Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

Nanoscale

ARTICLE

Nanoscale

RSCPublishing

Exploration of yttria film as gate dielectric in sub-
S50nm carbon nanotube field-effect transistors

Cite this: DOI: 10.1039/X0XxX00000X

Li Ding,” Zhiyong Zhang,”

Received ooth January 2012,
Accepted ooth January 2012

" Jun Su,” Qunqing Li¢ and Lian-Mao Peng® "

Thin yttria film is statistically investigated for use as gate dielectric in carbon nanotube
(CNT) field-effect transistors (FETs) with gate length scaled down to sub 50 nm. The yttria

film is shown to provide omega-shape-gate dielectric with low interface trap density, which
leads to excellent gate control ability and thus a low average subthreshold swing (SS) of 74
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mV/decade for both long and short CNTFETs and small drain-induced-barrier-lowering. It is

also demonstrated that the performance of CNTFETs increases with decreasing temperature,
showing an excellent SS of 22 mV/decade at liquid-nitrogen temperature. Furthermore a
method is developed to retrieve interface trap density in CNTFETs, and a low interface trap
density of 5.2 X 106 cm™1 is achieved, indicating high electric quality of the yttria film.

Introduction

Field-effect-transistor (FET), a device that uses an electric field
to control the conductivity of a semiconductor channel, is the
most important and widely used electric device for modern
integrated circuits (ICs). A high-performance FET must be
provided with excellent semiconducting channel materials,
ideal ohmic source/drain contacts, and high-quality gate
dielectric, and none of the above is dispensable. As the
mainstream  FET  device, silicon-based  metal-oxide-
semiconductor (MOS) FET has been developed for more than
50 years according to the famous ‘“Moore’s Law”, and will
encounter its limit both scientifically and technologically in the
near future.""? Carbon nanotube (CNT) is considered as one of
the most promising candidate material for replacing silicon as
channel material for constructing next generation high-
performance FET, mainly owing to its unique structural,
mechanical, chemical, and in particular electric properties,
including ultra-thin body, high carrier mobility and high
saturation velocity.>® Since the first FET was built on CNT in
1998,” CNT-based FETs have been developed for over fifteen
years, and great advances have been made on developing high
performance CNTFETs, circuits and systems.*'" In particular,
ideal ohmic contacts have been realized in CNTFETs through
adopting Sc'? and Y' for n-type and Pd* for p-type contacts,
leading to a contact resistance that approaches quantum limit.
Moreover high-k dielectrics such as HfO,, ZrO,, and Al,0;
have been explored for using as gate dielectrics to enhance gate
efficiency of CNTFETs, and high trans-conductance and low
sub-threshold swing (SS) have been achieved in both n- and p-
type FETs for relatively long gate length (larger than 100 nm)
devices.'"*** However, these conventional high-k dielectrics are
not suitable for CNT to provide the highest gate efficiency.
Experimentally almost all top-gated CNTFETs with short gate
length (smaller than 50 nm) show degraded SS of larger than 80
mV/decade.?'*® Sub-threshold swing is important because it is
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the key parameter for describing the turn-off speed of a FET. In
general the smaller the SS is, the smaller the off-state current at
a fixed supply voltage and thus reduced power dissipation.
Recently CNT-based FETs have been scaled down to sub-10
nm and shown to exhibit much better on-state current than
silicon MOS FETs, while suffered little degradation of SS.
However, these sub-10nm CNTFETs were fabricated using a
back-gate device geometry,’*? and by doing so the difficult job
of growing ultra-thin high-k top-gate dielectric was avoided.

