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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 the underlying, high-k 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.
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he first demonstration of negative
T differential resistance (NDR) in an

electronic device was made during
the 1970s in a GaAs double barrier struc-
ture.! Since then NDR has been observed
in a variety of devices” all the way down to
molecular scale.>* There is a great interest
for NDR in decreasingly smaller devices, mo-
tivated by the desire to reach high device
integration densities. Another driving force
is the fact that the capacitance of the NDR
element is proportional to its size, which if
it is too large restricts the accessible device
characteristics. Recently, there have been
emerging carbon nanotube® (CNT) devices
that exhibit NDR in their electrical character-
istics due to many different phenomena,
for example, chemical doping,® defects,”
heterojunctions,® quantum dots between
the metal contact and the CNT,® and
bundled or multiwalled CNTs."®"" While
these observations give hope that CNTs can
be used as NDR components in future elec-
tronics, so far the appearance of NDR in
CNT devices has been uncontrolled and not
suitable for mass production. In this work,
we show a method for controlled and re-
producible induction of NDR in a CNT field-
effect transistor (FET) by patterning the un-
derlying high-k gate dielectric. The
patterning creates local areas with signifi-
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cant charge trapping within the dielectric
as the gate voltage is varied. The accumu-
lated charges in the oxide modulate the ef-
fective electric field sensed by the nanotube
and create reproducible electric field varia-
tions on the nanometer scale. We use the
modulated electric field to induce an
n—p—n or p—n—p structure along the
nanotube. The patterning here is done with
the dielectric materials TiO, and HfO,, both
of which are considered by the semicon-
ducting industry as interesting materials for
the future. Our approach opens a possibil-
ity for a new class of nanoscale electronic
devices using NDR: fast switching ele-
ments,'? nanoscale amplifiers,'® and high
frequency oscillators'* which operate well
into the THz domain.

RESULTS AND DISCUSSION

We observe reproducible negative dif-
ferential resistance in three individual CNT-
FETs with a device structure as depicted in
Figure 1. The CNT-FETs consist of single-
walled CNTs contacted at their ends by
drain and source electrodes of Pd, and
gated by the underlying Si substrate. The
gate oxide is made by atomic layer deposi-
tion (ALD) of high-« oxides which are pat-
terned to influence the local electronic
properties of our transistors. A cross-section
of our devices together with the patterned
profile of the grown ALD layers is illustrated
in Figure 1a. An atomic force microscope
(AFM) image of the ALD structure together
with a cross shaped AFM marker is also
shown in Figure 1b. In the dark grooves,
there is only a single layer of HfO, (20 nm)
on top of the silicon wafer. Between the
lines, ALD islands of TiO,—HfO, (with nomi-
nal thicknesses of 0.5—1 nm) are grown.
An AFM image of one of the CNT-FET de-
vices (D1) together with a schematic of the
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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 thermalized 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 illustrated in detail in
the form of a differential conductance plot in Fig-
ure 2a measured for device D2, at 4.2 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
highlighted with arrows. For positive drain-source
bias we observe strong NDR peaks related to two
resonant levels. Also the charging of the gate ox-
ide is visible in the images as abrupt horizontal dis-
placements 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 posi-
tive voltages, whereas the second NDR feature
has a 20-fold increase. These results show that the

Figure 1. Integrating patterned gate oxide with CNT-FETs. (a) A
schematic cross-section of our CNT-FETs having ALD grown triple
layer of HfO,—TiO,—HfO, with patterned upper two layers of
TiO,—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 TiO,—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 TiO,—HfO,
(0.5—1 nm) forming squares of ca. 200 nm X 200 nm (called ALD
islands in the following). The width of the groove between the is-
lands is measured with AFM to be ~50 nm. Also an AFM marker
is visible in the image. (c) An AFM image of device D1 where a
SWCNT is connected to drain (D) and source (S) electrodes hav-
ing channel length of ~400 nm. Also the measurement setup is
schematically illustrated. Between the CNT and the gate we have

place of the NDR and more importantly its magni-
tude are tunable with the gate voltage (for more
discussion, see Supporting Information). 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 loca-
tion on the underlying wafer.

The inset of Figure 2b shows two typical current
vs drain—source voltage curves, both measured on
device D1in 1.3 X 1072 mbar vacuum at room tem-
perature and at 4.2 K. Clear NDR peaks are visible in

the ALD island structure. Scale bars are 200 nm.

measurement setup and the ALD islands is shown in
Figure 1c.

