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ingle-walled carbon nanotubes offer

extraordinary electrical properties' >

such as high intrinsic carrier mobility
and current-carrying capacity and have al-
ready been used extensively to demon-
strate ballistic and high mobility
transistors®~® and integrated logic circuits
such as inverters and ring-oscillators.*~'3
Thin-films of single-walled carbon nano-
tubes which possess extraordinary conduc-
tivity, transparency, and flexibility have
been achieved using either solution-based
filtration or chemical vapor deposition
(CVD) methods.' %' Compared with other
popular channel material for thin-film tran-
sistors (TFTs), such as amorphous
silicon??~?* or organic materials,>~ 2% nano-
tube thin-films have the advantages of
room-temperature processing compatibil-
ity, transparency, and flexibility, as well as
high device performance. Recently, CVD-
grown nanotube thin-films have been used
to demonstrate TFTs with outstanding elec-
trical properties, and significant advance
has been made toward flexible devices and
integrated circuits.'®'%?" Nevertheless, the
mainstream nanotube TFT approach men-
tioned above shares one drawback which is
the coexistence of both metallic and semi-
conducting nanotubes with approximate
33% nanotubes being metallic. For elec-
tronic applications, the problem of the co-
existence of metallic and semiconducting
nanotubes can be solved by using presepa-
rated nanotubes with high purity semicon-
ducting nanotubes.?>3° Based on the sepa-
rated nanotubes, TFTs have been
demonstrated by the IBM research group
using an evaporation self-assembly
method?' and our group using the solution-
based aminosilane-assisted wafer-scale
separated nanotube deposition tech-
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ABSTRACT Macroelectronic integrated circuits are widely used in applications such as flat panel display and
transparent electronics, as well as flexible and stretchable electronics. However, the challenge is to find the
channel material that can simultaneously offer low temperature processing, high mobility, transparency, and
flexibility. Here in this paper, we report the application of high-performance separated nanotube thin-film
transistors for macroelectronic integrated circuits. We have systematically investigated the performance of thin-
film transistors using separated nanotubes with 95% and 98% semiconducting nanotubes, and high mobility
transistors have been achieved. In addition, we observed that while 95% semiconducting nanotubes are ideal for
applications requiring high mobility (up to 67 cm? V=" s~") such as analog and radio frequency applications, 98%
semiconducting nanotubes are ideal for applications requiring high on/off ratios (> 10* with channel length down
to 4 um). Furthermore, integrated logic gates such as inverter, NAND, and NOR have been designed and
demonstrated using 98% semiconducting nanotube devices with individual gating, and symmetric input/output
behavior is achieved, which is crucial for the cascading of multiple stages of logic blocks and larger scale
integration. Our approach can serve as the critical foundation for future nanotube-based thin-film

macroelectronics.
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nique. In those previous reports, high per-
formance separated nanotube thin-film
transistors (SN-TFTs) have been demon-
strated which exhibit on/off ratio of more
than 10% on-current density up to 10 wA/
wm, and mobility up to 50 cm? V' s, In
spite of the significant progress, many inter-
esting issues remain to be studied. For ex-
ample, what are the key factors affecting
the SN-TFT performance? Is there any trade-
off in terms of device performance when us-
ing separated semiconducting nanotubes
of different purities? Can we assemble the
SN-TFTs for integrated circuit applications?
To answer the above-mentioned ques-
tions, we report our recent advance on the
application of high-performance SN-TFTs
for macroelectronic integrated circuits. Our
work includes the following essential com-
ponents. (1) We have measured SN-TFTs
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with various channel lengths and widths, systemati-
cally compared the key performance metrics such as
on-current density, on/off ratio, transconductance, and
mobility of devices using separated nanotubes with
95% and 98% semiconducting nanotubes. From the
comparison, we have observed that while 95% semi-
conducting nanotubes are ideal for applications requir-
ing high mobility (up to 67 cm? V™' s7") such as ana-
log and radio frequency applications, 98%
semiconducting nanotubes are ideal for applications re-
quiring high on/off ratio (>10* with channel length
down to 4 wm). This trade-off between the mobility
and on/off ratio can serve as the guidance for SN-TFT
device optimization for integrated circuit applications.
(2) Integrated inverter design using SN-TFTs has been
systematically investigated. Studies find that due to the
highly uniform nature of our SN-TFTs, the integrated in-
verters can be readily designed using the conventional
silicon field-effect transistor circuit design theory. By
simply changing the dimensions of the switching and
load transistors in the layout design, inverters with dif-
ferent voltage gains can be achieved and the measure-
ment results are in consistence with the theoretical cal-
culations. Moreover, these inverters with SN-TFTs
exhibit symmetric input/output behavior, which allows
the cascading of multiple stages of logic blocks and
large scale integration. (3) In addition to inverters, more
sophisticated logic circuits such as 2-input NAND and
NOR have also been demonstrated. Our SN-TFT plat-
form shows significant advantages over conventional
platforms with respect to scalability, reproducibility,
and device performance, and suggests a practical and
realistic approach for nanotube-based macroelectronic
integrated circuit applications.