To fabricate high performance top-gate CNTFETs which are
more suitable for constructing large scale ICs, ultra-thin
dielectric layer should be fabricated on CNT to ensure efficient
gate control on the channel. However dielectric layer of thinner
than 8 nm cannot be readily grown on CNT via conventional
methods, e.g. atomic layer deposition (ALD).?® This is because
usual high—k dielectric layer cannot nucleate on perfect CNT
without defects, and thick dielectric layer is usually grown from
SiO, substrate to bury CNTs. On the other hand it is highly
desirable to have an ultra-thin high-quality gate dielectric to
provide the needed efficient control on small CNTFETs with
gate length less than 50 nm. Lanthanum oxide was recently
demonstrated as a good gate dielectric for CNTFETs owing to
its high-k and low interface trap density.?’ But the method was
demonstrated only for back-gate CNTFETs and the material is
integrated with CNT devices using molecular beam
epitaxy/chemical beam epitaxy (MBE/CBE). In an earlier paper
we demonstrated that yttria (Y,03) film is a perfect top-gate
dielectric for carbon based electronics mainly owing to its good
wetting with sp2 carbon skeleton.”® CNTFETs with Y, 03 gate
dielectric exhibited perfect switching off characteristic, and in
particular SS was pushed down to its room temperature limit of
60 mV/decade for a long channel device. Although it was
predicted that Y,03 film will remain competent as gate
dielectric for sub-10 nm carbon FETs,” experimentally sub-50
nm top-gated CNTFETs with SS below 80 mV/decade at room
temperature has never been demonstrated. This paper aims to
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present a statistical and systematical study on Y, 03 film as top-
gate dielectric layer in CNTFETs with gate length scalded
down to sub 50 nm regime.

Results and discussion

The device structure we used in this work and electric
characteristics for some typical long and short channel
CNTFETSs are shown in Fig. 1. All these devices used a 6 nm
Y,03 film as gate dielectric, and a typical scanning electron
microscopy (SEM) image showing a short channel device is
presented in Fig. 1(b), where the channel length is about 122
nm and gate length is 48 nm. The measured electric
characteristics of this short channel FET are shown in Fig. 1(c)
and 1(d) respectively, exhibiting high-performance n-type field-
effect property owing to adopting Sc as the contact to CNTs.'""
'2 As a comparison, long gate length (about 1.5 um) CNTFETs
were fabricated and measured, and typical device
characteristics are shown in Fig. S1 in the Electronic
Supplementary Information (ESI). The short gate FET (Fig.
1(b)) shows excellent SS, about 65 mV/decade, approaching the
theoretical limit of 60mV/decade at room temperature. In
addition, almost no drain-induced-barrier-lowering (DIBL) is
observed for the same device, indicating that source and drain
electric field have little effect on gate electrical field to the
channel. Combination of small SS and negligible DIBL
indicates that short channel effect can be avoided for small
CNTFETs with gate length scaled down to 50 nm, since the
gate electrode on the Y, 03 film can provide enough controlling
ability on the CNT channel.

While the switching off properties of a FET are important and
can be characterized by SS and DIBL, its turning on
characteristics are equally important since they reflect the speed
and driving ability of the transistor. Long gate CNTFETs
typically have large saturation current of more than 6 pA and
peak trans-conductance (gy,) of 14 uS at bias of 1 V [see Fig.
S1(b) in the ESI], while for short gate FETs the saturation
current increases further up to more than 12 pA and gy,
increases up to 17 puS at V43 = 0.5V (Fig. 1(d)). The increase
in saturation current and trans-conductance is direct
consequences of scaling down the transistor. Furthermore, the
on-state performance of the CNTFET can be further improved
if a self-aligned gate structure is used to fabricate the short gate
FETs.

We now consider further electric characterization of Y, 03 gate
dielectric in CNTFETs, including leakage current and
hysteresis. Typically less than 10 pA leakage current and as
small as 80 mV hysteresis was found for those CNTFETs as
shown in the ESI as Fig. S2 and S3. It is thus concluded that
through adopting Y, 03 film as gate dielectric in CNTFET, we
can take the full advantage of device dimension scaling while
suffering little short channel effects, such as SS degradation and
increased DIBL.

