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Abstract—The I–V characteristic of carbon nanotube (CNT)
transistors is dictated by the Schottky barrier (SB) at metal–
nanotube interface. The SB is defined by the diameter of the
CNT along with the source/drain metal and is presumed a device
constant for single CNT transistors. Given the wide distribution
of diameter of CVD-grown nanotubes, the presumption of single
SB, however, is inappropriate for transistors with aligned array of
CNTs. Indeed, array transistors with similar geometries and contact material can still exhibit considerable variation in threshold
voltage (VT ), ON current (ION ), and device resistance (Rd ). We use
measured diameter distribution within the framework of detailed
numerical simulations to demonstrate that the diameter distribution of CNTs (in CNT FETs) plays a dominant role in defining the
fluctuation of array transistors. Besides, it is argued that the largescale integration of these devices within an IC would be feasible
only if the distribution of diameter is considerably narrowed.
Index Terms—Aligned network transistor, carbon nanotube
(CNT) FET (CNFET), diameter distribution, thin-film transistor
(TFT).

I. INTRODUCTION
S CARBON nanotube (CNT)-nanonet technology explores niche applications in micro [1]–[5] and macroelectronics [6]–[10], it is increasingly important to create transistors
with nominally uniform characteristics as the basis for largescale circuit integration. Studies based on single tube CNT FET
(CNFET) have shown that among various transistor parameters, control of tube diameter is most critical because diameter
dictates bandgap and injection barriers, and these two parameters in turn dictate (exponentially) the I–V characteristics of a
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transistor [11]. The question is: does diameter distribution play
an equally important role in multitube transistors or does the
self-averaging, over various tube diameters, obviate the problem? It is well known that in long-channel nanonet transistors, the sensitivity of the I–V characteristics on tube diameter is suppressed as electrons percolate through an “ensembleaveraged” network of tubes with various diameters [7], [12].
In short-channel aligned array CNFETs, however, such “pathaveraging” may be absent and distribution of CNT parameters
(e.g., diameter, mobility, etc.) could be directly reflected in the
I–V characteristics. In principle, therefore, short-channel directly bridging CNFETs using similar device geometries could
exhibit significant variation in the ON current, especially for ultrascaled transistors appropriate for high-frequency operation.
While the role of the metal/nanotube contact and its effect on
device performance for FET with single CNT has been studied
by many groups [11], [13]–[16], the effect of diameter distribution (of CNT array) on FET performance parameters (e.g.,
ION , VT , Rd , and ION /IOFF ), especially in the presence of metallic CNTs (m-CNTs), has not been considered. In this paper, we
use measured diameter distribution and transistor characteristics
along with systematic theoretical simulations to demonstrate
that, of all the parameters, intrinsic process-induced diameter
distribution would continue to play a dominant role in dictating
the performance of short-channel CNT transistors, even if the
channel length was scaled to the ballistic limit. Given typical
diameter distribution, we find that: 1) only a fraction of the
tubes carry most of the current (i.e., larger diameter nanotubes,
despite being relatively small percentage of the total number of
tubes, carry a significant amount of current [dCNT ∼ 1/Eg ]) and
2) depending on the contact material (source/drain), a fraction of
the semiconducting tubes behave essentially like metallic tubes
(from OFF-state to ON-state) and must be removed for good
ION /IOFF ratio.
II. FABRICATION OF NANOTUBE ARRAYS AND DEVICES
As shown in Fig. 1, the thin-film transistors (TFTs) used in
this study are based on perfectly aligned parallel array of singlewalled CNTs (SWNTs) as the channel material. The SWNTs
were grown directly into such configuration via CVD on a specially prepared quartz substrate, using the procedures described
in our earlier study [17]. The devices studied here used palladium (Pd) for source and drain electrodes. Layers of hafnium
oxide (HfO2 ) deposited on top of the resulting structure formed
the gate dielectric (94 ± 7 nm). Gold (Au) was used as the gate
electrode. The gate was aligned to the channel and it overlapped
significantly with both the source and the drain (by ∼20 μm).
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Fig. 1. Schematic illustration of TFT with perfectly aligned parallel array of
SWNTs. Lower portion of the figure shows the scanning electron micrograph
of a representative CNT array.