RESULTS AND DISCUSSION

We have characterized the separated nanotubes
with different purities of semiconducting nanotubes
and compared them with the unsorted nanotubes with
approximately 33% metallic nanotubes. Figure 1ais a
photograph showing the unsorted arc-discharge P3
(Carbon solutions, Inc.) as well as 95% and 98% semi-
conducting single-walled carbon nanotube solution
used in this study. The separated 95% and 98% semi-
conducting nanotubes (IsoNanotubes-S) were obtained
from Nanolntegris, Inc. These samples were enriched
by density gradient ultracentrifugation, where the
chemical discrimination of surfactant molecules to ad-
sorb on metallic or semiconducting nanotubes results
in a density difference between metallic and semicon-
ducting nanotubes. By repeating the same separation
process, the purity of semiconducting nanotubes can
be continuously improved. Figure 1b shows the
UV—vis—NIR absorption spectra of the as-prepared P3
arc-discharge nanotubes (blue trace), 95% semicon-
ducting separated nanotubes (red trace), and 98%
semiconducting separated nanotubes (green trace).

Comparing those three traces, one can clearly see the
enrichment of semiconducting nanotubes in the sepa-
rated nanotube sample indicated by the decrease in My,
peak and increase in S,,, S33 peaks.

To deposit high density, uniform separated nano-
tube thin-film onto the Si/SiO, substrates for device fab-
rication, we use the solution-based aminosilane-
assisted separated nanotube deposition technique re-
ported in the publications of Bao et al.3® and in our pre-
vious publication.3 Using this method, uniform nano-
tube networks are formed on top of the Si/SiO,
substrates functionalized with aminopropyltriethoxy si-
lane (APTES) (see Methods). Compared with the work
we reported previously,*? the nanotube network depos-
ited here has higher density due to the optimized
nanotube deposition recipe, which leads to improved
device performance in terms of mobility as discussed
below. Field-emission scanning electron microscope
(FE-SEM) is used to inspect the samples after nanotube
assembly and the SEM images of the 95% and 98%
semiconducting nanotubes deposited on Si/SiO, sub-
strates are shown in Figure 1 panels c and e, respec-
tively. From the image, one can find that the samples
with APTES functionalization give high density uniform
nanotube deposition throughout the sample. The aver-
age nanotube density for the 95% semiconducting
nanotubes is measured to be 41 tubes/pm? and the av-
erage nanotube density for the 98% semiconducting
nanotubes is measured to be 46 tubes/pm?. Informa-
tion about the deposition uniformity throughout a 3 in.
wafer can be found in our previous publication.3? The
length distribution of the 95% and 98% semiconduct-
ing nanotubes are also characterized based on the SEM
images, and the corresponding histograms are plotted
in Figure 1d/f, respectively. The length of the 95% semi-
conducting nanotubes is measured to be 0.97 + 0.63
pm, and the length of the 98% semiconducting nano-
tubes is measured to be 0.81 * 0.41 pm.

