hysteresis decreases more than
80% compared to the original room temperature hysteresis but it still remains strong.

We measured also a reference device having more commonly used SiO, as
its gate oxide. The transfer characteristics of the device with forward and reverse
gate sweeps are shown in Figure This device showed a strong unipolar be-
havior at room temperature with a relative hysteresis of 7.9 V/20 V as shown in
Figure 6.1Tp. When taking the forward and reverse gate sweeps at 4.2 K, we do
not see any hysteresis at all as shown in Figure [6.1Tb. This indicates that the main
contribution to hysteresis at room temperature comes most likely from surface ef-
fects [136,(147,149,(160] e.g. water molecules adhered to the surface. At low temper-
atures these molecules are frozen and cannot be efficiently polarized with the gate
voltage and the hysteresis diminishes [201].

We also measured at 4.2 K a differential conductance plot for the device having
SiO, as its gate oxide, as shown in Figure A wide band gap starts to open up
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FIGURE 6.11 Hysteresis in CNT-FETs having commonly used SiO; as a gate oxide.
a, Hysteresis measured at room temperature with Vpg = 10 mV showing strong ad-
vanced hysteresis of a large band gap device RD3. b, Transfer characteristics at 4.2 K
for the same device measured with Vpg = 0.6 V. The hysteresis vanishes completely
at low temperatures.

already at negative voltages, completely closing already at V; = 0 V within our
measured bias window. This illustrates the large band gap in this CNT. Also in this
device, as in the devices having ALD grown continuous triple layer as a gate oxide,
there was no evidence of NDR.

While these reference measurements either devices having ALD grown triple
layer of HfO, — TiO; — HfO, and thermally grown SiO, as a gate dielectric showed
similar results for hysteresis at room temperature and the triple layer reference sam-
ple also at 4.2 K, the SiO, reference sample did not show any hysteresis at 4.2 K. And
most importantly, for both of these reference samples without the ALD island struc-
ture, we did not observe any NDR.

An earlier study found NDR in freely suspended nanotubes, and showed that
it was induced at relatively large bias voltages due to self-heating and increased
electron-phonon scattering [202]. This is not the case in our devices, since the nan-
otube rests on and is thermalized by the substrate. Also, the phenomenon observed
here is different from multi-mode (multi-subband) effects observed in refs. [63,203],
because multi-mode effects produce steps (or plateaus) in Ip — Vps and Ip — Vi
characteristics, not peaks and NDR as in Figure Furthermore, in our case the
separations between the subbands are hundreds of meV and not tens of meV that
separates the NDR features. A more likely cause for the emergence of NDR is that
a resonant tunneling level enters into the bias window. The phenomenon is related
to band-to-band tunneling [92], where resonant tunneling from the valence into the
conduction band and vice versa enables the flow of current through the device.

To quantitatively test the p-n junction and quantum dot model explaining the
observed NDR, we estimate the expected energy level separation in the quantum
dots formed by the ALD islands. From the AFM images shown in Figures and c
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FIGURE 6.12 Stability diagram measured at 4.2 K for the device RD3 with non-
patterned SiO, gate dielectric. A large band gap opens already at negative gate volt-
ages. There was no evidence of NDR in this device.

we can estimate the quantum dot size to be ~60 nm. We use the constant interaction
model and the electrochemical potentials of transitions between succes-
sive resonant tunneling levels in the quantum dot to calculate the addition energy.
The energy spacing in a simple particle-in-a-box picture is given by AE = hvp /4L,
where v is the Fermi velocity (8.1 x 10° m/s), h is Planck’s constant, and L is the
quantum confinement length. For the ~60 nm quantum dot we obtain a level split-
ting of AE ~ 14 meV. We use the Equation to approximate the gate capaci-
tance for our devices. Taking the HfO, dielectric constant of 25, and the thickness
of 21 nm with the tube radius of 0.7 nm determined with AFM for D1, we can

Vos (MV)
dl/dV,, (uS)

FIGURE 6.13 Stability diagram of the npn quantum dot. At 4.2 K, Coulomb blockade
is visible in a series of diamonds and corresponds to a single electron charging of a
quantum dot of the size ~60 nm, having an addition energy ~20 meV.
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calculate the gate capacitance for the dot to be C ~ 20 aF. Using this, the total
capacitance for the quantum dot can be extracted by measuring the ground-state
lines forming the Coulomb diamonds in the stability diagram shown in Figure[6.13]
as shown in Section This yields Cs ~ 2 aF, Cp =~ 3 aF and C =~ 25 aF. For
the charging energy this gives Ec ~ 6 meV, so the total addition energy would be
FEoaa = Ec + AE =~ 20 meV. This estimation of the addition energy fits remarkably
well to our measured stability diagram in Figure for D1, showing characteristic
Coulomb blockade. Some of the diamonds are abruptly cut, supporting the conclu-
sion that we have strong charging in these devices. In addition, we do not observe

any modulation of the tunneling barriers as in the case of quantum dot formation
by defects in CNT [204].
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Chapter 7

Conclusions

In this thesis charging of the gate dielectric in CNT-FETs and the phenomena aris-
ing from the charging were studied. It was observed that CNT-FETs with SiO, gate
dielectric sometimes exhibit hysteresis in their transfer characteristics. In contrast, if
the gate dielectric is changed to Hf-based dielectric, hysteresis can be induced to all
the CNT-FETs. If a gate stack of HfO, — TiO, — HfO, is used the distribution of their
relative hysteresis gaps is narrow, and narrowing down further when the upper-
most layer is changed from 3 nm to 1 nm. The CNT-FETs were operated in ambient
conditions without any surface passivation. This indicates that there are stationary
charge traps present beneath the upper layer that are dominating the electrostatic
charging in the vicinity of the CNT so that the amount of hysteresis is relatively
insensitive to the changes in the relative humidity. For example, if the relative hu-
midity is lowered close to zero, the hysteresis in such a layered structure diminishes
to ~70% from the original, indicating that there is some contribution to the hys-
teresis from adsorbed water. In the same experiment, when having SiO, as a gate
dielectric of CNT-FETs the reduction of hysteresis is much higher ~50%. This obser-
vations support the conclusion of stationary charge traps in the layered dielectric. In
the literature, there is still a debate about the magnitude of hysteresis induced by ad-
sorbed water on the CNT-FETs having a gate dielectric of SiO, [136,150}[160]. When
different gate dielectrics are included to this field, new, more interesting questions
are raised and possibly more insight to the mechanisms behind the different mag-
nitude of induced hysteresis is gained. Nevertheless, the first results towards this
goal and in inducing hysteresis to CNT-FETs with gate oxide design are presented.
The Hf-based gate dielectrics are of particular interest for memory applications, pro-
viding to our knowledge the first proven route to 100% yield in single CNT-based
memory elements.

When the properties of these CNT-FET-based memories were further stud-
ied, we showed that the memory elements made out of CNT-FETs can compete
with commercial Flash-memories with 100 ns operation speed, largely exceeding
the CNT-FET memory operation speeds reported previously. The endurance of these

91



92 7. CONCLUSIONS

memory elements is also good, exceeding 10* cycles. The findings are qualitatively
explained by a charge trapping model, where HfO, has defect states situated above
the CNT band gap in energy. The charge trapping in HfO, is known to be fast and
efficient, and is likely to enable the high operation speed of our devices. While the
operation speed and the endurance of these memories are outstanding, the reten-
tion time of ~ 1.5 x 10* s leaves room for improvement. The charge trapping model
suggests that it could be improved by adding a thin, defect-free tunneling oxide to
separate the CNT and the charge traps. The CNT being a nanoscale ballistic con-
ductor and that the essential features of the model, the defects in hafnium oxide
together with the suitable location of the CNT band gap in energy are not depen-
dent on detailed structure of the CNT indicates that the fast memory operation could
potentially be realized also using other carbon materials such as double-wall CNTs,
CNT bundles, or graphene ribbons.

In addition to the memory effects, charging of the gate dielectric can induce
interesting and useful quantum mechanical effects, namely negative differential re-
sistance at room temperature. By patterning the upper two layers of ALD grown
HfO, — TiOy — HfO, triple layer gate oxide into separate islands, the charging within
the gate oxide can be controlled. This in turn forms a quantum dot in the conduc-
tion channel of the CNT-FET, thus inducing NDR. The gate voltage can control the
magnitude and the place where the NDR occurs in Vpg. This method is fully scal-
able and can be also used to generate NDR in other materials e.g. graphene rib-
bons and semiconducting nanowires. Most importantly, it enables a new class of
low-cost nanoscale devices using NDR in their operation. For example, theoretical
predictions of oscillations through CNT quantum dots having NDR suggests that
they could reach tens of THz with output powers of several W [205}206], surpass-
ing the intrinsic limitations of state-of-the-art resonant tunneling diode oscillators
made with conventional semiconductor technology with a record of 712 GHz in
InAs/ AlSb resonant-tunneling diode [207,208]. Our method could provide a way of
making the first continuous wave oscillator that works well into the THz domain.

However, several challenges remain to be solved in order to make highly inte-
grated carbon nanotube circuits. The direct production of single type CNT at large
quantity is at the moment absent, although separation of single type CNTs from
mixtures has been successful and shows a promise [24]. Also a challenge is the posi-
tioning the CNTs with nm precision on the integrated circuit. This has been pursued
by either growing CNTs directly on the surface [104,209,210] or by placing them on
the surface by means of electric fields [100,106] or self-assembly [105]. Yet another
challenge is to provide each nanotube with a local, nanotube-specific gate that is
wrapped around the tube. Progress towards this goal has also been done [211].
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Carbon nanotube-based field-effect transistors (CNTFETSs) have been fabricated using nanometer thin di-
electric material as the gate insulator film. The demonstrated fabrication technique is highly suitable for
preparing devices with low contact resistances between the electrodes and the carbon nanotube, down to
14 kQ. Electronic transport measurements of the fabricated devices have been conducted on more than
70 FETs. Hysteretic behavior in the transfer characteristics of some CNTFETs was observed.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Due to the variety of unique electrical and mechanical properties, CNTs have emerged as highly promis-
ing building blocks for future molecular nanodevices. Rapid progress has been done in the exploration
of the device potential of CNT-based field-effect transistors (CNTFETs). CNTFETs are known to
frequently display undesirable hysteresis in their transfer characteristics between the forward and reverse
sweeps of the gate potential (see for example [1—3]). The hysteresis allows the device to function as a
memory cell. That makes hysteretic behaviour of CNTFETs a favourable feature, which could be utilized
in the fabrication of memory elements. To date, there is no method to control the reproducibility of the
hysteresis phenomenon in CNTFETs. Here, we report the details of a high-yield fabrication technique of
CNTFETs that we have developed with the intention to further study their memory effects.

2 Fabrication technique

CNTFETs were fabricated in a bottom-up approach on top of a highly boron-doped silicon substrate,
used as a back gate, which was covered with a thin dielectric layer. In our study, the emphasis was made
on developing a fabrication technique which is compatible with the use of a nanometer thin dielectric
material as the gate insulator film, grown by atomic layer deposition (ALD) technique (e.g. Al,O; or
HfO, with a thickness of at most 40 nm). ALD film coating was provided by our research project col-
laborators at Planar Systems Inc (Espoo, Finland), using Planar P4A00A ALD deposition tool. In addition,
reference devices on a Si substrate, covered with a thermally grown SiO, layer with the thickness of
~300 nm, have been fabricated.

" Corresponding author: e-mail: marina.zavodchikova@hut.fi

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Two positive resist layers were used in our experiments for covering the substrate as a mask. First the
wafer was uniformly coated with polymethylmethacrylate-co-methacrylic acid (PMMA-MMA EL 3%)
with the rotation speed of 3000 rpm for the time period of 50 sec. Then the second resist layer of poly-
methylmethacrylate dissolved in anisole (PMMA A 2%) was spun on top with a rotation speed of
6000 rpm during 50 sec. The resist was soft baked on a hot plate at 160 °C for 3 min after each layer
deposition.

Standard electron beam lithography and subsequent evaporation of Ti/Pd was used in order to fabri-
cate a 6 x 6 alignment mark matrix surrounded by 28 electrodes, as seen in Fig. 1. In total, the patterned
structure measures 2.5 x 2.5 mm. The alignment marks were around 650 nm long with a separation of
7 um between them (see Fig. 1(d)).

Patterning of this structure was carried out with a new Raith e-line electron-beam writer (equipped
with Elphy Quantum 4.0-lithography software) with an acceleration voltage of 20 kV and a dose of
~220 pA/cm’, The patterned structure was exposed using two different working areas (WA). The smaller
features (alignment marks and inner electrodes) had a WA of 500 pm and exposure was carried out with
a beam aperture size of 30 um. For the larger structural elements (outer electrodes and bonding pads)
2500 pum WA and 120 pm beam aperture size were used. For all exposures the write field was 500 pm.
The working distance was near 6 mm. The spot size of the focused electron beam was estimated to be in
the range of 10—40 nm, which allows to perform an accurate exposure with a good linewidth control.

After exposing the desired pattern with the electron beam, the resist was developed in a 1:3 solution
of methylisobutylketone : isopropyl alcohol (MIBK:IPA) for 40 sec and then in 2:1 solution of metha-
nol: methoxyethanol for 5 sec, followed by washing the chip with IPA and drying under a nitrogen flow.
A bilayer technique of depositing two layers of resist was applied for creating a so-called undercut pro-
file, which is due to an increased developing of the more sensitive bottom layer (PMMA-MMA EL 3%
in our case), helpful during the lift-off process.

After the development process, two metal layers, 5 nm Ti (evaporation rate ~0.15 nm/s) and 25 nm Pd
(evaporation rate ~0.12 nm/s) were thermally evaporated using Balzers Evaporator System. The Ti layer
was evaporated below the Pd layer in order to improve adhesion of the latter. Lift-off was carried out in
acetone for about 15 min without ultrasonic agitation. The sample was washed with IPA and dried under
a nitrogen flow. Figure 1(a)—(d) shows an overview of the patterned design, giving a close-up look at the
smaller structural elements.