Fig. 2. Transfer curves of devices for channel lengths of 3, 4, 5, and 8 μm.
Measurements were taken with the source grounded and the drain held at a bias
of −0.01 V. Gate bias was swept between ±0.8 V. Upward arrow on the bottom
curve (corresponding to channel length of 8 μm) indicates V T of this device.

To study the transport characteristics, we fabricated six samples
for each channel length of 3, 4, 5, and 8 μm (a total of 24 devices). The widths (W ) of all the transistors were kept constant
at 400 μm.
Fig. 2 shows typical transfer curves of one sample of
each channel length. Consistent with the earlier reports [14],
these Pd-contacted devices exhibited predominantly p-type
characteristics.
Remarkably, however, even though all the devices were processed in parallel and used the same metallization scheme, Fig. 3
shows that the devices with the same channel length (e.g., 3 μm)
exhibited significant variations in the ION , VT , and Rd . Here, ION
is defined as drain current (Id ) at maximum applied gate bias
(Vg ) of −0.8 V, VT is defined as the gate bias (Vg ) at which
Id is minimum [18] (this definition is different from that of
MOSFET, wherein VT is traditionally defined by taking the
point of maximum slope on Id –Vg curve (or linear transconductance) and VT is extracted by the intercept of the tangent
through the point [19]), and Rd is the device resistance given
byRd = Vds /ION and it includes the resistance of semiconducting as well as metallic tubes. Given that the ratio of m-CNTs
to semiconducting CNTs (s-CNTs) is ∼1:2, we associate IOFF
with transport through m-CNTs, and the difference of ION and
IOFF with transport through semiconducting tubes. The average resistance of each semiconducting tube can be calculated
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Fig. 3. (a) Resistance variations in the the semiconducting tubes measured at
threshold voltage. (b) Resistance variations in the semiconducting tubes measured in saturation. All the devices had same contact material and the applied
biases (gate/drain). Nonetheless, significant variations in resistance R s were
present for all channel lengths and were particularly large near V T .

as Rs = Ns × Vds /(ION − IOFF ), where Ns is the number of
semiconducting tubes per device (determined from the density
measurements of CNTs making up the transistor) and Vds is the
applied drain bias.
Fig. 3(a) and (b) summarizes the observed fluctuations in the
average resistance of semiconducting tubes for various channel
lengths measured at threshold and in saturation. These variations
were present for all channel lengths (3, 4, 5, and 8 μm), and were
particularly large around VT [see Fig. 3(a)].
These results immediately bring into focus a number of issues regarding the variability in transistors’ performance. It is
conceivable that at longer channel lengths, extrinsic factors like
mobility fluctuation, variability in the number of tubes able to
bridge source and drain, length-dependent scaling of defects
along the tube, etc. can potentially increase device-to-device
fluctuation. If, however, we examine Fig. 3 along with Fig. 6,
we notice that as the devices are scaled down, the relative fluctuation in resistance remains almost independent of channel
length (especially if we examine Fig. 6(b), it is evident that
channel lengths of 3, 4, and 5 μm exhibit similar experimental
Rs variability that is within the extents of simulations). The
aforementioned characteristic of “resistance variability” depicts
the possibility that the fluctuation in devices’ resistance may
not be averaged out even at ultrascaled, quasi-ballistic channel
lengths (<300 nm) [14] relevant for high-speed electronic applications. While fluctuation at the longer channel lengths may
be amplified by extrinsic variability, there appears to be an irreducible intrinsic variability present in all array-based CNT
transistors.
The aforementioned discussion leads one to the hypothesis
that the distribution of diameters of CNTs may be the source
of this variability and may play a more important role than
is commonly appreciated. To verify this proposition, we first
measured the diameter distributions of as-grown CVD SWNTs
(before defining channel lengths and depositing gate dielectric)
of four different samples using atomic force microscopy (AFM)
(see Fig. 4). The diameters of CNTs were determined by measuring the height difference between top of CNT and substrate
next to it (quartz) and approximately 600 measurements were
taken to reduce statistical error. Fig. 4 shows that some of the
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The electronics structure of SWNTs strongly depends on
their diameter and chirality [25]. The work function of SWNTs
(ΦCNT ) would therefore, be different depending on the structure of CNT. Many studies have been conducted on the work
functions of SWNTs [26], [27] and the values reported vary
slightly depending on the method used for measurement. We
used work function for nanotube ΦCNT = 4.7 eV [28]. Since
the bandgap (Eg ) of CNT depends on the reciprocal of CNT
diameter (dCNT ) [29], [30], we calculated the Eg for each CNT
using the relationship [31]
Fig. 4. Normalized diameter distributions for four samples. These measurements correspond to different TFTs that use perfectly aligned array of single-wall
CNTs for the channel. The measurements were taken using AFM, on as-grown
CVD tubes before defining the channel lengths and depositing the gate dielectric. We determined the diameter by measuring the height difference between
the top of the CNT and the area just next to the CNT (i.e., quartz). The number
of tubes on each device were different, therefore, the data has been normalized
to highlight the general shape of diameter distribution in the CNFETs.