The deposited separated nanotube thin-films are
used for the fabrication of back-gated SN-TFTs (see
Methods) and individual-gated SN-TFTs (see Methods).
The back-gated SN-TFT uses the highly doped silicon
substrate as the gate and 50 nm SiO, as the gate dielec-
tric and can be used as a simple platform for character-
izing and comparing the electrical performance of the
separated nanotube thin-films. On the other hand, the
individual-gated SN-TFT has photolithography pat-
terned Ti/Au gate where the individual gating allows
the individual control of every transistor in an inte-
grated circuits. The schematic diagrams of the back-
gated and individual-gated SN-TFTs are shown in Fig-
ure 1 panels g and h, respectively.

We first use the back-gated SN-TFTs to directly com-
pare the electrical performance of the 95% and 98%
semiconducting nanotube thin-films. The nanotube
deposition, devices fabrication for both nanotube
samples are carried out at the same time so that any
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Figure 1. Comparison of nanotubes separated by density gradient ultracentrifugation with different purities of semicon-
ducting nanotubes: (a) photograph of P3 (unsorted), 95% semiconducting and 98% semiconducting single-walled carbon
nanotube solution; (b) UV—vis—NIR absorption spectra of the as-prepared P3 arc-discharge nanotubes (blue trace), 95%
semiconducting separated nanotubes (red trace), and 98% semiconducting separated nanotubes (green trace); (c) FE-SEM
images of 95% semiconducting separated nanotubes deposited on Si/SiO, substrates with APTES functionalization, the av-
erage density is 41 tubes/pm?; (d) length distribution of the 95% semiconducting separated nanotubes. the average nano-
tube length is 0.97 um; (e) FE-SEM images of 98% semiconducting separated nanotubes deposited on Si/SiO, substrates with
APTES functionalization, the average density is 46 tubes/pm?; (f) length distribution of the 98% semiconducting separated
nanotubes, the average nanotube length is 0.81 um; (g) schematic diagram of a back-gated SN-TFT; (h) schematic diagram

of an individual-gated SN-TFT.

variation in the sample preparation and device fabrica-
tion process can be minimized. Such SN-TFTs are made
with channel widths (W) of 10, 20, 50, 100, and 200
pm, and channel lengths (L) of 4, 10, 20, 50, and 100
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pm. A microscope image of the fabricated SN-TFT ar-
ray is shown in Figure 2a, and the SEM image of the
channel of a typical SN-TFT with 10 wm channel length
is shown in Figure 2b.
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nanotube samples
show p-type field-effect
behavior and much
higher on/off ratio
compared with the de-
vices fabricated using
unsorted nanotubes,
which typically exhibit
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Figure 2. Electrical properties of back-gated SN-TFTs using 95% and 98% semiconducting

nanotubes. (a) Optical microscope image of the SN-TFT array fabricated on a silicon substrate
with 50 nm SiO, acting as gate dielectric. (b) FE-SEM image showing the channel of a typical
back-gated SN-TFT with 10 um channel length. (¢, d) Transfer characteristics (Ir—V;) of the SN-

ducting nanotubes
measured at Vp = 1 V.
For the 95% semicon-

TFTs using 95% (c) and 98% (d) semiconducting nanotubes with various channel lengths (4,

10, 20, 50, and 100 uwm) and 100 um channel width plotted in logarithm scale. (e) Transfer char-
acteristics (red, linear scale; green, log scale) and g,,—V; characteristics (blue) of a typical SN-
TFT (L = 50 pum, W = 100 pm) using 95% semiconducting nanotubes. (f) Output characteris-
tics (Ip—Vp) of the same device in panel e. (g) Transfer characteristics (red, linear scale; green,
log scale) and g,,—V; characteristics (blue) of a typical SN-TFT (L = 100 pum, W = 50 pum) us-
ing 98% semiconducting nanotubes. (h) Output characteristics of the same device in panel g.