500 pm

\

> l,l' L\ i
/)| DN
EEEEEER

2,5 mm

S R

Fig. 1 (online colour at: www.pss-b.com) (a) Overview of the pattern design (2.5 x 2.5 mm). (b)
Enlarged optical microscope image of the fabricated structure, including inner electrodes and a matrix of
alignment marks (500 x 500 um area). (c) Enlarged optical microscope image of a 6 x 6 alignment mark
matrix in the middle of a structure (53 x 53 um area). (d) Enlarged SEM image of the four alignment
marks (8 x 8 um area). (e) Enlarged AFM image of two SWCNTs located close to an alignment mark.
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Fig. 2 (online colour at: www.pss-b.com) AFM image of an
individual SWCNT device contacted by Pd electrodes in its
schematic three-terminal FET configuration (SWCNT colored for
better visibility). The scanning area is 2 x 2 um.

Subsequently deposited CNTs were precisely located with respect to the alignment mark matrix using
atomic force microscopy (AFM). Figure 1(e) shows two CNTs mapped in the vicinity of one of the
alignment marks. In our studies, either commercial SWCNTs (purchased from a CNT producing com-
pany — NanoCyl, Sambreville, Belgium) or SWCNTs produced by a hot wire generator (HWG) method
(from Helsinki University of Technology (HUT), NanoMaterials group) were used. The original powder
like NanoCyl SWCNTs (with an average diameter of 2 nm), produced via catalytic carbon vapor deposi-
tion process, were first dispersed in a 1,2-dichloroethane suspension and then deposited onto the sub-
strate after a mild sonication for 10—15 min. SWCNTs from HUT were produced by an aerosol method
by means of introducing catalyst particles, formed by a hot wire generator, into a laminar flow reactor
where suitable conditions for the nanotube formation were maintained. An electrostatic filter was used
for the separation of individual (electrically neutral) CNTs from bundled ones (charged). SWCNTs of an
average diameter of 1.4 nm were deposited onto the substrate, directly from the reactor without any sus-
pension [4].

After mapping the locations of CNTs with an AFM, Pd source and drain electrodes (25 nm thick)
were fabricated on top of the selected SWCNTSs by a second e-beam lithography step with the processing
parameters similar to the ones used for the primary pattern. An AFM image of a typical fabricated device
can be observed in Fig. 2.

Since the sample processing incorporates two steps of electron beam lithography, a nanometer scale
accuracy in spatial alignment between the consecutive layers is important. We have achieved an align-
ment precision of a few tens of nanometers. Finally, thin Au wires were carefully bonded to the contact
pads at the end of each electrode in order to electrically connect the device terminals and the chip carrier.

3 Measurements

Electronic transport measurements of the fabricated devices have been conducted on more than 70 FETs
(21 of which were made with thermally grown SiO, as the gate insulator layer and the rest with different
types of ALD materials, e.g. Al,O; or HfO,). When measuring their /—V characteristics, both metallic
and semiconducting nanotubes were found in close agreement with the expected ratio of 1:2. Figure 3
shows that metallic nanotubes had no response to the gate voltage variations (Fig. 3(a)), while in the case
of semiconducting nanotubes, the conductance was significantly varied with changes in the back-gate
voltage (Fig. 3(b), (c)). Most of the semiconducting nanotubes displayed strongly suppressed conduc-
tance at larger positive gate voltages, in accordance with the expected p-type unipolar behavior [5, 6]
(see Fig. 3(b)). A few of the measured semiconducting devices showed finite conductance at both posi-
tive and negative gate voltages, separated by a non-conducting gap. That is attributed to ambipolar be-
havior, typical for semiconducting nanotubes with a small band gap [7, 8] (see Fig. 3(c)).

It was demonstrated that Pd contacts, used in this study, greatly reduce the energy barriers for trans-
port through the valence band of the nanotube due to their high work function and good wetting interac-
tions with nanotubes [9, 10]. Our measurements of the two-terminal resistance of metallic nanotubes,
connected with Pd electrodes, gave resistance values in the range of 14—160 kQ (close to the minimum

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.pSS-b.Com
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Fig. 3 (online colour at: www.pss-b.com) Representative transfer characteristics (observed in both SiO,-
based and ALD-based samples) of (a) robust metallic nanotube exhibiting no conductance variation with
Ve (b) p-type unipolar nanotube slvlowmgl strongly suppressed cqqductance for _larger positive voltages;
(c) ambipolar nanotube demonstrating finite conductance for positive and negative voltages (V,,=0.3 V
for (a, b and c)). (d) Hysteresis behavior of conductance as a function of gate voltage. Gate voltage was
swept from —2.5 V to 2.5 V and back (as shown by the arrows), V,  was kept 1 mV.

theoretical contact resistance of 6.45 k(). This assures that the presented fabrication technique is well
suitable for preparing nearly ohmic contacts to the nanotubes.

Hysteretic behavior of CNTFETs was observed in conductance versus gate voltage characteristics,
when the back gate voltage was swept from negative to positive direction and back. A representative
example of transfer characteristics at V,, =1 mV is shown in Fig. 3(d). The measurements were taken at
room temperature from a typical CNTFET, based on an individual SWCNT with a diameter of ~2 nm. A
schematics of the measurement setup is shown in Fig. 2. The gate voltage was swept from —2.5V to
2.5V and back, as shown by the arrows in Fig. 3(d). Voltage bias was kept constant when sweeping the
gate voltage. The hysteresis behavior in the transfer characteritics reveals a clear memory effect, demon-
strating different conductance values at zero gate voltage depending on the sweep direction. The hystere-
sis loops were found to be reproducible.

4 Conclusions

We have presented a technique for the fabrication of FETs based on individual semiconducting
SWCNTs. Two-terminal measurements revealed low contact resistances between electrodes and the
CNT, showing that the demonstrated technique is highly suitable for preparing nearly ohmic contacts to
the nanotube. Electronic transport measurements of the fabricated devices have been carried out. Both
p-type unipolar and ambipolar semiconducting CNTs have been measured. Reproducible hysteretic be-
havior of as-fabricated devices was observed for some CNTFETs. High production yield of 85% of suc-
cessfully working devices has been achieved.
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Single walled carbon nanotube field-effect transistors
(SWCNT FETs) are attributed as possible building
blocks for future molecular electronics. But often these
transistors seem to randomly display hysteresis in their
transfer characteristics. One reason for this is suggested
to be water molecules adsorbed to the surface of the gate

1 Introduction Molecular electronics is suggested to
extend the down-scaling of electronic components beyond
the limitations of present Si-based technology. One of the
candidates is the single walled carbon nanotube (SWCNT)
[1-4], featuring either semiconducting or metallic trans-
port properties. This in principle allows SWCNTs to re-
place both active components as well as their intercon-
nects. One of the most studied components are field-effect
transistors made out of carbon nanotubes. These SWCNT-
FETs display often some degree of hysteresis in their trans-
fer characteristics. For a transistor this is an unwanted at-
tribute but it opens up new possible applications. Several
studies have shown that by utilizing the hysteresis, CNT
FETs can be used as a memory element or sensors [5—
12]. Nevertheless, the hysteresis so far has been reported
as a more or less random property among the studied CNT
FETs [7,9, 13] and the challenge still is to be able to control
the presence of hysteresis [14].

Previously, several different models have been sug-
gested to explain the hysteresis in the transfer character-
istics of a SWCNT FET. The models include mobile ions
or charges within the dielectric layer that can be relocated
by gate voltage [5,6,9], defects in the nanotube itself be-
having as charging centers or stationary charge traps lo-

dielectric. In this study we investigate the hysteresis of
SWCNT FETs at different relative humidities. We find
that SWCNT FETs having atomic layer deposited (ALD)
HfO5 — TiOy — HfO5 as a gate dielectric retain their
ambient condition hysteresis better in dry No environ-
ment than the more commonly used SiO, gate oxide.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cated in the vicinity of the CNT that can be filled or emp-
tied by charge carriers from the CNT in response to the
gate voltage [5, 15, 16]. In this study we are focusing on the
suggested model that surface chemistry plays an important
role in the hysteresis of SWCNT FETs. Water molecules
adhered to the surface have been shown to give a large
contribution to the hysteresis of some CNT FETs [17,18].
We present the first results on how the ambient humidity
changes the hysteresis in SWCNT FETs having Hf-based
gate dielectric and compare it to the more conventional
Si0s.

2 Fabrication and measurement methods The
samples used were fabricated in a bottom up approach
described in detail in ref. [19]. As a basis of the de-
vice a highly boron-doped Si wafer was used, acting
as a backgate. The backgate was covered with either
thermally grown SiOs (nominal thickness 300 nm) or
HfOy — TiOy — HfO5 (nominal thickness 40-0.5-1 nm).
The ALD deposition was done by Beneq Oy (Vantaa,
Finland), using a Beneq P400A ALD deposition tool.
The precursors used were HfCl, and HoO for HfO5, and
TiCly and H2O for TiOs. The deposition temperature was
300 °C, which produces amorphous HfO4 films [20]. On

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 AFM image of a typical device, covering an area of 1
pum?. The SWCNT is resting on the dielectric layer, and has Pd
source and drain electrodes with a spacing of 260 nm. The mea-
surement setup is schematically drawn with voltage applied to the
Si wafer, acting as a backgate, and voltage applied between the
drain and source electrodes while measuring the current response
through the CNT.

top of this gate insulator a matrix of alignment markers
was deposited, using e-beam lithography and metallization
of Pd with an adhesion layer of Ti. Commercial SWCNTs
produced by NanoCyl S.A. (Sambreville, BELGIUM)
were suspended in a solvent by ultra-sonication. A few
droplets of the nanotube suspension were then deposited
onto the sample. After deposition the SWCNTs were left at
random places on the oxide surface. Their locations were
then precisely mapped in relation to the alignment marker
matrix, using an atomic force microscope (AFM). Finally,
a second e-beam lithography and subsequent metallization
step was done to connect the CNTs with Pd source and
drain electrodes. Here palladium was chosen for achieving
a low contact resistance between electrodes and the carbon
nanotube [21,22]. Also our previous work shows that Pd
gives low contact resistance to our SWCNT FETs [14,19].

An AFM image of as prepared device with a schematic
of the measurement setup is shown in Fig. 1. All the 12
devices measured in this study were biased with 0.3 V us-
ing a home-made voltage distribution box powered by bat-
teries and computer controlled via a data acquisition card.
The current through the tube was monitored while sweep-
ing the backgate voltage. All measurements were carried
out at room temperature in an electrically shielded room.
For controlling the humidity, a measurement chamber spe-
cially made for this study was used. The chamber contains

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Ves

Figure 2 Hysteresis loops of SWCNT FET in different relative
humidities. Drain current versus backgate voltage for a typical de-
vice with a gate dielectric of HfO2 — TiO2 — HfO». The arrows
mark the scan direction to produce the loop. This loop is shown
for three different relative humidity values; red trace for 22 %,
green trace for 1 % and blue trace for 14 %. The hysteresis gap is
presented for the humidity value of 14 % and is given by the dif-
ference in threshold voltages between reverse and forward scan
directions.

a gas inlet for dry nitrogen gas flow. A Honeywell relative
humidity sensor (HIH-3602-A) with a + 2 % total accu-
racy was incorporated for monitoring the relative humidity
and temperature.

3 Results and discussion The focus of this study
is on the influence of humidity on hysteresis in the transfer
characteristics of a CNT FET [16, 17]. A typical example is
shown in Fig. 2 for a SWCNT resting on a backgate dielec-
tric of HfOy — TiOy — HfO4 (nominal thickness 40-0.5-1
nm) with 300 mV applied between the drain and source
electrodes. All of the measured SWCNT FETs displayed a
typical unipolar p-type behaviour [23,24], with suppressed
conductance at positive gate voltages and a transition into
a highly conducting state at negative gate voltages. While
scanning the backgate from positive to negative voltages
and back, the threshold voltage attains a higher value for
reverse than forward sweep direction. This results in a
highly reproducible hysteresis loop with different conduc-
tance values at zero backgate voltage depending on the
sweep direction.

We quantify this hysteresis loop in each device in terms
of the shift in threshold voltage, called the hysteresis gap
(see Fig. 2). This measure relates directly to the recon-
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Table 1 Hysteresis gap in dry No flow (in % of hysteresis gap in
ambient conditions). The accuracy used here is + 2 %

Sample Gate dielectric Gate dielectric
HfO2 — TiO2 — HfO, SiO2
1 51 % 67 %
2 61 % 28 %
3 91 % 77 %
4 68 % 47 %
5 1% 56 %
6 67 %
7 85 %
Average 1% 55 %
Sd 14 % 19 %

figuration of charges trapped in the close vicinity of the
SWCNT, and is sensitive to the gate voltage scan range,
the scan rate, as well as the hold time at the turning points
of the scanning interval before starting the next scan in the
opposite direction. While the scan rate was kept at 10 mV/s
and the hold time at the turning points was close to 1 sec-
ond throughout the study, the gate voltage scan range was
altered between the samples due to differing gate insulator
thicknesses. The samples with 300 nm thick SiO dielec-
tric were measured with a gate voltage scan range of + 10
V, while the ALD based samples with gate insulator thick-
ness of 41.5 nm had a gate voltage scan range of + 3 V.

For studying the effects of humidity on these transfer
characteristics, the hysteresis loop was taken at different
relative humidity values. The hysteresis loops presented in
Fig. 2 are taken consecutively as follows: the first trace
(red) was recorded under ambient conditions with a rela-
tive humidity of 22 %. Then a dry nitrogen flow was intro-
duced to the chamber and the humidity was monitored until
it was below 1 %, which is below the lower sensing limit
of our humidity sensor. The samples were kept at this point
under Ny flow for 0.5 - 18 hours, after which a second hys-
teresis loop trace (green) was measured. Finally the cham-
ber was opened to ambient air. When the relative humidity
reached 14 % the third trace (blue) was measured. Figure
2 shows that when relative humidity is lowered close to
zero the hysteresis diminishes but does not vanish. In this
case the hysteresis gap is 68 % of the original value. One
sample from each dielectric was held in N for longer than
0.5 hours. The development of the hysteresis gap was fol-
lowed, and no noticeable change was observed. After the
SWCNT FET was exposed to ambient conditions again the
hysteresis loop quickly attains the original shape. The shift
of threshold voltage to lower gate voltage for the reverse
gate sweep in low humidity compared to higher humidity
is observed. This can be attributed to the desorption of wa-
ter molecules around the SWCNT FET, including surface-
bound water in the vicinity of the nanotube [16, 17].

www.pss-b.com

The described measurements were repeated for 7
SWCNT FETs with HfO5 — TiO, — HfO4 as a gate di-
electric. For the 5 SWCNT FETs with SiO5 as a gate
dielectric, the hysteresis loop was measured in ambient
conditions and in dry nitrogen flow to make a good com-
parison between these devices. Only devices showing hys-
teresis in ambient conditions were chosen. Our results are
presented in Table 1, displaying the change in hysteresis
gap in dry Ny flow compared to the original value under
ambient conditions for different samples having ALD-
based triple-stack or SiO- gate dielectrics. Table 1 shows
that in dry N9 flow the hysteresis gap of SWCNT FETs
having gate dielectric of HfO5 — TiOy, — HfO4 decreases
less than that of SWCNT FETs having SiO5 gate dielec-
tric when compared to original gap size. The mean of
hysteresis gaps of the devices having gate dielectric of
HfO, — TiOs — HfO4 at low humidity is at 71 %, while
the mean of devices having SiO2 as a gate dielectric is at
55 %. The standard deviations are 14 % and 19 %, respec-
tively. This indicates that the devices having an ALD-based
gate dielectric retain their hysteresis gap better and have
smaller distribution than devices on SiOs.