An ideal gate dielectric shall enable a consistent yield of low
SS in devices,”” which in turn reflects the quality and
uniformity of the dielectric layer and the interface between
dielectric layer and CNT. To test this consistency, we
fabricated and measured numerous CNTFETs including 10
devices with short gate length and 19 devices with long gate
length, and transfer characteristics of these short and long gate
length CNTFETSs are respectively plotted in Fig. 1(e) and 1(f).
Although the 19 long gate devices were fabricated using
different CNTs on different regions of the silicon wafer, the
results show little variation on SS (from 62 to 82 mV/decade).
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The average SS value is as low as 74 mV/decade, which is
nearly equal to that of the best back-gated CNTFETs with
lanthanum oxide as gate dielectric.”” The threshold voltage (V;)
variation is around 0.38 V owing to the fluctuations of CNT
diameter and environment for different CNTFETs on the Si
wafer. For the 10 short channel devices with gate length of
about 50 nm, the SS varies from 64 to 88 mV/decade, and the
average SS value is also 74 mV/decade. Statistical analysis
reveals no SS degradation as the gate length is shrunk from 1.5
pum to 50 nm, i.e. these devices are hardly affected by the short
channel effects down to sub-50nm regime. Compared with long
channel result, V; variation is around 0.5 V for the short gate
length devices, which is a little larger (about 120 mV) than that
of long gate length devices.

By definition, low SS means low off-state current for a given
bias. Off-state current is an important parameter for a FET in
low power circuits design because it determines static power
dissipation of integrated circuits.’® Ideally a FET should have
low off state current and thus low static power dissipation, and
high on state current for high speed and driving ability. To
evaluate our CNTFETs, two typical CNTFETs (with long and
short gate length respectively) were examined at Vgo = 0.5 V.
Transfer characteristics of the two devices are shown in Fig.
2(a), in which the long gate device with Ly = 1.5 um shows a
SS of 65 mV/decade while the short gate device with L, =
56 nm shows a SS of 75 mV/decade. From these transfer
characteristics, on- and off-state currents may be extracted
using the standard method®' as shown in Fig. 2(b). A blue box
with a width Vg4 (= 0.5 V) is first defined around the threshold
voltage of the device Vi, extending 1/3 Vg5 to lower and
2/3 Vg5 to higher voltage. This box intercepts the transfer
characteristics (which are aligned to Vi), and the left and right
intercepts are respectively Iogr and Iy, . The Iy, /Iog ratio is
respectively 1.8 pA/4.7 nA (383) for the long device and 7.6
HA/14 nA (543) for the short device. This increased current
on/off ratio is a direct consequence of more rapidly increased
on-state current than off-state current for this short CNTFET,
given the condition that SS of the device is not significantly
degraded. To obtain a statistic picture, on- and off-state currents
values for 10 short gate devices are presented in Fig. 2(c), and
those for 16 long gate devices are presented in Fig. 2(d). For
long gate devices, I, vary from 0.4 pA to 3.5 pA, and ¢ vary
from 0.6 nA to 55 nA. For short gate devices, [,, vary from
2.9 pA to 8.0 pA, and I ¢ vary from 14 nA to 314 nA. Although
Io¢r increases in short gate devices comparing to long gate
device, the current on/off ratio remains at about several hundred
which is similar to that of long gate devices (see Fig. S4 in the
ESI). Benefitting from scaling of FET, the distribution of I,y
values of short devices is obviously narrower than that of long
gate devices since the sub 50 nm devices are beginning to be
dominated by ballistic transport and be immune to effects from
channel scatterings.