We have carried out systematic study of the electri-
cal performance of the SN-TFTs as basic components
for macroelectronic integrated circuits. Figure 2 panels
c and d are the transfer characteristics (Ip— V) of the SN-
TFTs using 95% (Figure 2¢) and 98% (Figure 2d) semi-
conducting nanotubes with various channel lengths (4,
10, 20, 50, and 100 pm) and 100 wm channel width plot-
ted in logarithm scale. All the curves are measured at
Vo = 1 V. From the figures, we can have the following
straightforward observations. (1) Devices from both

ducting nanotube SN-
TFT (Figure 2e), the
channel length and
width of the device are
L =50pmand W=
100 pm, respectively.
The on-current (I,,) at Vp = 1V, Vg = —10 V is meas-
ured to be 35.6 pA, corresponding to an on-current
density (lon/W) of 0.356 pwA/pm. The transconductance
(gm) extracted from the maximum slope of the transfer
characteristics is 4.6 wS and the on/off ratio is 482. For
the 98% semiconducting nanotube SN-TFT (Figure 2g),
the channel length is 100 wm and channel width is 50
pm. The on-current density is 0.058 wA/pm, transcon-
ductance is 0.53 S and on/off ratio is 3 X 10°. The cor-
responding output characteristics (Ip—Vp) of these two

A S . .
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SN-TFTs are plotted in Figure 2 panels f and h, respec-
tively. The output characteristics appear to be very lin-
ear under small V;, biases, indicating that ohmic con-
tacts are formed between the metal electrodes and the
nanotubes. Under more negative Vp biases, the de-
vices exhibit saturation behavior, indicating nice field-
effect operation.

On the basis of the transconductance, we can fur-
ther extract the device mobility of the SN-TFTs. Under
Vo = 1V, devices operate in the triode region, so the de-
vice mobility can be calculated from the following
equation,

L dld L 9m
Mdevice = = W (1)
VoColWdV, — Voo W

where L and W are the device channel length and width,
Vo = 1V, and C is the gate capacitance per unit area.
The capacitance is calculated by considering the elec-
trostatic coupling between nanotubes using the follow-
ing equation, 3%

Agsinh(2mt,, /A )] -1

— =1 1 _0 ox 0. -1
Cox = {CQ + Imege., N7 } Aq

)

where 1/A, stands for the density of nanotubes and is
measured to be around 10 tubes/um, Co = 4.0 X 107'°
F/m is the quantum capacitance of nanotubes and the
value is taken from a previous report,*® t,, = 50 nm is
the thickness of the dielectric layer, R = 1.2 nm is the ra-
dius of nanotubes, and gpeox = 3.9 X 8.85 X 107
F/cm is the dielectric constant at the in-

[V

nanotubes, and 75 of them are fabricated on 98% semi-
conducting nanotubes.

Figure 3a exhibits the normalized on-current densi-
ties (I,n/W) of the transistors with various channel
lengths measured at Vp = 1 Vand Vg = —10V, show-
ing that the on-current density is approximately in-
versely proportional to the channel length for both 95%
and 98% semiconducting nanotubes. The highest on-
current density from SN-TFTs using 95% semiconduct-
ing nanotubes is measured to be 5.2 wA/pm and the
highest on-current density from SN-TFTs using 98%
semiconducting nanotubes is measured to be 1.0 pA/
pm. Both values are achieved in devices with L = 4 um.
Comparing the data for transistors using 95% and 98%
semiconducting nanotubes, one can easily find that the
average on-current density of 95% semiconducting
nanotubes is higher than the on-current density of 98%
semiconducting nanotubes by a factor of 3—7 at all de-
vice channel lengths measured. The difference in the
on-current density can be attributed to the difference
in nanotube lengths. For instance, the average length
for the 95% semiconducting nanotubes is approxi-
mately 0.97 wm, while the average length for the 98%
semiconducting nanotubes is about 0.81 wm. For tran-
sistors of similar channel length, using longer nano-
tubes would lead to less nanotube —nanotube junc-
tions, and consequently better performance. Besides,
for devices using both 95% and 98% semiconducting
nanotubes, the measurement results exhibit very small
error bar, indicating the highly uniform nature of the