It is known that water molecules can bind on the hy-
droxylated silica surface [25]. J.S. Lee et al. have shown
that surface-bound water on SiO2 alone is not the only
cause of gate hysteresis in SWCNT FETs [16] contradict-
ing the earlier finding of W. Kim et al. [17]. On HfO,
this specific surface chemistry is absent but P. Raghu et
al. have shown that moisture adsorbs better on HfO5 than
on SiO4 due to the polar nature of amorphous HfOs. In
the same study it is also shown that water desorbs slower
from HfO5 than from SiO» but in both cases almost all
adsorbed water could be removed after a 300 °C bake-out
[20]. This is one possibility of explaining our findings,
that more moisture is desorbed from the SiO5 than from
the HfO; — TiO, — HfO, gate dielectric. On the other
hand we have previously shown that the hysteresis gap
can be controlled by carefully designing the gate dielec-
tric in nm-thin layers. By using the same ALD grown
HfO5 — TiOs — HfO, gate oxide used here we achieved
the first CNT FETs with consistent and narrowly dis-
tributed hysteresis gap in their transfer characteristics [14].
ALD is known to produce a very conformal coating, while
the preparation of themally grown SiO, may produce a
more porous film. This could have an influence on the
adsorption/desorption behavior of water. The effect and
magnitude of adsorbed water on SWCNT FET gate di-
electrics is still under debate. This study gives the first
results on the effect of humidity on hysteresis of SWCNT
FETs on HfO5 — TiO, — HfO4 gate dielectric.

4 Conclusions We have fabricated and investigated
the influence of relative humidity on hysteresis in the trans-
fer characteristics of SWCNT FETs with gate dielectrics
of either HfO5 — TiO9 — HfO5 or SiO5. We have shown
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that reduction in relative humidity decreases the hysteresis
on SWCNT FETs having HfO5 — TiO, — HfO, gate di-
electric but this decrease is even larger in SWCNT FETs
having a more conventional SiO3 as a gate oxide. The role
of humidity on CNT FETs is important for their possible
memory and sensor applications and it needs to be stud-
ied further to improve the reliability and operation of these
devices.
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1. Introduction

The quasi-one-dimensional, nearly perfect, crystalline structures of carbon nanotubes (CNTs)
make them promising candidates [1]-[4] to extend the down-scaling of electronic components
beyond the limitations of present Si-based technology. Featuring either semiconducting or
metallic transport properties, they can in principle replace both active components as well
as their interconnects. It was suggested that CNT-based devices could be mounted with an
integration level of up to 10> cm™2 [5], which is about four orders of magnitude higher
density than in current technology. Field-effect transistors (FETs) have been made out of CNTs
with impressive device parameters, e.g. subthreshold slopes close to 60 mV decade™" [6], and
field-effect mobilities of up to 79000 cm? V~'s~! [7]. But there are many challenges with
incorporating CNTs into logic devices, such as being able to separate the semiconducting
CNTs from the metallic ones, or to control their placement with nanometre accuracy. Another
challenge with CNT FETs is that often they display some degree of hysteresis in their transfer
characteristics. For a CNT FET this is an unwanted feature, rendering it unpredictable in
its output, and it has motivated several studies to find ways to prevent or remove these
tendencies [6], [8]-[11]. On the other hand, the presence of hysteresis opens up the possibility
to utilize the device as a memory element instead. This has been pointed out by several
studies [12]-[17], demonstrating CNT FETs with ON and OFF states which are well separated
and addressable with positive or negative gate voltage pulses. However, the challenge is to be
able to control the presence of hysteresis, which so far has been reported as a widely varying
property among the studied CNT FETs [14, 16, 18]. In this paper, we use Hf-based atomic
layer deposition (ALD)-grown gate dielectric to control hysteresis and achieve a 100% yield
in memory effect, as well as study the origin of the hysteresis in our devices. This is to our
knowledge the first report on CNT FETs featuring memory effects that are comsistent from
sample to sample.

Several different models, which all can explain hysteresis in the transfer characteristics
of a CNT FET, have been suggested. First it was pointed out that, especially for CNT FETs
with a gate insulator of Si0O,, it may have the same origin as the hysteresis sometimes seen in
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70 nm

Dielectric
layer

Figure 1. AFM image of a typical device, covering an area of 1 um?. The
SWCNT is resting on a dielectric layer, and has source and drain electrodes
of Pd deposited on top with a spacing of 260 nm. The measurement setup is
schematically drawn with voltage applied to the Si wafer, acting as a backgate,
and voltage applied between the drain and source electrodes while measuring the
current response through the CNT.

conventional Si-MOSFETs [12, 13, 16]. There it is known that mobile ions or charges within
the Si0O, layer can relocate in response to the applied gate voltage, and as a result modify the
local electric field sensed by the charge carriers in the conduction channel. But this is not the
only proposed mechanism. It has also been suggested [12, 19, 20] that the charge traps may
not be mobile, but located stationary in the near vicinity of the CNT. An applied gate voltage
could then assist in filling or emptying the charge traps with charge carriers moving in the
CNT, which in turn screens the applied electric field and causes hysteresis to appear in the
gate voltage response. Yet another possibility is that surface chemistry plays an important role.
For example water molecules adhered to the surface have been shown [8, 10] to give a large
contribution to the hysteresis of some CNT FETs. A fourth model suggests that defects in the
nanotube itself could provide charging centers, which can be filled or emptied in response to
the gate modulation. A charging center in this case may be a carbon atom substituted with a
different atom or molecule, which can donate or accept electrons from the conduction channel.
All four models may contribute in varying degree to hysteresis in the transfer characteristics of
a CNT FET. One way of controlling the memory response would be to tailor one mechanism to
dominate the electrostatic charging around the CNT conduction channel.

2. Experiment

2.1. Sample preparation

This study includes in total 94 single-walled carbon nanotube (SWCNT) FETs with varying gate
insulator, which by far exceeds the number of samples included in earlier studies of hysteresis
in CNT FETs [8, 10, 12, 13, 15, 16, 19, 20]. An atomic force microscope (AFM) image of a
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typical sample is shown in figure 1. The samples were built in a bottom-up approach, described
in detail in [21], starting from a highly boron-doped Si wafer which acts as a backgate. While
there are many possible device parameters to vary, we chose here to study the influence of
two of them; the first is the composition of the dielectric material and the second is variation
of the thickness of the same. The backgate was covered with an ALD layer of either Al,O3
(nominal thickness: 20 nm), HfO, (20 nm), or HfO,—TiO,—HfO, (40-0.5-3 or 40—0.5—1 nm).
All ALD depositions were done at Beneq Oy. (Espoo, Finland), using a Beneq P400A ALD
deposition tool. The idea motivating the triple-layer structure is to create, in a controlled way,
charge traps in the close vicinity of the CNT FET [15]. The interface between two different
ALD layers may serve that purpose, and thereby dominate the local electrostatic charging
effects. We also prepared reference samples with gate insulator of the more commonly used
thermally grown SiO, (300 nm). On top of the gate insulator a matrix of alignment markers
was deposited, using e-beam lithography and metallization of Pd with an adhesion layer of Ti.
CNTs were then deposited in two different ways, depending on their origin. Our primary source
was commercial SWCNTs produced by NanoCyl S.A. (Sambreville, Belgium), bought in the
form of black powder, which was suspended in dichloroethane by ultra-sonication for about
30 min. Typically 5—-15 droplets of the nanotube suspension were then deposited onto the sample
while it was spun at 1500 rpm. We also prepared, as a reference, 11 samples with SWCNTs
from a hot wire generator reactor on to substrates with the HfO,—TiO,—HfO, (40-0.5—1 nm)
triple-layer. The hot wire generator reactor is based on aerosol (floating catalyst) synthesis
of CNTs. Iron particles and carbon monoxide were utilized as the catalyst and the carbon
source, respectively [22]. Individual CNTs were filtered out from the bundled tubes in the gas
phase as described in [23] and deposited onto the sample surface at room temperature using
a thermophoretic precipitator [24]. In both methods CNTs were left at random places on the
surface. Their locations were then mapped in relation to the matrix of alignment markers, using
an AFM. The AFM images allowed us to select what appeared to be non-bundled and clean
CNTs for the remaining fabrication steps, but some of the devices may also consist of a small
bundle of semiconducting CNTs. Finally, electrodes of Pd were deposited onto the ends of the
CNTs, with the help of e-beam lithography and subsequent metallization. The CNT diameters
and FET channel lengths were then determined from AFM images of the devices, and can be
found in appendix A.

2.2. Measurements

All measurements in this study were carried out at room temperature in an electrically shielded
room, either under ambient conditions or in a chamber under dry nitrogen gas flow, which
reduced the relative humidity to below 1% (below the resolution of our humidity sensor).
Two-terminal measurements were performed, with the substrate acting as a backgate. Dc
measurements were used with the applied voltage given by a home-built voltage distribution
box, powered by batteries and computer controlled via a data acquisition card, while measuring
the current response through the nanotube. /- characteristics and conductance response to
an applied backgate voltage were collected from all samples. A schematic of the measurement
setup is drawn in figure 1. The samples with linear /—} characteristics and conductance not
sensitive to an applied backgate voltage were considered to have metallic CNTs. The study
includes in total 94 semiconducting SWCNTs, featuring a clear backgate dependence. These
comprise about 82% of all the samples made, which is somewhat higher than the expected
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67% for randomly picked CNT chiralities. Surprisingly, eight of the eleven devices made
with SWCNTs from the hot wire generator reactor show clear metallic behavior. Of the three
remaining semiconducting SWCNTs, one had a malfunctioning backgate, leaving only two
CNT FETs of this kind added to the study. As will be seen in figure 3, these two CNT FETs
do not deviate notably in performance compared to the other 25 devices with the same gate
dielectric.

2.3. Contact resistance

An often problematic part of CNT sample processing is to achieve low contact resistance
between electrode and nanotube [25]. As an upper limit measure of the contact resistances
in our devices, we sampled the total two-terminal resistances of the metallic CNTs. These were
found to be in the range of 14-160 k€2, which is close to the theoretical minimum resistance for
SWCNTs of 1/2G = h/4e* ~ 6.45kQ2. Here G, is the quantum unit of conductance, e is the
charge of the electron and / is Planck’s constant.

3. Results

The focus of this study is on the appearance of hysteresis in the transfer characteristics of our
CNT FETs in relation to the gate dielectric used. Seven of the 94 samples had the backgate
covered with ALD of Al,O5 (nominal thickness: 20 nm), 14 with ALD of HfO, (20 nm), 11 with
ALD of HfO,-TiO,—HfO, (40-0.5-3 nm), 27 with ALD of HfO,-TiO,—-HfO, (40-0.5—1 nm),
and the remaining 25 with thermally grown SiO, (300 nm). A typical example of a CNT FET
exhibiting hysteresis is shown in figure 2(a), for a SWCNT resting on a backgate dielectric of
20 nm thick HfO, with 10 mV applied between the drain and source electrodes. Most SWCNT
FETs displayed typical unipolar p-type behavior [26, 27], with strongly suppressed conductance
at positive gate voltages and a transition into a highly conducting state at negative gate voltages.
A few devices showed ambipolar dependence with a somewhat increased conductance at high
positive backgate voltages, which has been attributed to semiconducting nanotubes with a small
bandgap [28, 29]. From these data, estimates of field-effect mobility and subthreshold slope
have been made, which are presented in appendix C. Upon scanning the backgate voltage back
and forth, the threshold voltage attains in some, but not all, of the CNT FETs a higher value for
the reverse sweep than for the forward sweep, resulting in a highly reproducible hysteresis loop
with different conductance values at zero backgate voltage depending on the sweep direction.
In figure 2(b), it is demonstrated how the current response of such a CNT FET can be switched
between the two states by sending either a positive or negative voltage pulse to the backgate.

The working memory devices included in this study have so far been subjected to slow
switching frequencies of up to 10 Hz. Some of the devices show charge stability with no change
in ON or OFF state for several days, while others have a retention time of down to a few
hours. Durability has been tested for a few of the CNT memories, with no significant change in
ON/OFF states after switching 10* times or more. We are currently studying these aspects, but
would like to add they should not be compared to single device characteristics of state-of-the-art
commercial memories before the gate configuration is changed from a backgate to a local gate
for each CNT. That work is also in progress.

All mass-fabricated electronic devices have a natural variation of characteristic parameters,
which is acceptable as long as the parameter distribution is narrow enough not to interfere
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Figure 2. Memory effect for a typical SWCNT FET with a gate dielectric
of HfO,. (a) Drain current versus backgate voltage at a constant drain—source
voltage of 10 mV. The arrows mark the scan direction within the loop. The
hysteresis gap is given by the difference in threshold voltage between the reverse
and the forward scan direction. (b) Demonstration of its memory function. The
upper panel displays the voltage applied to the backgate as a function of time.
The lower panel shows how at a constant Vpg of 0.1V, the current response
through the CNT switches to an ON state or an OFF state in response to a positive
or negative voltage pulse on the backgate, respectively.

with its intended function. The large number of devices in this study allows us to estimate the
distribution of hysteresis response seen for differing gate dielectrics. We quantify the memory
effect in each device in terms of the shift in threshold voltage, called the hysteresis gap (see
figure 2(a)). This measure relates directly to the reconfiguration of charges trapped in the
close vicinity of the SWCNT, and is sensitive to the gate voltage scan rate, the scan range,
as well as the hold time at the turning points of the scanning interval before starting the next
scan. While the scan rate was kept at 10mV s~ and the hold time at the turning points was
close to 1s throughout the study, the gate voltage scan range was altered between the samples
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Figure 3. Statistics of the relative hysteresis gap from 94 devices with varying
gate dielectric. Each column represents a 5% interval of the full scale. The gate
dielectric is in (a) SiO, (300 nm), (b) Al,O5 (20 nm), (c) HfO, (20 nm), (d) HfO,-
TiO,—HfO, (40-0.5-3 nm) and (e) HfO,—TiO,—HfO, (40-0.5—1 nm).

due to differing gate insulator thicknesses. The samples with 300 nm thick SiO, dielectric
were measured with a gate voltage scan range of +10V, while the ALD based samples with
gate insulator thicknesses of 20—43.5nm had gate voltage scan ranges of £2-3 V. To allow
comparison between these different cases, we calculated the relative hysteresis gap, where the
hysteresis gap is normalized by the gate scan range. The measured threshold voltages together
with ON and OFF conductance values for the CNT devices are presented in appendix B.