To compare the performance of the CNTFETs with Y,03 as
gate dielectric to Si MOS FETs and CNTFETs fabricated using
other gate dielectrics with comparable gate lengths, we use two
key popular metrics, i.e. SS and intrinsic gate delay, to
benchmark the switching-off and turning-on properties of our
short gate CNTFETs. Shown in Fig. 3 are SS of various kinds
of short channel FETs with Ly < 120 nm. For gate length of
about 100 nm, the CNTFETs with Y, 03 as gate dielectric show
similar SS to the planar silicon FETs. As gate length scales
down to 50 nm, SS of planar Si FETSs is degraded to beyond 80
mV/decade owing to the short channel effects, while SS of our
CNTFETs does not increase significantly. Excitingly SS of our
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CNTFETs is as good as (or even better than) that of the
conventional semiconductor based FETs with well-designed
gates such as Fin-gate, Tri-gate and gate-all-around, and we
attribute this excellent performance to the combination of the
ultra-thin body of CNTs and high gate efficiency of the high-
quality Y, 03 gate dielectric used in this work. Compared with
other published sub-50 nm CNTFETS,*?"* our devices
obviously exhibit lower SS owing to higher gate control ability
of Y, 03 dielectric layer and lower trap density at the Y,03/CNT
interface. It is obvious from Fig. 3(a) that almost all FETs
suffer the degradation of SS as scaling the gate length down to
sub 100 nm, while our CNTFETs with Y,03 as gate dielectric
show no visible tendency of SS degradation down to 45 nm.
The intrinsic gate delay of our CNTFETs is calculated using the
method, which is also used in Ref. [13, 15, 16, 32], proposed in
Ref. 31, and results are plotted in Fig. 3(b) together with that of
previously reported n-type FETs.'® *> The gate delay values of
our CNTFETs are systematically smaller than that of Si n-FETs
with the same gate length. Obviously the use of Y, 053 allows the
gate delay of n-type CNTFETs to be scaled down with gate
length according to the scaling track of our previous work,'® *?
and the best gate delay of n-type CNTFET is further pushed
down to 0.41 ps in one device with gate length of about 45 nm.
The excellent gate delay of our n-type CNTFET is originated
from the use of excellent n-type ohmic contact, high-quality
Y,03 gate dielectric, the nature of quasi-ballistic transport in
short channel CNTFETs and the very high Fermi velocity of
CNT.?

The transmission electron microscopy (TEM) image shown in
Fig. 3(c) reveals a cross section of the gate stack used in our
devices. The CNT is seen to have been fully covered by a thin
yttria film, which forms an excellent Q gate stack around the
CNT. Above yttria, metal Pt was deposited to protect the device
from being damaged during focused ion beam (FIB) cutting of
the device in preparing electron beam transparent sample for
TEM examinations. Two important observations may be made
from the TEM image which may have remarkable influences on
device performance. First, the yttria layer wets very well with
the CNT, which results from the excellent wetting behavior of
metal Y and CNT. As a direct result, the yttria layer uniformly
wraps around the CNT to form a perfect Q gate, which may
yield excellent electrostatic gate control on CNT channel and
high gate efficiency.>® Second, the yttria layer has clearly a
continuous polycrystalline structure where no large defects
such as pin-holes are observed. The high crystallinity indicates
that the structure quality of the yttria film is high, and this is
further confirmed by the XPS results shown in Fig. 3(d). The
Y:O element ratios at various depths in the yttria film are
extracted from XPS results (for details, see Fig. S5 in the ESI).
For an ideal yttria film the Y:O ratio is 0.667, which is seen to
be almost the case for most of the 6nm thick film, except at the
interface with SiO, substrate where little intermixing may have
occurred leading to a slightly higher O ratio to Y at the
interface.

An excellent gate dielectric for a FET shall not only lead to
large gate capacitance, small leakage current, but also low
interface trap density. The interface traps may result in
hysteresis in transfer characteristic of the FET, and induce SS
degradation. Therefore interface trap density is an important
parameter for charactering the gate dielectric, and should be
retrieved from experimental results reliably. For a FET, SS is
given by

— dVg
S8 = d(loglas)

ey

=m-1n(10) -k?T,
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where k is the Boltzmann constant, T is the temperature, q is
the charge of an electron, and m is usually referred to as an
ideality factor.” ** According to Eq. (1), SS of a device is
proportional to temperature T, meaning that CNTFETs shall
exhibit better switching-off behavior at low temperature.
Measurements are thus conducted at various temperatures on a
typical short gate CNTFET with Ly = 50 nm and results are
presented in Fig. 4. Shown in Fig. 4(a) are transfer
characteristics of the device measured at room temperature
(300K) and liquid nitrogen temperature (77K) at Vg = 0.1 V.
It is obvious that the transistor exhibits much better
performance at lower temperature, i.e. larger on-state current
and lower off-state current. In particular SS is reduced from 80
mV/decade at 300K to 24 mV/decade at 77K. The increased
on-state current at lower temperature is mainly owing to the
frozen of phonon scatterings, while the perfect linear I4-Vy;
relation at low bias in Fig. 4(b) demonstrates that the perfect
ohmic contact to the CNT used in the device can at least retain
to temperature as low as T =77 K.