o

terface where the nanotubes are
placed. On the basis of eq 2, one can
find that C,, = 3.46 X 1078 F/cm.? Us-
ing this C,y value and on the basis of
the device geometry and normalized
transconductance g,,/W, the device
mobility is calculated to be 67 cm? V™!
s~1 for the 95% semiconducting nano-
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semiconducting nanotube purities. Out
of the devices measured, 100 of them
are fabricated on 95% semiconducting
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Figure 3. Statistical study of 175 SN-TFTs using separated nanotubes with 95% and
98% semiconducting nanotubes, as well as comparison of key device performance met-
rics. Plot of (a) current density (I,,/W), (b) average on/off ratio (Ion/lof), (c) normalized
transconductance (g.,/W), and (d) device mobility (pgevice) Versus channel length for TFTs
fabricated on separated nanotubes with 95% (black trace) and 98% (red trace) semicon-
ducting nanotubes.
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SN-TFTs. More information about the uniformity of the
SN-TFT device performance metrics (/,,/W, on/off ratio,
mobility) is discussed in the Supporting Information
(Figure ST1).

For SN-TFTs fabricated using separated nanotubes
with different purities of semiconducting nanotubes,
besides the difference in on-current density discussed
previously, the other major difference is expected to be
the on/off ratio and the difference is explained in Fig-
ure 3b. First of all, as the channel length increases, the
average on/off ratio of SN-TFTs using both 95% and
98% semiconducting nanotubes increases. This can be
explained by the decrease in the probability of percola-
tive transport through metallic nanotube networks as
the device channel length increases. On the other hand,
SN-TFTs with 98% semiconducting nanotubes have
much higher on/off ratio compared with SN-TFTs with
95% semiconducting nanotubes, especially at small
channel lengths, which can be naturally attributed to
the small percentage of metallic nanotubes. For SN-
TFTs with 95% semiconducting nanotubes, the on/off
ratio improves significantly from around 10 to above
10* as the channel length increases from 4 to 100 wm.
In contrast, for the SN-TFTs 98% semiconducting nano-
tubes, the device on/off ratio stays above 10* at all
channel lengths.

Interestingly, the data shown in Figure 3a,b reveal a
trade-off between drive-current and on/off ratio. By us-
ing separated nanotubes with higher purity of semicon-
ducting nanotubes, on one hand, it can help to achieve
sufficient on/off ratio with smaller channel length, thus
smaller device area; on the other hand, since higher pu-
rity requires more ultracentrifugation which will give
rise to shorter nanotube length, it can cause more
nanotube percolation and hurt the overall devices per-
formance such as on-current density discussed previ-
ously and mobility as will be discussed below.

Besides the on-current density and on/off ratio,
there are two more important figures of merit for SN-
TFTs, which are device transconductance (g,,) and mo-
bility (device). The normalized transconductance (g,,,/W)
of devices with various channel lengths are character-
ized and are plotted in Figure 3¢; gy, is extracted from
the maximum slope of the transfer characteristics
measured at Vp = 1V, and is normalized to device chan-
nel width. From the figure, one can find that as chan-
nel length increases, g./W decreases. This is because
gm/W is also inversely proportional to channel length.
Moreover, similar to l,,/W, the SN-TFTs using 95% semi-
conducting nanotubes also exhibit better performance
in terms of g,/W compared with SN-TFTs using 98%
semiconducting nanotubes.

Using the data for the normalized transconduc-
tance plotted in Figure 3c and eq 1, we can calculate
the devices mobility of the SN-TFT, and the data is plot-
ted in Figure 3d. Interestingly, the device mobility of

\\&) VOL. 4 = NO. 12 = WANG ET AL.