Our results are plotted in figure 3. Each column represents a 5% interval of the relative
hysteresis gap along the x-axis. We show in figure 3(a) that from 25 Si0,-based CNT FETs, 12
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Table 1. Statistics taken from data in figure 3, with the lettering of gate dielectric
in the first column according to that of the panels. The following columns display
the total number of samples, the mean relative hysteresis gap, and its standard

deviation.

Gate Number of Mean relative  Standard
dielectric  samples hysteresis gap  deviation
a 25 0.27 0.27

b 17 0.32 0.24

c 14 0.38 0.22

d 11 0.26 0.09

e 27 0.29 0.06

devices do not exhibit hysteresis at all. The remaining 13 display a relative hysteresis gap almost
evenly spread within the interval 30—65%. The results are in agreement with earlier reports
[14, 16] on SiO;-based SWCNT FETs, finding that only a fraction of the produced devices
show hysteresis in their transfer characteristics. The picture is very similar in figure 3(b), where
the SWCNT FETs have a gate dielectric of 20 nm thick ALD grown Al,O;. Five devices show
no hysteresis, whereas 12 devices have their relative hysteresis gap within the interval 25-65%.

For the remaining three panels of figure 3, there is a distinct difference in that all the
fabricated devices display a clear relative hysteresis gap. With memory devices in mind, this
translates into a 100% fabrication yield. In figure 3(c), the gate dielectric is 20 nm thick ALD
grown HfO,. The 14 devices made have their relative hysteresis gaps spread from 10% up to
70% of the total gate scan range. While all CNT FETs in this set show a memory effect, the
distribution of the relative hysteresis gaps is very wide, having a standard deviation of 22%.
The following two panels of figure 3 show data from a specially designed three-layered ALD
structure. It was made in order to study the hypothesis that the lower interface of the top most
HfO, layer could play an important role in controlling the amount of charge traps available.
The first deposited layer is a 40 nm thick buffer layer of HfO, with the purpose of providing a
stable dielectric which can withstand the physical stress of sample processing. Next a (0.5 nm
thick layer of TiO, was deposited with the intent of creating an interface to the top most layer.
Finally another layer of HfO, was deposited, with a thickness of 3 nm in figure 3(d) and 1 nm
in figure 3(e). While the total thicknesses of the ALD dielectrics in figures 3(d) and (e) are
about twice the thickness in figure 3(c), the lower interface of the top HfO, layers are moved
considerably closer to the CNT. The resulting relative hysteresis gap distributions show strongly
decreased standard deviations of 0.09 and 0.06 for figures 3(d) and (e), respectively. More so, the
latter panel with a top layer of only 1 nm thickness displays a distribution of relative hysteresis
gap values that closely resembles the normal distribution. This indicates that the distribution is
not likely to change noticeably if we were to add more samples to the study.

Our results are summarized in table 1, displaying the number of samples, the mean of the
relative hysteresis gap, and its standard deviation for each type of gate dielectric according to
the lettering in figure 3. Clearly, the triple layer with thinner upper HfO, layer is the better
choice as gate insulator when preparing a memory storage device. More importantly, we show
here that memory effects in a CNT FET can be controlled in ambient conditions, even without
applying any kind of surface passivation layer onto the device. To test the influence of surface
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chemistry (e.g. adhered H,O molecules) on the memory effects seen for CNT FETs with the
thinner triple-layer ALD dielectric, 12 of these samples were measured in a chamber with dry
nitrogen gas flow, reducing the relative humidity to less than 1%. The samples were kept at these
conditions from 30 min up to 18 h, while repeatedly measuring the transfer characteristics [30].
The relative hysteresis gap decreased somewhat during the first 30 min, on average 12% with a
standard deviation of =8.6%, and was thereafter stable. The ON and OFF states remained almost
unaffected. It is therefore reasonable to assume that while the water molecules adhered to the
surface of the CNT and the dielectric somewhat affect the hysteresis, they play a minor role in
the memory effects seen. In addition, the fact that changes in memory effects follow changes in
gate dielectric, with relatively narrow distributions in two cases, discredit the model that defects
in the SWCNTs are providing the charge traps responsible for the hysteresis. The reason for the
differences seen between single layer dielectrics of Si0,, Al,O3 and HfO, is difficult to discern,
but may be related to differing charge trap densities, or even types of charge traps. While we
have not made direct measurements of the charge trap densities, this could possibly be done for
charge traps close to the surface using either scanning probe microscopy or conductive AFM.

Turning our attention to the rapidly narrowing distribution in hysteresis gap when going
from single layer HfO, to a triple-layered dielectric structure, the most significant difference in
the surrounding of the CNT is the closely located interface between the HfO, and the TiO, layer.
It is commonly known that the interface between two different materials may carry defects or
charge traps. An alternative explanation could be that as the top-layer of HfO, becomes thinner,
its surface becomes rougher and hosts an increasing number of defects, e.g. oxygen vacancies.
The defects may act as charge traps and cause the increased hysteresis. But here we would like
to point out two opposing observations. Firstly, surface defects are likely to interact with or be
screened by adhered water molecules, which then would decrease the relative hysteresis gap in
ambient conditions. We see the opposite trend, a slight decrease of the relative hysteresis gap in
dry nitrogen flow. Secondly, our AFM measurements show no quantitative difference in surface
roughness between the samples with different layer thicknesses. Here should be added though
that the AFM is working close to its limit of resolution, measuring roughnesses of the order of
0.1 nm. From Si MOSFETs it is known that mobile charge traps within the gate dielectric cause
retarded hysteresis [31]. Here we see the opposite, advanced hysteresis, which is the case for
charging of stationary charge traps close to the CNT. While mobile charge traps also may be
present within the dielectric, and could possibly be a minor contributor to memory effects seen
in the single layer dielectrics, it is reasonable to assume on the basis of these data that moving the
lower interface of the upper HfO, layer closer to the CNT provides a layer of stationary charge
traps at a well-calibrated distance from the CNT. This is supported by the notion that a layer
of stationary charge traps in the vicinity of the CNT will screen the action from mobile charge
carriers, thus creating a well-defined device geometry with a narrow hysteresis gap distribution.
We therefore conclude that the most probable dominating charge storage mechanism in the triple
layer structure is due to stationary charge traps at the lower interface of the uppermost HfO,
layer, which are filled and emptied by charge carriers from the CNT in response to application
of a negative or a positive gate voltage.

Here, we would like to end with a short discussion of the response time of the memory
devices. As was mentioned earlier in the measurements section, the shortest write and erase
pulses that were used for switching the CNT memories in this study had a duration of 0.1 s.
From earlier studies by others we have found working frequencies for CNT FET memories of
at most 100 Hz [12, 13, 32]. This is a number that needs to be improved to be able to compete
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with, e.g. commercial flash memories, which currently have write and erase times approaching
100 us [33] and readout performed in tens of nanoseconds [34]. It has been shown that the CNT
FET itself can have a working frequency of tens of GHz [35], making the readout competitive.
Hence, the limiting factor is the response time for write and erase operations. Here the charge
trapping mechanism is of fundamental importance. Naturally, mobile ions or charges within the
dielectric layer as well as molecules adhered to the surface have, due to their size, a slower
response time compared to stationary charge traps, where electrons are responsible for the
charge redistribution. Thus, stationary charge traps should provide the more competitive charge
storage mechanism. We are currently investigating these aspects.

4. Summary

We have investigated 94 SWCNT FETs with different gate insulators, giving us unprecedented
statistics on the presence of hysteresis in their transfer characteristics. We find that by using
a gate dielectric composed by consecutive ALD layers of HfO,, TiO,, and then HfO, again,
all SWCNT FETs display hysteresis with a narrow distribution of their relative hysteresis gaps,
which narrows down further when the upper most layer is changed from 3 nm to 1 nm. The study
shows that these SWCNT FETs can be fabricated and operated in ambient conditions without
any surface passivation. This points toward having stationary charge traps beneath the upper
layer that are dominating the electrostatic charging in the vicinity of the CNT such that the
memory effect is insensitive to changes in the relative humidity. Such a layered gate dielectric is
of particular interest for memory applications, providing to our knowledge the first proven route
to 100% yield in single CNT-based memory elements. However, several challenges remain to
be solved in order to make highly integrated CNT memory cells, such as positioning the CNTs
with nm precision and providing each of them with a local, nanotube-specific gate.
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Appendix A. Nanotube diameters and FET channel lengths

The physical dimensions of each CNT FET was determined through AFM imaging. A pie chart
of nanotube diameters used in this study is presented in figure A.1. Most of the nanotubes have
diameters between 0.8 nm and 3 nm (all together 73 nanotubes, or 78%) and are interpreted as
single-walled nanotubes. The rest of the tubes fall between 3 nm and 10 nm and are probably

comprised of large diameter single-walled and/or multi-walled carbon nanotubes and nanotube
bundles.
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Figure A.1. Distribution of the conduction channel diameter for the CNT
devices, with the interval displayed in nanometres followed by the number of
CNTs within that range. The CNT diameter was determined from AFM images.
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200-300nm (26)

400-600nm (10)

600-2500nm (8)
100-200nm (26) <100nm (7)

Figure A.2. Distribution of CNT lengths between the source and drain electrodes.
The channel length interval is displayed followed by the number of devices in
that range.

A pie chart of transistor channel lengths is presented in figure A.2. Most of the channel
lengths fall in between 70 nm and 600 nm (all together 86 nanotubes, or 91%), leaving only
eight devices in the range from 600 nm to 2.5 um.

Appendix B. Threshold voltages and ON and OFF conductances

In this section, the threshold voltages from all samples in the study are presented, see figure B.1.
The values are extracted from the drain current versus backgate voltage data taken at ambient
conditions. When sweeping the backgate voltage in forward and reverse directions, different
threshold voltages are seen for some of the samples, as explained in the measurements section
and shown in figure 2(a). Both forward (blue) and reverse (red) sweep threshold voltage values
are displayed, and divided into different panels according to the dielectric layer used. The last
12 samples in panel (a) and the last five samples in panel (b) show no shift in threshold voltage.
The remaining samples have a shift in threshold voltage between forward and reverse scan
directions, which depends on the scan rate, the scan range and the hold time when changing
the scan direction. Therefore the scan rate was kept at 10 mV s~! and the hold time at about 1 s
throughout the study. Due to the significantly thicker (300 nm) dielectric of SiO, compared to
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Figure B.1. Threshold voltages for forward (blue) and reverse (red) scan
directions for all samples. The voltage scan range was in (a) £10V and in
the rest of the panels £2-3 V. The gate dielectric is in (a) SiO, (300 nm),
(b) Al,O3 (20 nm), (¢) HfO, (20 nm), (d) HfO,-TiO,—HfO, (40—0.5-3 nm) and
(e) HfO,~TiO,~HfO, (40-0.5-1 nm).

the other gate dielectrics (20—43.5 nm), a higher backgate voltage range was used to produce the
electric field strength required for reaching the saturation plateau in the ON state. All the SiO,
based CNT FETs in figure B.1(a) have a scan range of £10 V. All the samples in the remaining
panels have a scan range of £3 V, except for a few exceptions. The exceptions are samples 11
in panel (¢) and 17, 25 and 26 in panel (e), which have a scan range of 2.5V and sample 12 in
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Figure B.2. ON (red) and OFF (blue) conductances for the CNT memories
at zero gate voltage. The gate dielectric is in (a) SiO; (300 nm), (b) Al,O;
(20nm), (c¢) HfO, (20nm), (d) HfO,-TiO,—HfO, (40-0.5-3nm) and (e)
HfO,-TiO,—HfO, (40-0.5—1 nm).

panel (c) which has a scan range of £2 V. It has been shown that for CNT FETs with hysteresis,
the threshold voltage value scales roughly linearly with the scan range for quite large voltage
ranges [10, 18]. Therefore we calculate the hysteresis gap and normalize it with the scan range
to include the samples with a differing scan range. The normalization also makes comparison
of the hysteresis gap distribution between different samples sets easier, as seen in figure 3.

The corresponding ON and OFF conductance values for the memory devices are displayed
in figure B.2. The ON and OFF values are taken at zero gate voltage, as appropriate for
nonvolatile memory readout. The last 12 samples in panel (a) and the last five samples in
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panel (b) have no shift in threshold voltage, and thus show the same conductance value for
both forward and reverse scan directions. The best memory devices have an ON/OFF ratio
of about four orders of magnitude, while some of the others have a value just above 1. We
would like to point out that in these cases the ON and OFF states were clearly separated and
reproducible in the data. The small ON/OFF ratios in some of the samples are caused by a
‘bad’ or highly conducting OFF state, which could be explained by these devices consisting
of either a small band gap CNT or a bundle of several CNTs instead of a single tube. But
for memory applications, a large ON/OFF ratio is of much smaller importance than having a
narrowly distributed hysteresis gap. We therefore also valued these samples and included them
in the study.