As depicted in Fig. 4(c), for a CNTFET, interface traps are
usually located at the interface between CNT and gate dielectric
layer. Interface trap states usually lay within CNT band gap and
may exchange charges with CNT quickly.” ** In addition to
interface trap charges, fixed oxide charges, ionic mobile
charges and oxide trap charges may also exist and locate near
the interface or inside the oxide layer. In principle all kinds of
charges near the CNT channel could affect device performance,
e.g. on SS, but those interface trap charges near the interface
dominate since the electrostatic interaction decays rapidly with
distance. To a good approximation, the factor m in Eq. (1) may
be expressed as,!> 172027

m=1+" 2)

where Cyy represents oxide capacitance and C;; represents that
due to interface traps. In a CNTFET, oxide dielectric
capacitance Cyy can be calculated to be 2.16 pF/pum using the
relation

Cox = 2mer€n/In(2tox /1), (3

where €, is relative dielectric constant of Y,03 (about 10),%° toy
is thickness of Y,03 layer (about 6 nm), and the radius of the
CNT r is about 1 nm. Cj; may be readily extracted from SS
values of the device measured at different temperatures once
the oxide capacitance C,y is known accurately. Indeed, several
groups had obtained interface trap density by using this direct
method.'” 2% 27 This direct method assumes, however, that SS
value is 0 mV/decade at 0 K, which is not true for real devices.
This is because measurement errors and precision limit induced
by instruments and wiring may result in deviation of actual SS
from its ideal value. We note that this systematic deviation is
not dependent on the sample temperature since all measurement
instruments are kept at room temperature. In order to account
for this systematic error, here we propose an improved method
to obtain interface trap density through fitting the temperature
dependent SS values.

A representative CNTFET was measured at 77 K, 170 K and
290 K respectively, and the temperature dependent SS of the
CNTFET is plotted in Fig. 4(d), showing a good linear
dependence on temperature. The fitted slope of SS-T data set is
0.27 4+ 0.031, which is in turn used to retrieve the ideality
factor of Eq. (1) to yield m = 1.39 and Cij; = 0.39C,x= 0.84
pF/um. The capacitance associated with interface trap states is
defined as interface trap charges divided by surface potential,
i.e. Ciy = Qjt/ps, where the surface potential g is the potential
applied by gate voltage at the interface between CNT and Y,05.
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Interface trap charges Qj; is defined as Qj; = qNj¢, with Nj¢
being the interface trap density. We may thus obtain interface
trap density from interface trap capacitance to obtain Ny =
5.2 X 10° cm™! at s = 1V. This and relevant quantities are
summarized in Table 1, and compared with three other group’s
results. It is worth mentioning that the interface trap density
found in our transistors is much smaller than that of reported
CNTFETs with other gate dielectrics made of thermal oxidation
process' " ** and even MBE/CBE process.”” The low interface
trap density indicates that our Y, 03 film as dielectric layer is of
very high quality, and the combination of low interface trap
density and large C,y ensures excellent SS for CNTFETs
integrated with Y, 03 gate dielectric.

Experimental

The CNTs used in this work were directionally grown on a
silicon substrate, and semiconducting single-walled CNTs were
identified via field-effect measurements using the substrate as
the back gate. Three steps process is employed for fabricating
CNTFETs using Y,03 as top-gate dielectric. Large test pads
were first developed via electron beam lithography (EBL)
process, and a bi-layer metal Ti(5nm)/Au(35nm) were
deposited on silicon wafer via electron beam evaporation
(EBE). A subsequent standard lift-off was carried out to form
test pad. A 3 nm thick layer of Y which is 99.9% purity and
purchased from Grirem Advanced Materials Co.,Ltd. was then
deposited at 1 A/s rate through electron beam evaporator with
vacuum higher than 5e-8 Torr. After thermal oxidization on hot
plate at 240 °C in air, Y, 03 film of 6nm was formed. The last
step involves fabricating gate and source/drain electrodes
through EBL and EBE. Usually gate electrode was metal layers
of 5 nm / 70 nm thick Ti / Au (or Pd) while source / drain
contact metal was 70 nm Sc for n-type FET. It should be noted
that the Sc film was evaporated under an ultrahigh base vacuum
of up to 5 X 1078 Torr to form high-performance n-type ohmic
contacts to the CNT.'? All electric measurements were carried
out by probe station. The temperature properties of devices
were tested on probe station in air, while low temperature
measurement were carried on low temperature probe station
(Lakeshore TTP-4) in vacuum varying from room temperature
to liquid nitrogen temperature. A Keithley 4200 semiconductor
analyzer and an Agilent 4156 semiconductor analyzer were
used in DC transport measurements.