The purpose of patterning the ALD-grown gate ox-
ide is to create controlled charge trapping at specific
places within the gate oxide.'> With sufficient gate volt-
ages the patterned charge trapping induces p—n junc-
tions along the channel of the CNT-FET. The p—n junc-
tions can be used to create well-defined quantum dots
along the CNT. A quantum dot that is properly gated in
relation to its semiconducting contact leads may dis-
play band-to-band tunneling'® accompanied by NDR
as the drain-source bias is swept across discrete levels
within the dot. We find that in our devices, NDR appears
for gate voltages in the vicinity of the CNT band gap,
which is in good agreement with having band-to-band
tunneling. Further evidence of p—n junction confine-
ment in our devices is found in the bipolar behavior in
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both traces, situated at around —0.3 V at room tem-

perature and around —0.18 V at 4.2 K. The differ-
ence between 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 had in total three
large-band gap CNT-FETs with good transistor character-
istics. All of them show clear and reproducible NDR. While
the sample pool is small, the consistency points toward a
high yield for creating NDR in semiconducting CNTs with
our patterned gate oxide method. The phenomenon ob-
served here is different from multimode (multisubband)
effects observed in refs 18 and 19 because multimode ef-
fects produce steps (or plateaus) in Ip—Vps and Ip—Vg
characteristics, not peaks and NDR as in Figure 2. The phe-
nomenon is rather related to band-to-band tunneling,'®
where resonant tunneling from the valence into the con-
duction band and vice versa enables the flow of current
through the device as described below.
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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 param-
eter 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 20-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, situ-

ated 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.

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 in the CNT?® whose resonant
tunneling levels enable the NDR phenomenon.?" This
is schematically illustrated in Figure 3. With zero gate
voltage, the ALD islands are neutral (Figure 3a), corre-
sponding 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 regions,
forming the CNT drain and source sections, see a
smaller electric field. On the other hand, the region be-
tween 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 (Ef) and forms an n-type quantum dot
with discrete electronic states. At a fixed gate volt-
age, with increasing amplitude of the drain voltage,
the current increases at first, until a resonant tunnel-
ing level aligns with the Fermi level and the current

V,=0V b
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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. If the gate
voltage would subsequently be lowered from a high
value, the accumulated charge on the ALD islands
will remain largely unaffected, until the gate polar-
ity has changed and reached some threshold value
at which the tunneling of electrons is driven the op-
posite way. So when the gate voltage is made more
negative, the electrons stored in the ALD islands feel
this negative potential and tunnel out from the is-
lands, leaving the islands positively charged.?? The
islands will then stay positively charged until a suffi-
ciently large positive gate voltage will aid electrons
to tunnel back. This makes overscreening possible
and the ends of the CNT become n-type although
the backgate voltage is still negative. As in the case
of forming an n-type quantum dot, the region be-
tween the islands stays uncharged, and in this re-
gion the negative gate voltage can hoist the bands
in energy forming a p-type quantum dot (Figure 3c).

V, <0V

Figure 3. Quantum dots defined by charging the ALD island structure. (a) The flat band case at zero gate voltage. The Fermi level
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(E¢) within the band gap of the CNT is aligned with the drain (D) and source (S) electrodes and the ALD islands are neutral. (b) A posi-
tive gate voltage pulls electrons from the CNT to the ALD islands which in turn screens the applied V. Between the islands, the ox-
ide 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. (c) The elec-
trons 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 (Ey) is pulled above the Fermi level and the resulting p—n junctions form
a quantum dot.
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Figure 4. Hysteresis and ambipolar behavior of CNTs on
ALD islands compared to CNTs on SiO,. (a) Transfer charac-
teristics at room temperature with Vps = 10 mV showing ad-
vanced hysteresis. The subthreshold slopes are for p-type
~89 mV/dec and for n-type ~161 mV/dec. Repeated -V
scans are shown in Supporting Information. In the inset is
shown hysteresis in a CNT-FET having commonly used SiO,
as a gate oxide (for more discussion, see Supporting Infor-
mation). (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 corre-
sponding subthreshold slopes are for p-type ~17 mV/dec
and for n-type ~49 mV/dec. Repeated /—V; scans are shown
in Supporting Information. In the inset is shown hysteresis
in a CNT-FET having commonly used SiO, as a gate oxide (for
more discussion, see Supporting Information).