Appendix C. Mobility and subthreshold swing

For determining mobilities for our devices we first calculated the nanotube capacitances per
unit length with respect to the backgate given by Cy,/L ~ 2meey/In(2h/r), where r and L are
the nanotube radius and the length of the device, and /# and &, the thickness and the average
dielectric constant of the dielectric [27]. For the SiO, samples the calculated capacitances
were around Cypg/L ~ 0.33 pF cm~! and for the Al,O; samples Cpg/L ~ 1.1pF cm™'. In the
capacitance calculation, we used average dielectric constant values of 3.95 for thermally grown
Si0, and 7.5 for the ALD grown Al,O5 gate dielectric. For the ALD grown HfO,-based gate
dielectrics we used an g, value of 25 for all. The corresponding capacitances are Cypg/L ~
4.0pFcm™! for the HfO, (20 nm) samples and for the HfO,-TiO,-HfO, (40-0.5-3 nm) and
(40-0.5-1nm) samples Cpg/L ~3.2pFem™', and Cye/L ~ 3.7 pF cm™!, respectively. As most
of the calculated capacitances are close to the quantum capacitance of a carbon nanotube having
a value in the order of Cy/L = 4e*/mhvr ~4pFem™!, we need to take C, into account. Here
vp is the Fermi velocity. The Cy, and the Cy add inversely, so that the total capacitance is
C = (1/Cpy+1/Cq)" [36]. For devices having SiO, as a gate dielectric the contribution from
the gate capacitance clearly dominates over the quantum capacitance.

For calculating the mobility of our devices we used the so-called ‘field-effect mobility’ s,
which is often used to compare device properties. It is device specific and includes e.g. surface
effects, contact resistances, etc. The field-effect mobility of a SWCNT FET can be calculated

by [7]
_L* G
—C g

Purewal et al [37] reported electron mean free paths for semiconducting SWCNTSs ranging
from ~250 nm to ~800 nm at room temperature. The majority of our CNT devices have lengths
that fall between 70 nm and 600 nm, and are thus in the ballistic limit where the field-effect
mobility does not apply. We therefore calculated the mobility for our longest device of 2.5 um,
which has HfO,—TiO,—HfO, (40-0.5-1nm) as its gate dielectric. Using equation (C.1), we
extracted a value of 200 cm? V~'s~!, which corresponds well to previously reported mobilities
for similar devices [12, 13, 27, 38, 39].

We also calculated the subthreshold swing S, which is given by (d(logG) /dng)*l. We
found for our SWCNT FETs values as small as 100mV decade™', e.g. from the data shown in
figure 2(a). This is close to the theoretical limit of 60 mV decade™" [6].

Ute , where 1}, is the backgate voltage. (C.1)
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ABSTRACT

We demonstrate 100 ns write/erase speed of single-walled carbon nanotube field-effect transistor (SWCNT-FET) memory elements. With this
high operation speed, SWCNT-FET memory elements can compete with state of the art commercial Flash memories in this figure of merit. The
endurance of the memory elements is shown to exceed 10* cycles. The SWCNT-FETs have atomic layer deposited hafnium oxide as a gate
dielectric, and the devices are passivated by another hafnium oxide layer in order to reduce surface chemistry effects. We discuss a model
where the hafnium oxide has defect states situated above, but close in energy to, the band gap of the SWCNT. The fast and efficient charging
and discharging of these defects is a likely explanation for the observed operation speed of 100 ns which greatly exceeds the SWCNT-FET
memory speeds of 10 ms observed earlier for devices with conventional gate oxides.

In the past few years, there has been steady progress in
demonstrating electrical components made of carbon nano-
tubes, such as electron field emitters, switches, sensors, and
field-effect transistors.! Especially the performance of the
latter has shown great potential. The single-walled carbon
nanotube field-effect transistors (SWCNT-FETSs) have been
shown to be very fast, with transit frequency as high as 50
GHz,? and could theoretically approach a maximum value
of vi/2rL ~130 GHz/L (um).? The high sensitivity of CNT-
FETs have been also demonstrated by monitoring single-
electron tunneling events between a gold particle and a
nearby nanotube.* Since the first demonstration of an
electromechanical carbon nanotube memory,5 there have also
been reports of CNT-FETs showing memory effects.®!3
While the mobility of these devices is excellent (79000 cm?/
(V 8)),' the charge storage stability of at best 14 days!! for
CNT-FET memories leaves room for improvement. Another
key property for a high-performance nonvolatile memory is
the speed with which the write and erase operations are
executed. To date the operation frequency in CNT-FET
memories is reported to be in the order of 10 ms.”!* This
figure of merit needs to be improved before a SWCNT-FET
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memory can compete with conventional silicon-based memo-
ries with write and erase times of 100 us."

In this Letter we demonstrate a SWCNT-FET memory
having write and erase operations with 100 ns long pulses.
This operation speed is ~10° times higher than that previ-
ously reported in the literature for CNT-FET memories. Such
high speed is achieved by using hafnium oxide (HfO,) as
gate and passivation oxide. We also show results for
SWCNT-FET memory operation speed on more commonly
used silicon oxide (SiO,) gate dielectric for comparison.
Results on endurance under continuous operation and reten-
tion times are also shown. While we can conclude the surface
chemistry effects, mobile charges in the dielectric, and
defects in the CNT to have a minimal role in the observed
hysteresis, trapping of charges in the defects of the hafnium
oxide remains a plausible explanation. Band offsets are
calculated within a simple model to show that fast charging
and recharging of the hafnium oxide defects by charge
carriers from the CNT is likely.

The devices were built on a highly boron-doped Si wafer,
which also served as a backgate. Without removing the native
SiO; layer from the surface, an atomic layer deposition
(ALD) of HfO, was carried out on top of the wafer by Beneq
Oy (Vantaa, Finland), using a Beneq P400A ALD deposition
tool. Precursors used were hafnium tetrachloride (HfCl,) and
water at a deposition temperature of 300 °C. The thickness
of this layer, 197 & 10 A, and its refractive index of 2.05 +



0.01, were measured with Rudolph Research AutoEL III
ellipsometer having an excitation wavelength of 632.8 nm.
Then a matrix of alignment markers was deposited, using
e-beam lithography and metallization of Pd with an adhesion
layer of Ti. Commercial SWCNTs bought from NanoCyl
S.A. (Sambreville, Belgium) were suspended in 1,2-dichlo-
roethane by ultrasonication. A few droplets of the nanotube
suspension were deposited onto the sample, and the locations
of SWCNTs were precisely mapped in relation to the
alignment marker matrix, using an atomic force microscope
(AFM). Suitable CNTs were then contacted with Pd source
and drain electrodes through a second step of e-beam
lithography and subsequent metallization. The sample fab-
rication is described in detail in ref 16. The diameters of the
CNTs used in this study ranged from 1.2 to 1.5 nm and FET
channel lengths from 100 to 360 nm, which was determined
from AFM images. Finally, another ALD layer of HfO,,
having a nominal thickness of 20 nm, was deposited by
Beneq Oy on top of the devices using tetrakis(ethylmethy-
lamino)hafnium (TEMA-Hf) and water as precursors at a
process temperature of 100 °C. The fabricated devices are
illustrated together with grown ALD layers in Figure la.

An AFM image of a device taken before the second ALD
deposition with a schematic of the measurement setup is
shown in Figure 1b. The drain—source and gate—source
voltage bias was supplied by a computer-controlled home-
made voltage distribution box powered by batteries. A
drain—source bias of 10 mV was used for all the SWCNT-
FET measurements. The current response through the tube
was monitored while changing the voltage on the gate. The
backgate was operated in two different ways. The transfer
characteristics of SWCNT-FETs were measured while the
backgate was scanned from positive to negative voltages and
back. The high-speed memory operation was performed with
voltage pulses applied to the backgate by manually triggering
either a positive or negative voltage pulse from an Agilent
33250A 80 MHz function generator with a duration of 100
ns and an amplitude of 4 V. All measurements were carried
out at room temperature in an electrically shielded room.

The focus of this study is on the write/erase speed of
memory elements made out of SWCNT-FET operated with
a backgate, and we consider also other device parameters
such as operation endurance and retention time. A typical
example of transfer characteristics for such a memory is
presented in Figure 2. Here the threshold voltage where the
current response starts to rise attains a higher value for
reverse than forward sweep. This results in a highly
reproducible hysteresis loop that has different current
response (indicated as Iony and Iopr) at zero backgate voltage
depending on the sweep direction. We define these two states
as the ON and the OFF states of the memory device. In this
device, they are separated by more than 3 orders of
magnitude. In the inset of Figure 2, an /—V curve taken at
Vs = 0 in the OFF-state is shown.

Having a stable hysteresis loop with well-separated states
at zero gate voltage enables us to use this device as a memory
element. Similar devices have previously been studied with
different gate insulators, device geometries, and varying

644

Figure 1. (a) Side view of a SWCNT-FET having an ALD grown
HfO, gate and passivation layers together with drain (D) and source
(S) electrodes. The nominal thicknesses of both HfO, layers were
20 nm. (b) AFM image of a typical device where a SWCNT is
resting on a HfO, layer and connected with Pd source and drain
electrodes having a spacing of 140 nm. The measurement setup is
also schematically illustrated. The bias voltage is applied between
the drain and source electrodes and the gate voltage to the Si wafer,
acting as a backgate, while measuring the current response through
the CNT.

parameters.®~ '3 So far these SWCNT-FET memory elements
have been subjected to slow write and erase times, the fastest
being 10 ms.”!° The write pulse sent to the backgate is shown
in the inset of Figure 3. The ON and OFF states are separated
by more than 2 orders of magnitude and monitored for ~25
s before switching to the other state. This 100 ns operation
speed is at the moment limited by our measurement setup;
therefore the SWCNT device itself may allow even higher
speeds. As a comparison we also performed similar operation
speed measurements for SWCNT-FET memories having
more commonly used SiO; as a gate oxide shown in Figure
S1 in the Supporting Information. We found that with 1 ms
long pulses we can still operate the SiO, based memory but
with shorter pulses the ON and OFF states are no longer
distinguishable.

We also investigated how the fast memory devices perform
under continuous operation. The endurance of another device
(that also showed 100 ns operation speed) is presented in
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Figure 3. Memory operation of the SWCNT-FET. Writing and
erasing the memory was done with 100 ns pulsing to the gate, and
the state was recorded between the pulsing with Vs = 0 V. In the
inset is shown the write pulse for high current state.
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Figure 4. Memory operation endurance of a SWCNT-FET. Write
and erase cycles operated with 3 V and 10 ms pulses. The memory
can be operated for more than 18000 cycles before a failure. The
OFF state stays unchanged while the ON state is lowered by about
a decade before a failure of operation.

Figure 4, where 10 ms long write and erase pulses with an
amplitude of +3 V and rise and fall times of 3 us were used.
The state readout time was 0.5 s. The states stayed well
separated for more than 10* cycles, until after 18000 cycles
a failure of operation was observed and the device was
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Figure 5. Retention time for the ON and OFF states of a SWCNT-
FET memory device. The ON state has an exponential decay to
the OFF state with a retention time of about ~1.5 x 10* s. The
OFF state stays relatively unchanged throughout the measurement.

broken. For more detailed development of the states, a
histogram of more than 13000 cycles is presented in Figure
S2 in the Supporting Information. The pulse duration in this
endurance measurement is 100000 times longer (for reasons
explained in the Supporting Information) than the fastest
operation speed achieved. Compared to the 100 ns operation,
this adds an extra static stress on the gate oxide that is also
contributing to the aging of the device. In addition, breaking
of the nanotube is likely to be caused by the backgate
operation since due to large parasitic capacitances and small
rise and fall times of the pulses, a transient pulse is induced
in the source and drain electrodes. To ensure that this
transient response is not seen in our measurements, a 10 Hz
lowpass filter was placed between the SWCNT-FET and the
current amplifier. This response also sets the higher limit
for our readout speed and the readout needed to be done
below the lowpass filter‘s cutoff frequency of 10 Hz.
Previously, it has been demonstrated by others that the
SWCNT is capable of giving accurate readout response in
the gigahertz regime when gated with a local gate> which
could probably be attainable with SWCNT-FET memory
devices on HfO, having a top-gated device configuration.

To investigate the volatility of the memories, the retention
times of both ON and OFF states were recorded after the
hysteresis loop sweep shown in Figure 2. The OFF state does
not change remarkably during the measurement, as seen in
Figure 5. In contrast to the OFF state, the ON state has an
exponential decay, with fast relaxation in the beginning and
a slower tail, until it reaches the OFF state. Here we
considered the two states to be separated as long as they
differed by more than a factor of 10, and with this threshold
the retention time of the device was ~1.5 x 10* s (>4 h).
This relaxation time is not sufficient for a nonvolatile
memory element, but it could be improved by an additional
insulator layer as will be discussed below.

Finally, we discuss the origin of the extremely fast
operation speeds observed. The hysteresis in the transfer
characteristics of SWCNT-FETs has previously been ex-
plained by several different models. (1) Surface chemistry
effects, where for instance water molecules adhered to the
surface of the dielectric have been shown to give a large

645



Figure 6. Schematic energy band diagram for a Si/SiO./HfO,/CNT/HfO, gate stack containing defect states in the HfO, layers. (a) The flat band
condition without taking into account voltage drops within the dielectric. The CNT band gap is calculated for a 1.4 nm diameter tube. (b and c)
Band profile when writing with positive gate voltage. The electrons tunnel from the conduction and the valence band of CNT to the defect states
in HfO,. (d) Band profile with the stored electrons erased from the HfO, by applying a negative gate voltage. The band bending induced by the
gate operation in (b), (c) and (d) is omitted for clarity, and the diagram represents the positions of bands away from the interface.

contribution to the hysteresis for some CNT-FETs.!”"!? Our
studied devices have on top of the CNT a 20 nm passivation
layer of HfO, to reduce the surface chemistry effects to a
minimum. Also, screening of the applied gate voltage by
adsorbed water molecules is a relatively slow process and
already 500 us pulsing was shown to remove completely
the hysteresis induced by surface effects.?” In summary, the
passivation layer and the fast operation speed in our
experiments make significant contribution of surface effects
unlikely. (2) Mobile charges or ions that can be relocated
within the dielectric layer by modulating the gate voltage
are known from Si MOSFETS to cause retarded hysteresis.?!
Here we see advanced hysteresis, which indicates that this
mechanism is not the main reason for the memory effect.
(3) Charging centers like defects in the nanotube itself could
cause hysteresis when filled or emptied with the applied gate
voltage.”> >* However, using several different layer structures
of oxides as gate insulators, we have recently shown that
the amount of hysteresis in SWCNT-FETSs can be controlled
by the design of the gate dielectric.' That study thus indicates
that defects in the nanotube are a minor contributor in the
hysteresis. (4) Therefore, in the present case, the most likely
explanation remains a model where stationary charge traps
within the dielectric are dominating the hysteresis. An applied
gate voltage could fill these charge traps with charge carriers
moving in the CNT.