the SN-TFTs with 95% and 98% semiconducting nano-
tubes follows different trends. For the SN-TFTs with 95%
semiconducting nanotubes, the device mobility de-
creases as channel length increases, while for the SN-
TFTs with 98% semiconducting nanotubes, the device
mobility increases as channel length increases. The rea-
son for the decreasing trend of the SN-TFTs using 95%
semiconducting nanotubes is attributed to the percola-
tive transport through the nanotube network. As the
device channel length increases from a value compa-
rable to the nanotube length to a much larger value,
there are significantly more tube-to-tube junctions in-
troduced into the conduction path, causing the device
mobility to decrease.>? On the other hand, it is not yet
clear why the SN-TFTs using 98% semiconducting
nanotubes show increasing trend in the device mobil-
ity as the channel length increases, and this is currently
under further investigation in our group. Another im-
portant point is that devices using 95% semiconduct-
ing nanotubes exhibit higher mobilities than devices
using 98% semiconducting nanotubes. Besides the dif-
ference in the purity of semiconducting nanotubes,
other factors such as nanotube length, density of nano-
tube network, etc. also play a role in determining the ul-
timate electrical performance of the SN-TFTSs, resulting
in the difference between the 95% and 98% semicon-
ducting nanotubes in terms of device mobility, as well
as on-current density, transconductance, and on/off ra-
tio discussed before. The reason is that the difference in
nanotube length and density can affect the nanotube
percolation network, changing the amount of tube-to-
tube junctions, and the probability of metallic conduc-
tion path formation between the source and drain elec-
trodes. Numerical simulations have been performed by
our group and other groups®*3’~% to fully assess such
effect on the performance of nanotube TFTs.

Our ability to fabricate high performance, uniform,
high on/off ratio SN-TFTs enable us to further explore
their applications in digital integrated circuits. We have
already discussed the trade-off between on-current
and on/off ratio for different purities of semiconduct-
ing nanotubes, and we choose to use the separated
nanotubes with 98% semiconducting nanotubes for
the digital integrated circuit fabrication. The reason is
that for digital application, it is desirable to have large
switching, preferably rail-to-rail, in order to achieve
large noise margin. More importantly, the off-state cur-
rent has to be low to reduce the static power consump-
tion. Therefore, it is more important for the transistors
to have a large on/off ratio rather than high on-current.
For SN-TFTs with 98% semiconducting nanotubes, At
all channel lengths measured, more than 95% of the de-
vices exhibit on/off ratio higher than 10* This amount
of on/off ratio is large enough for most kinds of inte-
grated circuit applications.

For the proof of concept purpose, we demonstrate
the basic digital functional blocks such as inverter,
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a Inv1 b

Voo = 3V
Voo V= o-3v

L =50 um
VIN_| W =100 pm
VOUT
Lloa(l =150 Hm
Wigaa = 100 pm
-
e

d inv2
Vpp = 3V
Voo Vi = 0-3V
VlN_l I\;V==4100|;nll-llm
Vour
Lluad =150 Hm
Wigaq = 50 pm
g , ;
[—
o \ _VDD=3V
S s —
\ — V=TV
g\ \
o Gain =3.76 \ Gain=4.23
A A
g_ 2
- EANANAN
o i Gain THS\ \

(=

1 2 3 4 & 6 7
Input Voltage (V)

Max Gain = 1.45

Output Voltage(V)
o
s
Gain

0.5t
0.0 1 L N n L 0.0
00 05 10 15 20 25 3.0
f Input Voltage (V)
3.0 35
S 25} Max Gain =2.78 3.0
7
D 20t 25
= 20 £
o 15} ]
= 15 @
o
g 9 1.0
8
3 o5t -
go

0'%.0 05 10 15 20 25 3
Input Voltage (V)

Figure 4. Integrated inverter circuits using separated carbon nanotubes. (a,d) Schematic of two different diode-load invert-
ers using SN-TFTs with different device dimensions. (b,e) Optical microscope images of these two corresponding inverters.
(c,f) Inverter voltage transfer characteristic (red trace) and voltage gain (blue trace) of these two corresponding inverters.
Both inverters work with a Vpp of 3 V and exhibit symmetric input/output behavior. (g) Inverter voltage transfer characteris-
tics measured at different supply voltages (Vpp). (h) Curve showing the dependence between the inverter voltage gain and
supply voltage. Inset: schematic of the circuit with parasitic resistance at the output node.