The sample geometry and NDR mechanism is analo-
gous to the negative differential resistance observed in
double barrier structures like GaAs quantum dots.' 324
The formation of n—p—n or p—n—p junctions in CNTs
can in a similar way be achieved through the use of lo-
cally placed gates in addition to the large gate formed
by the substrate. The local gates can either be buried in
the substrate dielectric beneath the CNT?>2° or placed
on top of the CNT with a suitable dielectric layer in
between.?®”2# While NDR has been observed for such
devices,? the reproducibility and scalability is more lim-
ited due to additional processing steps and the need
to leave space for the gate interconnects. This kind of
sample has so far mainly been used to study aspects
other than NDR, such as CNT-FET operation limits,?® in-
teraction between quantum dots,>”2° and quantum ca-
pacitance.?®

In our earlier wor we showed that ALD grown
nanometer thick gate oxides of high-k materials such
as HfO,, and layer structures such as HfO,—TiO,—HfO,,
are an efficient way to create controllable charge trap-
ping in CNT devices. To further demonstrate that we
have significant charge trapping here, we will point out
a few observations from gate dependence measure-
ments. We observe bipolar transconductance curves
(Figure 4) for all the devices with the patterned gate ox-
ide (ALD islands). This indicates that both the valence
and conduction bands are contributing to the transcon-
ductance and make band-to-band tunneling plau-

k,1 5,30
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sible.’® Control experiments with SiO, backgated CNT-
FETs do not show bipolar transconductance (Figure
4a,b,insets). 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 com-
parable with other studies where band-to-band tunnel-
ing was attributed to highly performing CNT transis-
tors.?® There is a variation of the subthreshold slope
with temperature, which is not expected for a pure
band-to-band tunneling scenario."® But the tempera-
ture dependence of the subthreshold slope may as well
come from the temperature dependent charging within
the dielectric, which visibly changes the hysteresis in
Figure 4. The persistent advanced hysteresis at low tem-
peratures in Figure 4b shows that we have in these de-
vices very strong charge trapping within the oxide (for
more discussion, see Supporting Information). The
smaller hysteresis at low temperatures is consistent
with a smaller amount of charging. That in turn gives a
less efficient screening of the gate, resulting in a steeper
subthreshold slope. Here we would like to emphasize
that the charge trapping is a stationary state in the ALD
islands, induced by the gate voltage in a preparatory
step in the negative differential resistance measure-
ment, and it does not participate in the (possibly
ultrafast) dynamics driven by the drain—source volt-
age. The charges are not dynamically moving in the
steady state but can be preserved in the gate oxide for
hours.'>3° Thus, the high frequency characteristics of
the devices are not affected by the charge trapping. For
comparison, we also measured reference samples hav-
ing uniform, nonpatterned conventional SiO, and an
ALD grown triple layer of HfO,—TiO,—HfO, as their gate
oxides (see Supporting Information). While they
showed similar results for hysteresis at room tempera-
ture (inset of Figure 4a) and the triple layer reference
sample also at 4.2 K, the SiO, reference sample did not
show any hysteresis at 4.2 K (inset of Figure 4b). 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 separa-
tion in the quantum dots formed by the ALD islands.
From the AFM images shown in Figure 1b,c we can es-
timate 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 E,qq = AE + Ec where Ec is the
charging energy and AE 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 Information); that is,
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Figure 5. Stability diagram of the n-p-n quantum dot. At 4.2 K,
Coulomb blockade is visible in a series of diamonds and corre-
sponds 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.

E.qq = 20 meV. This estimation of the addition energy
fits remarkably well to our measured 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 diameter range of 1.3—3.4 nm,*?
which speaks against the involvement of multimode ef-
fects. In addition, we do not observe the tunneling bar-
riers to tune to transparency at any backgate voltage in
any of the three devices, as was shown in the case of
quantum dot formation by defects in CNTs.>* Some of
the diamonds are abruptly cut, supporting the conclu-
sion that we have strong charging within the dielectric
in these devices.