As high-« dielectrics are being introduced to increase the
physical thickness of the Si-MOSFET gate dielectric, a lot of
recent research has focused on studying charge trapping,
particularly in HfO,.? It has been shown that HfO, has fast,
significant charge trapping®® and thicker oxide layers exhibit
stronger charge trapping.?’-?® This indicates that the traps are
located at the bulk of the HfO,. The fast charge trapping
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and detrapping we observe could be due to charging and
discharging of pre-existing bulk defects since no defect
generation has been observed in measurements.”” On the
basis of their measurements, Kerber et al. suggested a defect
states model to explain the experimental data.?’ The model
is also supported by spectroscopic ellipsometry measure-
ments, where an additional absorption peak exists in the
range 0.7—1.2 eV below the bottom of the conduction band
of HfO,.** These states available within the band gap of HfO,
can function as electron traps.’® These defect states are
attributed to oxygen vacancies which have a large electron
affinity. 03!

To show that charge trapping in the HfO, defects is a likely
process in our case for the high-speed operation, we estimated
the band alignments for our devices; see Figure 6. The flat band
case for the Si/SiO»/HfO,/CNT/HfO, energy band diagram
together with the defect states in HfO, layers is depicted in
Figure 6a. We calculated the semiconductor band alignments
using the Schottky barrier theory presented in ref 32. The
oxides were considered as wide-band gap semiconductors
and their conduction band offsets determined by matching
the charge neutrality levels of each semiconductor, modified
by the Schottky pinning parameter. For the CNT, we took into
account that it is in contact with electrodes made of palladium
which has the work function of 5.12 eV. Note that we used the
values for intrinsic Si, although in our experiment the substrate
was p-type Si; the result for p-type Si would be modified only
slightly and, especially, does not affect the CNT—HfO, align-
ment which is the main point here. Also, for HfO, we used the
experimentally determined band gap of 5.7 eV,*® which is
slightly smaller than the theoretical band gap of 6 eV. The
location and width of the HfO, defect states are also taken
from the experiment in ref 30. The charge traps located above
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the CNT can be efficiently charged with positive gate bias
by electron tunneling from the conduction and valence bands
of the CNT as shown in panels b and ¢ of Figure 6, even for
rather small gate voltages. This corresponds to the write
sequence of the memory. During the erase sequence, depicted
in Figure 6d, the defect states can be discharged by tunneling
to the CNT. This model can also explain qualitatively the
observed short ON state retention time. When the memory
is programmed to ON state with a positive gate voltage, the
HfO, layer stores negative charge. As there is no additional
tunneling oxide between the CNT and trapped charges in
the HfO, layer, the electrons have only a small barrier to
cross in order to tunnel back to the CNT. The thermal energy
could assist this tunneling process. The retention time could
possibly be made longer by having a thin, large band gap,
and defect-free tunneling oxide between the CNT and HfO,
charge trap layer.

In summary, we have shown for the first time a high-speed
(100 ns) operation of charge trap SWCNT-FET memory
elements having ALD grown HfO, as a gate dielectric. The
results show that memory elements made out of SWCNT-FETSs
can compete with commercial Flash memories in this figure of
merit. The endurance of these memory elements is shown to
exceed 10* cycles. We can qualitatively explain our findings
within a charge trapping model where HfO, has defect states
situated above the CNT band gap in energy. The charge trapping
in HfO, is known to be fast and efficient and is likely to enable
the high operation speed of our devices, which is largely
exceeding the CNT-FET memory operation speeds reported so
far. The charge trapping model also suggests that the observed
retention time of ~1.5 x 10* s could be improved by adding a
thin, defect-free tunneling oxide to separate the CNT and the
charge traps. Note that the essential features of the model, and
therefore the origin of the fast memory operation, are not
dependent on detailed structure of the SWCNT: the key issues
are the defects in hafnium oxide as well as the existence and
suitable location of the CNT band gap in energy and the fact
that the CNT is a nanoscale, nearly ballistic conductor.
Therefore, the fast memory operation demonstrated here could
potentially be realized also using other carbon materials such
as CNT bundles or graphene with a band gap engineered by
layer structure or reduced dimension.
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High Speed Memory from Carbon Nanotube Field-Effect
Transistors with High-x Gate Dielectric
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Memory response of SWCNT-FETSs on SiO, to pulse-gating

As a reference for our high speed SWCNT-FET memory devices on HfOs, we also carried out investigation of
similar devices on SiOs. These devices were fabricated on thermally grown SiOs having thickness of about 300 nm.
The used SWCNTs were produced by arc-discharge and spin coated onto the wafer. The field-effect transistors were
then fabricated in the same manner as described in the manuscript. Results on memory operation speed for these
SWCNT-FETSs are shown in Figure S1. The device has an Ion/Iopr ratio (referred as ON/OFF ratio from now on)
of about 10 at Vgg = 0 V, as shown in the inset of Figure S1 a). The 1 s pulsing is writing well to these states but
already at 1 ms pulsing these states deviate distinctly from the original. As the pulse length is still lowered to 100
s the states cannot be anymore resolved as shown in Figure S1 b). The drain-source bias voltage was 10 mV and
the pulse amplitude was + 10 V in all the measurements done with SWCNT-FET memory devices having SiOs as

gate dielectric.
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Figure S1: Memory operation of the SWCNT-FET on SiO, with different pulsing speeds. a) Writing and erasing
the memory was done with 1 s pulsing (red) and with 1 ms pulsing (blue) to the gate, both having an amplitude of
+ 10 V. After a pulse the state was recorded with Vgg = 0 V. The timescale in 1 ms data is multiplied by three
to allow better comparison with 1 s data, which expands longer in time. In the inset is shown the hysteresis loop
for the same device with Vpg = 10 mV. The arrows mark the scan directions. The device has an ON/OFF ratio of
about 10 at Vgs = 0 V, which the 1 s pulsing is still keeping but when having 1 ms pulsing the ON/OFF ratio is
almost vanished. b) Trial of memory operation of the SWCNT-FET on SiO5 with 100 us pulsing speed and 4+ 10 V
amplitude. As seen from the graph the states are no longer resolved.
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Statistical distributions of the ON and OFF states in the endurance test

In the endurance test, 10 ms pulses were used for the following reasons. During the backgate operation, due to
parasitic capacitances and small rise and fall times of the pulses, a transient pulse is induced in the source and drain
electrodes. This transient response was filtered away by a 10 Hz lowpass filter. This response also sets the higher
limit for the readout speed and readout was done below the lowpass filters cutoff frequency of 10 Hz. This also
affected the choices for our pulse duration and readout time of a state in the endurance test. Since in our function
generator the pulse width and waiting period before the next pulse are related through a finite number of points in
an arbitrary wave function, for us to be able to get 0.5 s readout period we used 10 ms pulses in the endurance test.
When studying the fast memory operation, we obtained the 100 ns pulse width combined with a long readout time
by triggering the pulses manually, which was not feasible in the endurance test consisting of a large number (18 000)
pulses.

To represent the development of the memory endurance data we constructed a histogram containing more than
13 000 cycles shown in Figure S2. We considered the ON and OFF state plateaus in each cycle, and to show
single state with one value, we calculated averages from the ON and OFF states in each cycle. From this data we
constructed the histogram shown in Figure S2. Since the endurance data is logarithmic in nature, the bin intervals
in this histogram are also logarithmic. This way we can produce equal size bins in logarithmic Ipg scale and do not
distort the number of counts in each bin. In Figure S2 two distinct peaks are observed. These peaks correspond to
the ON-state (red) centered at 4.80 nA with a standard deviation of 4.47 and to the OFF-state (blue) centered at
0.14 nA with a standard deviation of 0.11. In between these two peaks is a valley which contains a few counts that

overlap with each other. These are indicated by purple bins around 1 nA and they occur as the device is aging.
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Figure S2: A histogram showing variation in the ON-state (red) and OFF-state (blue) when testing the endurance
of SWCNT-FET memory device. The ON-state is centered at 4.80 nA with a standard deviation of 4.47 and the
OFF-state is centered at 0.14 nA with a standard deviation of 0.11. In the valley between these two peaks bins that
contain counts from both states are shown in purple. These occur due to aging of the device.
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Abstract

We demonstrate controllable and gate-tunable negative differential resistance in carbon nanotube
field-effect transistors, at room temperature and at 4.2 K. This is achieved by effectively creating
quantum dots along the carbon nanotube channel by patterning of the underlying, high-x gate oxide.
The negative differential resistance feature can be modulated by both the gate and the drain-source
voltage, which leads to more than 20% change of the current peak-to-valley ratio. Our approach is
fully scalable and opens up a possibility for a new class of nanoscale electronic devices using negative

differential resistance in their operation.

The first demonstration of negative differential resis-
tance (NDR) was in a GaAs double barrier structure!.
Since then NDR has been observed in a variety of de-
vices all the way down to molecular scale?2. Recently,
there have been emerging carbon nanotube? (CNT) de-
vices that exhibit NDR in their electrical characteris-
tics due to many different phenomena, e.g. chemical
doping®, defects®, heterojunctions”, quantum dots be-
tween the metal contact and the CNT?®, and bundled
or multi-walled CNTs%19. So far the NDR in these de-
vices has been uncontrolled and not suitable for mass
production.

In this work, we observe reproducible negative differ-
ential resistance in carbon nanotube field-effect tran-
sistors (CNT-FETs) at room temperature and also at
4.2 K. We induce NDR to the CNT-FETSs by pattern-
ing the atomic layer deposited (ALD) gate oxide of the
device, resulting in strong charge trapping at specific
places within the gate oxide. With sufficient gate volt-
ages the charge trapping induces p-n junctions along
the channel of the CNT-FET. This shows up as NDR
in the vicinity of the CNT band gap. Further evidence
of this p-n junction confinement and band-to-band tun-
neling' in our devices is the bipolar behavior in the

TDepartment of Physics, Nanoscience Center, P.O. Box 35, 40014
University of Jyvaskyld, FINLAND

iDepartment of Applied Physics, P.O.Box 5100, 02015 Helsinki
University of Technology, FINLAND

*Corresponding authors. E-mail addresses: paivi.torma@hut.fi,
andreas.johansson@jyu.fi

transfer characteristics of all our CNT-FETs at room
temperature, as well as a specific quantum dot behav-
ior at 4.2 K. Our approach opens a possibility for a
new class of nanoscale electronic devices using NDR:
fast switching elements!?, nanoscale amplifiers 3, and
high frequency oscillators working well into the THz
domain.

A cross-section of our devices together with the pat-
terned profile of the grown ALD layers is illustrated in
Figure 1la. The devices were built on a highly boron-
doped Si wafer, which also served as a backgate. With-
out removing the native SiOs layer from the surface,
an ALD deposition of the first HfO5 layer was car-
ried out on top of the wafer by Beneq Oy (Vantaa,
Finland), using a Beneq P400A ALD deposition tool.
Precursors of hafnium tetrachloride (HfCly) and wa-
ter were used at a deposition temperature of 300°C.
The thickness of this layer, 20 £ 1 nm, and its refrac-
tive index of 2.05 £+ 0.01, was measured with Rudolph
Research AutoEL III ellipsometer with an excitation
wavelength of 632.8 nm. Next a matrix of alignment
markers of Pd (25 nm) with an adhesion layer of Ti
(5 nm) was deposited, using e-beam lithography and
metallization. Subsequently a second e-beam lithog-
raphy step was done to open squares in poly(methyl
methacrylate) (PMMA) with nominal dimensions of
150 x 150 nm. Then another ALD deposition together
with a lift off procedure was performed to produce more
than 20 000 ALD islands comprising of TiO; — HfOs,
having nominal thicknesses of 0.5 nm and 1 nm, re-



spectively. The total thickness of this oxide stack
is measured with AFM to be ~0.5 nm. Precursors
used were titanium tetrachloride (TiCly) and water for
TiOy growth and tetrakis(ethylmethylamino)hafnium
(TEMA-Hf) and water for HfO growth, both done at
a deposition temperature of 100°C. We use the pat-
terned, ALD grown, high-x gate oxide to influence the
local electrical properties of our transistors. An atomic
force microscope (AFM) image of the ALD structure
together with a cross shaped AFM marker is shown in
Figure 1b. In the dark grooves, there is only a layer
of HfO5 (20 nm) on top of the silicon wafer. Between
the lines, ALD islands (AI) comprising of TiOy — HfO4
(nominal thickness 0.5-1 nm) are grown.

A few droplets of nanotube suspension made in
1,2-dichloroethane by ultrasonication, containing com-
mercial single walled carbon nanotubes (SWCNTS)
bought from NanoCyl S.A. (Sambreville, Belgium), was
then deposited onto the sample. Using an atomic
force microscope, the locations of the CNTs were pre-
cisely mapped in relation to the alignment marker
matrix. Chosen CNTs were then contacted with Pd
(30 nm) drain (D) and source (S) electrodes through
a third e-beam lithography step and subsequent met-
alization. The FET channel lengths in this study were
400 £ 10 nm and the diameters of the CNTs ranged
from 1.3 — 3.4 nm, based on AFM images. An AFM
image of device D1 together with a schematic of the
measurement setup and the ALD islands is shown in
Figure 1c, where a SWCNT is connected with Pd elec-
trodes. The silicon wafer is used as a backgate for three
terminal operation. The drain-source and gate-source
voltage bias was supplied for all the measurements from
a home-made voltage distribution box powered by bat-
teries and computer-controlled via a data acquisition
card. The room temperature measurements were done
at ambient conditions as well as in vacuum for reduc-
ing surface chemistry effects, e.g. adsorbed water. Vac-
uum measurements were done in a home-made vacuum
chamber at a pressure of 1.3 x 1072 mbar. The lig-
uid helium measurements at 4.2 K were done with a
home-made dip-stick where the sample was situated in
a helium atmosphere of a few mbar, isolated from the
liquid helium. All measurements were carried out in an
electrically shielded room.