2-input NAND, and NOR using SN-TFTs. The fabrication
process of these integrated circuits is discussed in the
methods section. We start with the inverter design and
find that the highly uniform nature of the SN-TFTs al-
lows us to optimize the circuit performance using the
conventional silicon transistor circuit design theory. As
an example, for the diode-load inverter investigated in
Figure 4, the output impedance looking into the source
of the diode-connected SN-TFTs is 1/gm, 10ad, and the
voltage gain of the inverter is given by Ay = gmRout =~
gm/9m 10ad- FOT transistors operating in the saturation
region, the transconductance can be calculated by g,
= (2ppCox(W/L)Ise)?, where ., is the mobility of the de-
vices, Co is the gate capacitance per unit area, and /i
is the source—drain current of the transistor. Consider-
ing that the current flowing through the switching tran-
sistor (Isg) is equal to current flowing through the diode-
connected transistor (Isq j0aq), We can find the gain of
the diode-load inverter to be equal to

www.acsnano.org

Im N2, Coe(W/ D)y

9m_load \/Zupcox( |/Vloacl/Lload)lsd_loaci

A, =

w Lload
|/Vloacl L

(3)

where W, L, Wioag, and Lioaqg, are the channel width, chan-
nel length for the switching transistor, and channel
width, channel length for the diode-load transistor,
respectively.

The schematics of two diode-load inverters with dif-
ferent geometries used in this study are shown in Fig-
ure 4a,d. By design, inverter 1 has W = 100, L = 50, Wioaq
= 100, Lipag = 150 pm; while inverter 2 has W = 100, L
= 40, Wioag = 50, and Lipag = 150 pm. The correspond-
ing optical microscope images of these two inverters
are shown in Figure 4 panels b and e, respectively. In
the circuit, one transistor is acting as the switching tran-
sistor and is connected between the supply voltage
Vpp and the output, and the other transistor is config-
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Figure 5. Integrated 2-input NAND and NOR circuits using separated carbon nanotubes. (a,d) Schematic of diode-load 2-input
NAND and NOR circuits using SN-TFTs. (b,e) Optical microscope images of the corresponding NAND and NOR circuits. (c,f)
Output characteristics of the corresponding NAND and NOR circuits. The supply voltages for both circuits are Vpp = 2 V. In-
put voltages of 3 and 0 V are treated as logic “1” and “0”, respectively.

ured as a diode-load and is connected between the out-
put and ground. The inverters are characterized by
sweeping input voltage Viy and measure the output
voltage Vour. The corresponding inverter voltage trans-
fer characteristics are plotted in Figure 4 panels c and f,
respectively. For the measurement, Vpp is biased at 3 V
and Vjy is swept between 0 and 3 V. Measurements re-
veal that for both inverters, as input voltages increase
from 0 to 3V, output voltages decrease from 3to 0V,
meaning that they are functioning correctly as logic in-
verters. The maximum voltage gain measured is 1.45 for
inverter 1 and 2.78 for inverter 2. According to the con-
ventional diode-load inverter circuit design equation
discussed before (eq 3) and the device dimensions, we
have Ay; = \/3 =~ 1.73 for inverter 1 and Ay, = \/7.5 =~
2.74 for inverter 2. This means that our measurement re-
sults are consistent with the conventional circuit de-
sign theory, and by simply changing the dimension of
the switching and load transistors in the layout design,
we can achieve inverters with different voltage gains.

Another very important merit for the inverters us-
ing SN-TFTs is that they offer symmetric input/output
behavior, meaning that both input and output are op-
erating under the same voltage range (0—3 V in this
case). This character is important for single power sup-
ply voltage operation and is crucial for cascading logic
blocks for larger scale integration where the output of
the preceding logic block needs to be able to drive the
ensuing logic block directly.