Conclusions

We fabricate tog-gated sub-50 nm CNTFETs using completely
oxidized high-quality Y,0; as gate dielectric which forms
continuous polycrystalline structure without any large defects.
Provided with omega-shape-gate geometry and low interface
trap density, Y,03 film showed excellent gate control ability for
CNTFETs. In particular for both long-gate and short-gate
CNTFETs with sub-50nm gate length, a low average SS of 74
mV/decade is achieved, and small DIBL is observed. The
performance of the CNTFETs is shown to increase with
decreasing temperature, and excellent SS down to 22
mV/decade is obtained at liquid-nitrogen temperature.
Furthermore a method based on variable temperature
measurement data is developed to retrieve interface trap density
in CNTFETs with yttria as the gate dielectric, and relatively
low interface trap density (about 5.2 X 10® cm™1! at 1 V surface
potential) is achieved.
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Figure 1. Electric characteristics of some typical CNT FETs with Y, 05 film as gate dielectric. (a) Device structure
and (b) SEM image showing a real device with a gate length ~ 50 nm. (c) Transfer characteristics of the device shown
in (b) and its (d) output characteristics. (¢) Transfer characteristics of 10 short channel devices with L;~50 nm and

Vas = 0.1 V. (f) Transfer characteristics of 19 long channel devices with Ly~1.5 um and Vs = 0.1 V.
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Figure 2. On- and off-state current extraction for CNT FETs with Y, 03 gate dielectric. (a) Transfer characteristics of
a typical long gate and a typical short gate CNT FETs at V;5 = 0.5 V. (b) On- and off-state current extraction. (c)
On- and off-state current data extracted from 10 short gate devices of Fig. 1(e). (d) On- and off-state current data

extracte

d from 16 long gate devices of Fig. 1(f).
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Figure 3. Performance comparison between CNT FETs and Si devices. The data for Si devices is taken from Ref.
[31], F-BG, F-TG, J 2013 and J 2004 are respectively taken from Ref. [25, 21, 23, 22] and Zhang’s is taken from
Ref. [16, 32]. (a) SS and (b) intrinsic gate delay versus gate length. (c) Typical cross-sectional TEM image
showing a CNT device with yttria as gate dielectric. Scale bar denotes 10 nm. Inset at upright corner is an
enlarged region of yttria marked by the white square in the image. (d) Atomic ratio of Y to O extracted from XPS
results measured at three different depth (0, 2 and 6 nm) from the yttria film surface.
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Figure 4. Low temperature measurements of CNT FETs with Y, 05 as gate dielectric layer. (a) Transfer

characteristics of one device measured at room temperature (black curve) and 77 K (red curve), at V;; = 0.1 V. (b)
Output characteristics of the device as (a) measured at 77K. (c¢) Schematic diagram depicting interface traps in top-
gated CNT FETs. (d) Experimental and fitted SS values from room temperature to 77 K.

Table 1. Comparison of some typical gate dielectrics used in CNTFETs

IBM [17] SiO, Thermal oxidation 3.9 12.2 * * *
Purdue [20] Si0O, Thermal oxidation 3.9 16 0.18 2.72 18
Lanthanum
IBM [27] . MBE/CBE 27 1.22 6.2 1.35 8.4
oxide
This work Y,0; Thermal oxidation 10 1.39 2.16 0.84 5.2
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