An earlier study found NDR in freely suspended nan-
otubes, and showed that it was induced at relatively
large bias voltages due to self-heating and increased
electron-phonon scattering™. This is not the case in
our devices, since the nanotube rests on and is ther-
malized by the substrate. A more likely cause for the
emergence of NDR is that a resonant tunneling level
enters into the drain-source bias window. This is il-
lustrated in detail in the form of a differential conduc-
tance plot in Figure 2a measured for device D2, at 4.2

ALD
layers

T Ve

Figure 1: Integrating patterned gate oxide with CNT-
FETs. (a) A schematic cross-section of our CNT-FETs
having ALD grown triple layer of HfO5 — TiOy — HfO9
with patterned upper two layers of TiOy — HfO5. The
nanotube is contacted with palladium (30 nm) drain
(D) and source (S) electrodes. (b) An AFM image to-
gether with a schematic of ALD grown TiOs — HfOs is-
lands. In the grooves highlighted with arrows, there is a
single layer of HfO5 (20 nm) and between these grooves
are additional layers of TiOs — HfO9 (0.5-1 nm) form-
ing squares of ~ 200 x 200 nm (called ALD islands in
the following). The width of the groove between the
islands is measured with AFM to be ~ 50 nm. Also an
AFM marker is visible in the image. (¢) An AFM im-
age of device D1 where a SWCNT is connected to drain
(D) and source (S) electrodes having channel length of
~ 400 nm. Also the measurement setup is schemati-
cally illustrated. Between the CNT and the gate we
have the ALD island structure. Scale bars are 200 nm.

K. The NDR is visible with both positive and negative
drain-source voltages as diagonal lines that occur after
a resonant level enters to the bias window, as high-
lighted with arrows. For positive drain-source bias we
observe strong NDR peaks related to two resonant lev-
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Figure 2: Negative differential resistance in gate-oxide designed CNT-FETs. (a) Differential conductance for device
D2 measured at 4.2 K. The NDR regions are shown with blue and indicated with arrows. NDR is visible at both
positive and negative drain-source bias voltages. At positive bias the NDR is related to two different resonant
tunneling levels. In the inset is shown a larger parameter space from the same device. The NDR occurs in the
vicinity of the CNTs band gap as indicated by arrows. (b) The development of the NDR related to the two resonant
levels. When sweeping the gate to more positive voltages, the NDR corresponding to the first resonant level increases
only slightly while the NDR related to the second localized level has a twenty-fold increase. Inset: Current vs voltage
curves for the device D1 measured at room temperature (red) and at 4.2 K (blue). Clear NDR peaks are visible for
both, situated at around -0.3 V at room temperature and around -0.18 V at 4.2 K. The peak to valley ratio is 1.38

for room temperature and 1.45 at 4.2 K. The gate voltage sweep direction was from negative to positive.

els. Also the charging of the gate oxide is visible in
the images as abrupt horizontal displacements of the
slopes while sweeping the gate voltage. The inset of
Figure 2a shows that the NDR emerges in the vicinity
of the band gap edge of the CNT. In Figure 2b, the first
NDR feature is increased only slightly while changing
the gate to more positive voltages, whereas the second
NDR feature has a twenty-fold increase. These results
show that the place of the NDR and more importantly
its magnitude are tunable with the gate voltage. More-
over, our approach to induce NDR to CNT-FETs is
fully scalable and the islands providing the effect can
be accurately positioned at any desired location on the
underlying wafer. In the inset of Figure 2b two typi-
cal current vs. drain-source voltage curves are shown,
measured on device D1 in 1.3 x 1072 mbar vacuum
at room temperature and at 4.2 K. Clear NDR peaks
are visible in both traces, situated at around -0.3 V
at room temperature and around -0.18 V at 4.2 K.
The difference between the peak and the valley cur-
rent is ~ 3.5 nA at room temperature and ~ 4 nA for
the same device measured in cold. In this study, we
measured three large-band-gap CNT-FETS, all show-
ing NDR. The phenomenon observed here is different
from multi-mode (multi-subband) effects observed in
refs. 1516 because multi-mode effects produce steps (or
plateaus) in Ip — Vpg and Ip — Vg characteristics, not
peaks and NDR as in Figure 2. The phenomenon is
rather related to band-to-band tunneling!!, where res-
onant tunneling from the valence into the conduction
band and vice versa enables the flow of current through

the device as described below.

We explain the observations by the formation of p-
n junctions in the middle of the CNT due to specific
and efficient charging of the ALD islands, effectively
forming quantum dots'” whose resonant tunneling lev-
els enable the NDR phenomenon'®. This is schemat-
ically illustrated in Figure 3. With zero gate voltage,
the ALD islands are neutral (Figure 3a), correspond-
ing to the flat band case. When the gate voltage is
increased, electrons from the CNT tunnel to the ALD
islands, making them charged (Figure 3b). The charge
stored within the islands screens the applied gate volt-
age. Thus, the sections of the CNT above these re-
gions, forming the CNT drain and source sections, see
a smaller electric field. On the other hand, the region
between the islands stays uncharged and in this region
the positive gate voltage can lower the bands in en-
ergy. When a sufficiently high voltage is applied to
the gate, the CNT band gap descends below the Fermi
level (Er) and forms an n-type quantum dot with dis-
crete electronic states. At a fixed gate voltage, with
increasing amplitude of the drain voltage, the current
increases at first, until a resonant tunneling level aligns
with the Fermi level and the current reaches a local
maximum. When further increasing the amplitude of
the drain voltage, the resonant level moves below the
Fermi level of the p-type CNT drain section and the
current drops, until the next resonant level enters to
the bias window. This is analogous to the negative
differential resistance observed in double barrier struc-
tures like GaAs quantum dots 1920, Similarly, we can



a Vo=0V

© Charge carrier

=aaaeasBand gapsssssss

Figure 3: Quantum dots defined by charging the ALD island structure. (a) The flat band case at zero gate voltage.
The Fermi level (Er) within the band gap of the CNT is aligned with the drain (D) and source (S) electrodes and the
ALD islands (AI) are neutral. (b) A positive gate voltage pulls electrons from the CNT to the ALD islands which
in turn screens the applied V. Between the islands, the oxide stays uncharged and the conductance band (Ec¢)
is pulled below the Fermi level. The resulting p-n junctions define a quantum dot with discrete electronic states.
When a resonant level is aligned with the Fermi level the charge carriers can flow. (c) The electrons are ejected
from the ALD islands by applying a negative gate voltage and the remaining positive charge screens the Vg above
these sections. Between these islands, the valence band (Ey) is pulled above the Fermi level and the resulting p-n

junctions form a quantum dot.

have a p-type quantum dot (Figure 3c).

In our earlier work?%?2, we have shown that ALD
grown nanometer thick gate oxides of high-x ma-
terials such as HfOs, and layer structures such as
HfO5 — TiOg — HfO5, are an efficient way to create
controllable charge trapping in CNT devices. To fur-
ther demonstrate that we have significant charge trap-
ping here, we will point out a few observations from
gate dependence measurements. We observe bipolar
transconductance curves (Figure 4) for all the devices
with the patterned gate oxide (ALD islands). This in-
dicates that both the valence and conduction bands
are contributing to the transconductance and makes
band-to-band tunneling plausible!!. The devices have
very steep subthreshold slopes, down to 89 mV/dec at
room temperature and 17 mV/dec at 4.2 K. While not
reaching below the thermal limit, which has been shown
possible when having band-to-band tunneling!!, these
values are well comparable with other studies where
band-to-band tunneling was attributed to highly per-
forming CNT transistors?3. On the other hand, the
apparent temperature behavior does not follow the the-
oretical prediction of almost flat response for band-to-
band tunneling''. But a straightforward application of
the theoretical prediction is not either expected, since
also temperature dependent charging within the dielec-
tric, which strongly affects the subthreshold slope, has
to be considered. In Figure 4b, the persistent advanced
hysteresis at low temperatures shows that we have in
these devices very strong charge trapping within the ox-
ide (for more discussion, see Supporting Information).
For comparison, we also measured reference samples
having uniform, non-patterned conventional SiOy and
an ALD grown triple layer of HfOy — TiOy — HfO5 as

their gate oxides (see Supporting Information). While
they showed similar results for hysteresis at room tem-
perature and the triple layer reference sample also at
4.2 K, the SiO5 reference sample did not show any hys-
teresis at 4.2 K. And most importantly, for both of these
reference samples without the ALD island structure, we
did not observe any NDR (see Supporting Information).

To quantitatively test how well the p-n junction and
quantum dot model can explain the observed NDR, we
estimate the expected energy level separation in the
quantum dots formed by the ALD islands. From the
AFM images shown in Figures 1b and ¢ we can esti-
mate the quantum dot size for D1 to be ~ 60 nm. In
the constant interaction model?*, the electrochemical
potentials of transitions between successive resonant
tunneling levels in a quantum dot are spaced by the
so-called addition energy F,qq = AE + FE¢ where E¢o
is the charging energy and AFE is the energy spacing
between two discrete quantum levels. For our system
we obtain a level splitting of AE ~ 14 meV and a
charging energy of Ec &~ 6 meV (see Supporting In-
formation), i.e. FEgqq ~ 20 meV. This estimation of
the addition energy fits remarkably well to our mea-
sured stability diagram for D1 in Figure 5, showing
characteristic Coulomb blockade. These values are also
significantly lower than the CNT subband separations
of several hundreds of meV based on our CNT diame-
ter range of 1.3 — 3.4 nm?2°, which is speaking against
the involvement of multi-mode effects. In addition, we
do not observe the tunneling barriers to tune to trans-
parency at any backgate voltage in any of the three
devices, as was shown in the case of quantum dot for-
mation by defects in CNTs26. Some of the diamonds
are abruptly cut, supporting the conclusion that we
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Figure 4: Hysteresis in the ALD island CNT-FETs.
(a) Transfer characteristics at room temperature with
Vps = 10 mV showing advanced hysteresis. The sub-
threshold slopes are for p-type ~89 mV/dec and for n-
type ~161 mV/dec. (b) Hysteresis at 4.2 K with Vpg
= 0.6 V. The relative hysteresis decreases by 80% com-
pared to the original room temperature hysteresis but
it still remains strong. The corresponding subthreshold
slopes are for p-type ~17 mV/dec and for n-type ~49
mV /dec.

have strong charging within the dielectric in these de-
vices.

In summary, we have presented a new technique
to induce negative differential resistance in carbon
nanotube field-effect transistors at room temperature.
By patterning the upper two layers of ALD grown
HfO5 — TiO4 — HfO4 triple layer gate oxide into sep-
arate islands, we can control the charging within the
gate oxide and induce NDR by forming a quantum
dot in the conduction channel of the CNT-FET. With
gate voltage we can control the magnitude and the
place where the NDR occurs in Vpg. The method is
fully scalable and can also be used to generate NDR
in other materials e.g. graphene ribbons and semi-
conducting nanowires. Our novel technique enables a
new class of low-cost nanoscale devices using NDR in
their operation. Theoretical predictions of oscillations
through CNT quantum dots with NDR suggest they
could reach tens of THz with output powers of several
uW?27. Both parameters supersede the intrinsic limi-
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Figure 5: Stability diagram of the npn quantum dot.
At 4.2 K, Coulomb blockade is visible in a series of dia-
monds and corresponds to a single electron charging of
a quantum dot of the size ~ 60 nm, having an addition
energy ~ 20 meV. The gate voltage sweep direction was
from negative to positive.

tations of state-of-the-art RTD oscillators made with
conventional semiconductor technology, with current
record of 712 GHz by an InAs/AlSb resonant-tunneling
diode with an output power of 0.3 pW?2829. While
our presented prototypes have resistance values that
limit the upper frequency to around 50 GHz, with a
by all means realistic reduction of the CNT to elec-
trode contact resistance to below 10 k2 and the NDR,
resistance to below 100 k€2, the THz mark would be
reached (see Supporting Information). It has also been
suggested that the output power of high frequency oscil-
lators could be increased into the mW range, by com-
bining several devices either in series3? or parallel?”
configuration, depending on how the signal is coupled
out. Our method of inducing NDR in CNT-FETs is
suitable for both configurations, in particular the series
integration which can be done along one single CNT,
and may provide a path to making the first continuous
wave oscillator that works well into the THz domain.
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sults on reference samples having either SiO; or
HfO; — TiOy — HfO4 triple layer gate oxide. Estima-
tion of the energy level separation in the quantum dots
together with estimations of the cutoff frequency and
the output power of NDR-based oscillators are given.
Also the controlled modulation of the NDR feature is
shown. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Room Temperature Negative Differential Resistance in
Carbon Nanotube Field-Effect Transistors with Novel Gate
Oxide Design
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I Department of Physics, Nanoscience Center, P.O. Box 35, 40014 University of Jyviskyld, FINLAND
2 Department of Applied Physics, P.O.Box 5100, 02015 Helsinki University of Technology, FINLAND

S1 Reference on HfO, — TiO,; — HfO, triple layer gate oxide

For further evidence that the engineered structures within the gate oxide are causing the negative differential re-
sistance (NDR) in our devices, we also measured reference devices on a continuous HfO5 — TiOg — HfO, gate ox-
ide, without the atomic layer deposition (ALD) island patterning. The devices were built similarly as the devices
having the ALD islands as a gate oxide. The triple layer gate oxide was grown on top of a highly boron-doped
Si wafer, without removing the native SiO2. The gate oxide deposition was carried out by Beneq Oy (Vantaa,
Finland), using a Beneq P400A ALD deposition tool. Precursors used for HfOs deposition were hafnium tetra-
chloride (HfCly) and water, and for TiOy deposition the precursors were titanium tetrachloride (TiCly) and wa-
ter. The triple layer gate oxide deposition temperature was 300°C and the layers had a nominal thickness of
HfO2(40 nm) — TiO2(0.5 nm) — HfO2(1 nm).

After the gate oxide deposition, a matrix of alignment markers of Pd(25 nm) with an adhesion layer of Ti(5 nm)
was deposited onto the sample, using an e-beam lithography and metalization. A nanotube suspension containing
commercial SWCNTSs bought from NanoCyl S.A. (Sambreville, Belgium) was made in 1,2-dichloroethane by ultra-
sonication and a few droplets of the suspension was deposited onto the sample. Using an atomic force microscope,
the locations of CNTs were precisely mapped in relation to the predefined alignment marker matrix. Chosen CNTs
were then contacted with Pd (30nm) drain (D) and source (S) electrodes through a second e-beam lithography step
and subsequent metalization. The sample fabrication is described in more detail in ref?.