The relationship between the gain of the inverters
and the power supply voltage is also studied, and the
voltage transfer characteristics for an inverter measured
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under different Vpp are shown in Figure 4g. From the
figure, we find that the inverter keeps showing symmet-
ric input/output behavior under all supply voltages. Be-
sides, if we plot the voltage gain versus Vpp (Figure 4h),
we see a monotonic increase in maximum voltage gain
as the Vpp increases. It is worth noting that for the
diode-load inverters, the voltage gain is ideally inde-
pendent of Vpp as shown in eq 3. The reason we see the
increasing trend is due to the finite input impedance
of the measurement instrument (HP 4156B in this case).
Since the input impedance of the measurement instru-
ment (Rp) is not infinitely large compared with the out-
put impedance of the SN-TFT used in the inverters, the
instrument draws some amount of current (lgy). As Vpp
increases, the output DC level at the maximum voltage
gain increases, causing Ig, to increase. From Kirchhoff
current law, we have lyg = Iy i0ad + Irps 5O @s Vpp in-
creases, Isq 1oad 1S getting smaller and smaller compared
with /. Furthermore, based on eq 3, the inverter volt-
age gain is proportional to (/sg/lsd_i0ad) '’ this explains
why the voltage gain increases as the power supply
voltage increases.

In addition to inverters, more sophisticated circuits
such as 2-input NAND and NOR have also been demon-
strated. Figure 5 shows the schematics (Figure 5a,d), opti-
cal microscope images (Figure 5b,e) and output charac-
teristics (Figure 5¢,f) of the NAND and NOR, respectively.
Both logic blocks employ a diode-connected SN-TFT in
the pull-down network similar to the inverters and they
are both operated with a Vpp of 2V.The 3V and 0V ap-
plied on gate A and B are treated as logic “1” and “0"’, re-
spectively. For the NAND, the output is “1” when either
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one of the two inputs is “0” (Figure 5c), while for the
NOR, the output is “0” when either one of the two inputs
is “1” (Figure 5f). These output characteristics confirm that
our circuits are realizing the logic function correctly. With
the combination of these basic logic blocks, more sophis-
ticated logic circuits which require cascading multiple
stages of logic gates can be readily constructed, and the
work is currently ongoing in our group.

In conclusion, we report the progress on the applica-
tion of separated nanotube thin-film transistors for
macroelectronic integrated circuits, including progress
on the direct comparison of key performance metrics of
devices using separated nanotubes with 95% and 98%
semiconducting nanotubes, and the demonstration of
integrated digital logic blocks with symmetric input/
output behavior. We have revealed the trade-off be-

METHODS

Separated Nanotube Deposition. Aminopropyltriethoxy silane
(APTES) is used to functionalize the Si/SiO, surface to form amine-
terminated monolayer. This is done by immersing the Si/SiO, sub-
strate into diluted APTES solution (1% APTES in isopropyl alcohol
(IPA)) for 10 min. The sample is then rinsed with IPA, blown dry
thoroughly, and then immersed into the commercially available
0.01 mg/mL separated nanotube solution with 95% or 98% semi-
conducting nanotubes (Nanolntegris Inc.) for 20 min, after which
uniform nanotube networks are formed on top of the substrates.

Back-Gated SN-TFT Fabrication. SiO, with a thickness of 50 nm is
used to act as the back-gate dielectric. The source and drain elec-
trodes are patterned by photolithography, and 5 A Ti and 60
nm Pd are deposited followed by the lift-off process to form the
source and drain metal contacts. Finally, since the separated
nanotube thin film covers the entire wafer, in order to achieve
accurate channel length and width, and to remove the possible
leakage in the devices, one more step of photolithography plus
O, plasma is used to remove the unwanted nanotubes outside
the device channel region.

Individual-Gated SN-TFT and Integrated Circuit Fabrication. First, Ti/Au
back-gate electrodes are patterned by photolithography and lift-
off process. 50 nm Al,O; high-k dielectric and 5 nm SiO; are
then deposited on top of the Ti/Au back-gate by atomic layer
deposition and e-beam evaporation, respectively. Contact vias
are then patterned using photolithography, and buffered oxide
etch (BOE) is used to remove the oxide layer in the contact vias to
allow the interconnection between the gate and drain of the
transistor to form the diode-connected load transistor. The sepa-
rated nanotube thin-film is then deposited on the dielectric
layer using the method discussed above, and the rest of the fab-
rication steps including the source/drain electrodes patterning
and unwanted nanotube etching are the same as the back-gate
transistor fabrication discussed previously.
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