CONCLUSIONS

We have presented a new technique to induce
negative differential resistance in carbon nanotube
field-effect transistors at room temperature. By pattern-
ing the upper two layers of ALD grown
HfO,—TiO,—HfO, triple layer gate oxide into separate
islands, we can control the charging within the gate ox-
ide 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 Vps. The advantages of our method over
the introduction of quantum dots with more commonly
used local gates are as follows: (1) Our method is fully
scalable, since the islands providing the screening effect

MATERIALS AND METHODS

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 ALD deposition of the first HfO,
layer was carried out on top of the wafer by Beneq Oy (Vantaa,
Finland), using a Beneq P400A ALD deposition tool. Precursors of
hafnium tetrachloride (HfCl;) and water were used at a deposi-
tion temperature of 300 °C. The thickness of this layer, 20 = 1
nm, and its refractive index of 2.05 = 0.01, was measured with
a Rudolph Research AutoEL Il ellipsometer with an excitation
wavelength of 632.8 nm. Next a matrix of alignment markers of
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can be accurately positioned at any desired location
on the underlying wafer. (2) When a quantum dot is al-
ready induced to the conduction channel of the CNT,
using charging of the ALD islands, there is no need to
use gate voltages to sustain the situation, which is not
the case in a device with metallic local gates. (3) Also the
accurate placement of the CNT is not needed in our ap-
proach, since the CNTs can be positioned freely any-
where on the ALD islands.

Our method can also be used to generate NDR in
other materials such as graphene or nanowires. The es-
sential requirement here for semiconducting channel
material is to have a suitable size band gap which forms
the tunneling barriers in the quantum dot, induced by
the screening of the gate voltage with the ALD islands
in the source and drain sections of the channel material.
Suitable materials include, for example, graphene nano-
ribbons and silicon 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 terahertz (THz) with output powers of several micro-
watts (WW).'* Both parameters supersede the intrinsic
limitations 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 wW.2*3> 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-electrode con-
tact resistance to below 10 k() and the NDR resistance
to below 100 k(), the terahertz mark would be reached
(see Supporting Information). It has also been sug-
gested that the output power of high frequency oscilla-
tors could be increased into the milliwatt range, by
combining several devices either in series®® or paral-
lel'* 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 se-
ries integration which can be done along one single
CNT, and may provide a path to making the first con-
tinuous wave oscillator that works well into the tera-
hertz domain.

Pd (25 nm) with an adhesion layer of Ti (5 nm) was deposited, us-
ing e-beam lithography and metallization. Subsequently a sec-
ond e-beam lithography step was done to open squares in the
poly(methyl methacrylate) (PMMA) with nominal dimensions of
150 nm X 150 nm. Here also optical lithography or nanoimprint
lithography could be used. Then another ALD deposition to-
gether with a lift-off procedure was performed to produce more
than 20 000 ALD islands comprising TiO,—HfO,, having nominal
thicknesses of 0.5 and 1 nm, respectively. The total thickness of
this oxide stack is measured with AFM to be ~0.5 nm. The
heights of the ALD islands are smaller than the radius of the stud-
ied tubes which makes it unlikely to induce any suspended sec-
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tion in the CNTs.>” 39 Precursors used were titanium tetrachlo-
ride (TiCl;) and water for TiO, growth and
tetrakis(ethylmethylamino)hafnium (TEMA-Hf) and water for
HfO, growth, both done at a deposition temperature of 100 °C.
These ALD grown oxides were chosen due to the specific charge
trapping within the oxide stack,'® ease of patterning of the ox-
ides, and high control of the properties of the oxides with the
ALD process.*%4!

A few droplets of nanotube suspension made in 1,2-
dichloroethane by ultrasonication, containing commercial
single-walled carbon nanotubes (SWCNTs) bought from Nano-
Cyl S.A. (Sambreville, Belgium), was then deposited onto the
sample. The locations of the CNTs were precisely mapped in re-
lation with the alignment marker matrix using an atomic force
microscope in the tapping mode, which does not deform the
CNTs. Chosen CNTs were then contacted with drain (D) and
source (S) electrodes of Pd (30 nm) through a third e-beam li-
thography step and subsequent metallization. On the basis of
AFM images, the FET channel lengths in this study were 400 +
10 nm and the diameters of the individual CNTs ranged from 1.3
to 3.4 nm, corresponding to single nanotubes rather than
bundles. (See Supporting Information for the diameter depen-
dence of NDR.) 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 homemade
voltage distribution box powered by batteries and computer-
controlled via a data acquisition card. The room temperature
measurements were done at ambient conditions as well as in
vacuum for reducing surface chemistry effects such as adsorbed
water. Vacuum measurements were done in a homemade
vacuum chamber at a pressure of 1.3 X 1072 mbar. The liquid he-
lium measurements at 4.2 K were done with a homemade 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.
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