We characterized the charge trapping in these triple ALD layer CNT-FETSs by measuring the transconductance
with forward and reverse gate sweeps2. Using the silicon wafer as a backgate, we sweep the gate voltage from
negative to positive voltages and back. This produced reproducible hysteresis loops shown for device RD1 in Figure
S1. Hysteresis loops were measured at room temperature (Figure Sla) and at 4.2 K (Figure S1b). These hysteresis
loops resemble the hysteresis loops of the ALD island samples. At room temperature (Figure Sla) the relative

hysteresis was 2.5 V/6 V. When measuring hysteresis at 4.2 K we used a higher (Vpg) voltage of 0.6 V to clearly

*Corresponding authors. E-mail addresses: paivi.torma@hut.fi, andreas.johansson@jyu.fi
LUniversity of Jyvaskyla
2Helsinki University of Technology
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Figure S1: Hysteresis in CNT-FETSs having ALD grown triple layer gate oxide. (a) Transfer characteristics measured
at room temperature with Vpg = 10 mV showing advanced hysteresis of a small band gap device RD1. (b) Hysteresis
at 4.2 K for the same device measured with Vpg = 0.6 V. The relative hysteresis decreases more than 80% compared

to the original room temperature hysteresis but it still remains strong.

see the hysteresis without any Coulomb blockade behavior visible in the measured traces. The triple ALD layer
CNT-FETs also displays strong advanced hysteresis at 4.2 K, with a relative hysteresis of 0.4 V/6 V, indicating that
the triple layer gate oxide exhibit pronounced injected charge trapping® (See section S3).

When searching for NDR, we performed the same measurements for these reference devices as for the ALD island
samples. The results at 4.2 K are shown in Figure S2 in the form of differential conductance plots. For RD1 (Figure
S2a), there is no wide band gap visible which is in agreement with the small ON/OFF ratio in of the transconductance
measurements in Figure S1. This demonstrates the small band gap nature of the CNT. For the device RD2 (Figure
S2b), the band gap gradually opens up at positive gate voltages, resulting in a completely closed structure for Vg > 2
V, illustrating the large band gap nature of the CNT. All together we measured three devices having the unpatterned
triple layer gate oxide and in these reference devices we did not see any evidence of negative differential resistance

(NDR).

S2 Reference on SiO, gate oxide

We measured also a reference device (RD3) having more commonly used SiOy as its gate oxide. The transfer
characteristics of the device with forward and reverse gate sweeps are shown in Figure S3. This device showed a
strong unipolar behavior at room temperature with a relative hysteresis of 7.9 V/20 V as shown in Figure S3a. When
taking the forward and reverse gate sweeps at 4.2 K, we do not see any hysteresis at all as shown in Figure S3b.
This indicates that the main contribution to hysteresis of RD3 at room temperature comes most likely from surface
effects*" e.g. water molecules adhered to the surface. At low temperatures these molecules are frozen and cannot

be efficiently polarized with the gate voltage and the hysteresis diminishes® (See section S3).
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Figure S2: Differential conductance plots measured at 4.2 K for RD1 and RD2. (a) No clear band gap is visible
for the device RD1, showing the small band gap nature of the CNT. (b) For the device RD2 band gap opens up at

positive gate voltages, illustrating the large band gap nature of the CNT. There was no evidence of NDR in these

devices.

We also measured a stability diagram for this device at 4.2 K as shown in Figure S4 in the form of a differential
conductance plot. For this device a wide band gap starts to open up already at negative voltages, completely closing
already at Vg = 0 V within our measured bias window. This illustrates the large bad gap of this CNT. Also in this

device there was no evidence of NDR.

S3 Origin of hysteresis in ALD island samples

In this chapter we will discuss the origin of hysteresis in our ALD island samples and the reference samples. We
observe bipolar transconductance curves for all the devices having the patterned gate oxide (ALD islands), as shown

for device D1 in Figure S5. The transfer characteristics at room temperature are shown in Figure Sha. The gate
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Figure S3: Hysteresis in CNT-FETSs having commonly used SiOs as a gate oxide. (a) Hysteresis measured at room
temperature with Vpg = 10 mV showing strong advanced hysteresis of a large band gap device RD3. (b) Transfer

characteristics at 4.2 K for the same device measured with Vpg = 0.6 V. The hysteresis vanishes completely at low

temperatures.

voltage is swept from negative to positive voltages and back, while the drain-source voltage (Vpg) is kept at 10 mV.
The threshold for current increase attains a higher value for reverse than forward sweep. This produces a highly
reproducible hysteresis loop with relative hysteresis of 2.5 V/6 V. A similar hysteresis loop measured at 4.2 K is
shown in Figure S5b. Again the current increases at higher gate voltage for reverse sweep. Here we used a higher
(Vpg) voltage of 0.6 V to clearly see the hysteresis without any Coulomb blockade behavior visible in the measured
traces. The produced hysteresis loop has a relative hysteresis of 0.5 V/6 V.

Previously, several different models have been presented for explaining hysteresis in CNT-FETs. (1) Especially,
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Figure S4: Stability diagram measured at 4.2 K for RD3. A large band gap opens already at negative gate voltages.

There was no evidence of NDR in this device.
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Figure S5: Hysteresis in the ALD island CNT-FETs. (a) Transfer characteristics at room temperature with Vpg
= 10 mV showing advanced hysteresis. (b) Hysteresis at 4.2 K with Vpg = 0.6 V. The relative hysteresis decreases

by 80% compared to the original room temperature hysteresis but it still remains signifigant.

in the case of CNT-FETs having SiO, as a gate dielectric® !, mobile charges or ions within the dielectric can be
relocated by altering the gate voltage and as a result they modify the local electric field sensed by the CNT. This is
known from Si-MOSFETS to cause retarded hysteresis'2. Here we see in all our devices advanced hysteresis, which
indicates that this is not the main reason for the hysteresis. Also the fact that hysteresis is still present at 4.2 K when
having ALD grown gate dielectric rules out mobile charge carriers within the insulator as the main contributors to the
hysteresis. (2) Surface chemistry effects, where for instance water molecules adhered to the surface of the dielectric,
have been shown to play an important role in some CNT-FETs*7. On the other hand, J. S. Lee et al. have shown
that surface bound water at 56 K did not significantly change the hysteresis of CNT-FETs having SiO, as their gate
dielectric. This also indicates that at low temperatures these molecules are frozen and cannot be efficiently polarized
with the gate voltage®. (3) Defects in the nanotube itself could behave as charging centers. When filled or emptied
in response to the gate modulation, these centers could cause hysteresis >71°. In a recent study we have shown that
using tripple layer ALD HfO, — TiO5 — HfO5 we can control the amount of hysteresis in CNT-FETs2. That study
thus indicates that defects in the nanotube and the surface chemistry effects are minor contributors to the hysteresis
in our case.(4) From the persistent advanced hysteresis at room temperature and at 4.2 K, and from our earlier
studies with the triple layer ALD of HfOs — TiOy — HfOs, it can be concluded that the dominant mechanism behind
the hysteresis in the CNT FETs with the patterned layered high-x dielectric structure is due to tunneling of charge
carriers from the nanotube to stationary charge traps induced by the TiO5 middle layer at a narrowly calibrated

distance from the CNT.



S4 Estimation of the expected energy level separation in the quantum

dots formed by the ALD islands

To quantitatively test the p-n junction confined quantum dot model we use to explain the observed NDR, we estimate
the expected energy level separation in the CNT quantum dots induced by the ALD islands. From the AFM images
shown in Figures 1b and ¢ we can estimate the quantum dot size. Taking into account a small angle of the CNT
(~ 30°) in respect to the groove between the ALD islands and the ~ 50 nm width of the groove, we can estimate
the size of our CNT quantum dot induced by the ALD islands for D1 to be ~ 60 nm. In the constant interaction
model'®, the electrochemical potentials of transitions between successive resonant tunneling levels in a quantum
dot are spaced by the so-called addition energy E,qq = AFE + Ec where E¢ is the charging energy and AF is the
energy spacing between two discrete quantum levels. The level splitting in a simple particle-in-a-box picture is given
by AE = hvg /4L, where v is the Fermi velocity (8.1 x 10° m/s), h is Planck’s constant, and L is the quantum

confinement length. For the ~ 60 nm quantum dot we obtain a level splitting of AE =~ 14 meV.
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Figure S6: Stability diagram of the npn quantum dot. At 4.2 K, Coulomb blockade is visible in a series of diamonds
and corresponds to a single electron charging of a quantum dot of the size ~ 60 nm, having an addition energy ~ 20

meV.

The charging energy is given by Ec = ¢?/Cg, where e is the electron charge and C is the electrical capacitance
of the quantum dot. Here Cg is the sum of three capacitances, Cr = Csource + Carain + Cgate- The gate capacitance
for a CNT is given by Cgate = 2meeoL/In(2h/r), where €¢ is the permittivity constant, r is the nanotube radius, L is
the quantum confinement length and h and ¢ are the thickness and the average dielectric constant of the dielectric!”
Taking the HfO5 dielectric constant of 25, and the thickness of 21 nm with the tube radius of 0.7 nm determined
with AFM for D1, we can calculate the gate capacitance for the dot to be Cyqre =~ 20 aF. Using this, the electrical

capacitance for the quantum dot can be extracted by measuring the ground-state lines forming the Coulomb diamonds



in the stability diagram shown in Figure S6, with the positive and negative slopes given by Cyate/(Cr — Csource)
and —Cyate/Csource. This yields Csoyrce = 2 aF, Cgrain =~ 3 aF and Cp =~ 25 aF. For the charging energy this gives
Ec =~ 6 meV, so the total addition energy would be E,qq = AE 4+ E¢ =~ 20 meV. This estimation of the addition
energy fits remarkably well to our measured stability diagram in Figure S6 for D1, showing characteristic Coulomb
blockade.

These measurements strongly support our model of creating negative differential resistance in CNT-FETs by
strong charge trapping in specific places due to designed structures within the gate dielectric, namely the patterning
of ALD grown HfOy — TiOy — HfO5 oxide. Although we have strong hysteresis in the reference devices at ambient
conditions and also at 4.2 K in the case of HfOy — TiOy — HfO5 triple layer gate oxide, we do not see any NDR
in the measurements. This indicates that the spatially inhomogeneous electric field caused by the charges trapped

within the ALD islands results in band to band tunneling and p-n junction confined quantum dot behavior.

S5 Controlled modulation of the NDR feature

The characteristics of the NDR features are modified by both gate voltage and drain-source voltage, as can be
seen in Figure 2c for two different cases (referred here to as NDR 1 and NDR 2). Both show the same qualitative
behavior while the modulation is smaller for the NDR feature appearing at lower drain-source voltage (NDR 1). The
modulation can be quantified by extracting the peak and valley positions of both current and drain-source voltage as
a function of gate voltage. In Figure S7a, the peak and valley drain-source voltage values shift linearly versus gate
voltage while maintaining a constant spacing between themselves. This correlates well with the described quantum
dot model, for which an external electric field shifts level positions within the dot. The two NDR features could likely
be due to two consecutive levels within the dot, considering the roughly 60 mV separation between the two. The
peak and valley current responses have on the other hand a non-linear dependence on gate voltage with a strongly
varying spacing, as seen in Figure S7b. This leads to more than 20% change of the current peak-to-valley ratio. It
may be understood as modulation of the transmission coefficient for transport through the dot by a shift of the dot
resonant, tunneling levels, tuning of the tunneling barriers and the modulation of the Fermi level. All of these affect

to the peak-to-valley ratio and give a direct tuning of the NDR, see Figure S7c.

S6 Estimation of the cutoff frequency and the output power of NDR-

based CNT oscillators

One can estimate the ultimate frequency of oscillation that a device of length L could provide by calculating the
ideal average passage time of electrons through the channel, i.e. 7 ~ L/vr, where vg is the Fermi velocity '®. In the
previous section S4, we extracted the value of the level spacing of the quantum dot, AE = hvp/(4L) ~ 14 meV.

Using the value given by this to L/vp, we end up with the frequency 1/7 ~ 10 THz. This simple estimate indicates
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Figure S7: Modulation of NDR characteristics for two NDR features (NDR 1 and NDR 2) in Figure 2b. (a) Drain-
source voltage peak and valley values versus gate voltage. Peak and valley values shift linearly with gate voltage
but retain a constant spacing between themselves. (b) Current peak and valley values versus gate voltage. The
difference between peak and valley current is strongly dependent on the gate voltage. (c) NDR versus gate voltage.
The magnitude of NDR can be tuned by the gate voltage, and exceeds here more than one order of magnitude for

the 2nd NDR feature. All data are taken from NDR features in Fig. 2b.

that extremely high frequencies should be possible if the device is optimized, that is, has very low contact resistances.
For our present non-optimized device we can use the estimate for the cutoff frequency given in'®. One possible way
to couple the potential THz oscillation frequency to propagating waves is by using a bowtie antenna formed with

the source and drain electrodes. This gives a condition for having oscillations in a device utilizing NDR of 1?

Rnpr < —(Rc + Ra), (1)

where Rypr is the negative resistance of the NDR feature, Rc is the contact resistance and Ry is the radiation
resistance of the bowtie antenna. From Figure S5 we determined the contact resistance of ~ 100 k€2 in our devices.
The negative resistance ranges between —60 M to — 4 M as shown in Figure S7. Using these values together with

the radiation resistance of 80 219, the relation for oscillations in Equation 1 is satisfied for our device. Assuming



that the inductance of the element is negligible, the cutoff frequency for these oscillations is™®

P G ) 2)
Re = 27 Cot Rc+ Ry '

where C;,; is the total capacitance and G is total conductance of the CNT quantum dot oscillator. There are two
—1
independent parts contributing to the total capacitance Co = (CLE + c%) , where Cg is the quantum capacitance

and Cg is the electrical capacitance of the quantum dot calculated in

and has a value in the order of 1016 M%QO

section S4. This gives for our ~ 60 nm CNT quantum dot a quantum capacitance value of Cgy~ 6 aF and the total
capacitance of Ci,y = 5 aF. For the Gypgr we used a value of (—4 MQ)~!. Using these values, the maximum cutoff
frequency for our current device is fre ~ 50 GHz.

In order to reach a maximum cutoff frequency above 1 THz, it would be sufficient to reduce R¢c below 10 k2 and
Rypr below 100 kQ. The former is often observed and may be achieved by a post-process annealing step?'. The
latter may a require that also the quantum dot size is reduced, which is easily done with this technique. A smaller
quantum dot has a larger level spacing, which is likely to suppress the tunneling probability in the valley region and
can enhance the NDR current peak-to-valley ratio. Furthermore, a strength of the method is that the device can be
optimized through tuning of the gate induced electrostatic doping of the CNT, which modifies the resistance of the

CNT drain and source sections as well as the tunneling barriers surrounding the quantum dot.
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