CNTs have diameter ∼0.4 nm. These very low values may reflect the resolution limit of our AFM setup. Nonetheless, the
fraction of such tubes (dCNT ≤ 0.4 nm) is very small and given
their large Eg , these CNTs would have very little effect on device characteristics (ION , Rd , etc). Also noted in Fig. 4 is that
CVD-grown tubes exhibit a wide range of diameter distribution
that cannot be represented by a simple distribution function,
let alone by an average value [20]. In general, the exact shape
of the diameter distribution would depend on the CNT growth
technique and device processing details. For typical ranges of
diameter distributions, the spread in transistors’ characteristics
can be significant, as discussed in the following.
III. MODELING OF THE EFFECT OF DIAMETER DISTRIBUTION
ON I–V CHARACTERISTICS
Although I–V characteristics of CNFETs resemble that of a
conventional MOSFET, however, the underlying physics of the
two transistors is very different. Contacts in the conventional
MOSFET are ohmic, but owing to the difficulty in making an
ohmic contacts in CNFETs, the transport through CNFETs is
thought to be dominated by Schottky barrier (SB) at the (contact) metal/CNT interface [1], [15], [21]–[23]. For short-channel
CNFETs, experiments have shown that the metal–CNT contacts
limit the current flow through CNT and determine the electrical
characteristics of the device [21]. The SB at metal/CNT interface, however, is a function of the metal work function (Φm ) and
CNT diameter (or, equivalently Eg ). If the metal work function
is fixed, the diameter of CNT dictates the nature of the contact,
i.e., SB or ohmic. In essence, if metal–CNT combination is such
that the metal Fermi level contacts CNT inside the valence band
(or conduction band), the contact will be ohmic; alternatively,
if the metal Fermi level contacts CNT inside the bandgap, the
contact will be SB. Many researchers have shown Pd to make
an excellent ohmic contact with CNTs [14], [24]. Since our
devices have aligned network of CNTs with wide range of diameter distribution, some of the CNTs are likely to form SB,
while remaining will make ohmic contact.

Eg =

2|t|ac−c
.
dCNT

(1)

An overlap integral value of |t| = 2.7 eV is used in this
study [29], [31], and with carbon-to-carbon bond length ac−c =
0.144 nm, the aforementioned expression simplifies to
Eg ∼

0.78 eV
.
dCNT(nm )

(2)

With ΦCNT = 4.7 eV and ΦPd = 5.1 eV (Pd work function) [11], [14], the barrier for holes (ΦP ) is calculated using
analytical expression


Eg
ΦP = ΦCNT +
(3)
− Φm
2
.
This relationship suggests that there would be no hole barrier (i.e., ΦP = 0) for CNTs with diameter equal to 1 nm,
dCNT ∼
= 1.0 nm(Eg = 0.8 eV), and there would be a positive
SB (ΦP ) for holes for all nanotubes with diameters less than
1 nm, dCNT < 1.0 nm (Eg > 0.8 eV ± 3 kT). As seen in Fig. 4,
in our devices there are many CNTs with diameter smaller
than 1 nm. Hence, the transport in these CNTs will be dominated by SB. For all the CNT with diameter larger than 1 nm,
dCNT > 1.0 nm (Eg < 0.8 eV ± 3 kT), there is no barrier for
holes and metal/CNT contact will essentially be ohmic.
Given the barrier for holes (and electrons), metal, and CNT
work functions and other parameters (drain/gate bias, oxide
thickness, etc.), we can now calculate the current through the
transistor using self-consistent numerical simulations [32]. As
discussed earlier, in order to isolate the intrinsic effect of diameter distribution from other extrinsic effects, like charge trapping and mobility variation, (that might add to the drain current
fluctuation in long-channel transistors), we focus on ballistic
transport in very short channel transistor (100 nm) that is exclusively affected by contact metal and the diameter distribution
of the tubes. Briefly, our numerical simulations involve solution
of quantum transport equations (the standard nonequilibrium
Green’s function formulation), which are self consistent with
the Poisson equation. Details of the simulation model have been
discussed elsewhere [33].
Due to nearly ballistic nature of transport in short-channel
CNFETs [14], the transistor performance is dictated by the SBs
at the metal/nanotube interface and the s-CNTs’ resistance (Rs )
can be approximated by the contact resistance (Rc ). For the long
channel lengths (3, 4, 5, and 8 μm), where transport is scattering
dominated and is also affected by extrinsic factors, we calculate
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Fig. 5. Simulation results for resistance variations resulting from diameter
distributions of CNTs (in the aligned array CNFETs) for the four devices are
shown. (a) Resistance variations at threshold voltage. (b) Resistance variations
in saturation. Resistance of CNT is calculated as R = R c + ρL c , where R c is
contact resistance of CNT (calculated assuming the ballistic transport with the
given SB height), ρ is the resistivity of the CNT, extracted from the slope of R s
versus L c measurements, and L c is the channel length.

Fig. 6. Normalized R s variability observed in simulations and experiments.
(a) R s variability at threshold voltage. (b) R s variability in saturation. R s
has been normalized with respect to average. Lines (black) show the spread
of normalized R s and dots (red) show the experimental values. As seen in
the figure, most of the experimental data fall within the extents of simulations
(supposed to be originating from diameter distribution).

the total resistance Rs by using the expression Rs = Rc + ρLc ,
where Rc is the ballistic contact resistance, ρ is the resistivity of
semiconducting tubes (determined from the slope of the experimental measurements of Rs versus Lc ), and Lc is the channel
length (3, 4, 5, or 8 μm). Fig. 5(a) and (b) shows that large
variations in the resistance Rs are expected from the intrinsic
variation in the diameter distribution, and these variations are
comparable to those observed in the experiments [see Fig. 3(a)
and (b)]. Fig. 6(a) and (b), on the other hand, shows the comparison of simulation result and experimental values of normalized
resistances Rs (normalized with respect to averages). Black
lines in the plot show the expected variability in Rs , as obtained
from simulations, whereas the red circles show the measured
experimental variations (measured at threshold and in saturation). The experimental variability is found within the extents
of the intrinsic variation limits established by simulation results.
Obviously, as discussed earlier, there are additional sources of
extrinsic variability at longer channel devices.
Noting the simulation results of Figs. 5 and 6 and comparing with the observed experimental variations (see Fig. 3), we
conclude that even for long-channel transistors, where other extrinsic effects like increase in defect density, charge trapping,
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Fig. 7. Simulation results for the ION /IOFF as function of diameter of CNTs.
Maximum ION /IOFF is only ∼1000 due to small drain bias V d s = −0.01 V in
these simulations (ION is drain current corresponding to the gate bias of −0.8 V).

etc. may play a significant role, the effect of diameter distribution is still significant, and therefore, a key conclusion of this
paper is that unless the diameter distribution of the semiconducting tube is controlled, large-scale integration of the transistors
based on this technology would be difficult.
Apart from fluctuation in the drain current, Fig. 7 demonstrates another important consequence of the diameter distribution in ultrascaled quasi-ballistic CNFET transistors. That is, in
aligned array CNFETs, only a small fraction of the semiconducting CNTs with diameter 1.0 nm < dCNT < 2.2 nm is capable
of giving a good ION /IOFF ratio, and the rest must be eliminated
for good transistors’ performance. For d > 2.2 nm, the ION /IOFF
ratio is poor for the following reason: the metal Fermi level
contacts large-diameter CNTs deep inside the valance band and
the channel conductance (from OFF-state to ON-state) changes
very little with gate bias. Therefore, even though these large
diameter (small Eg ) tubes carry significant amount of ON current, there is essentially no SB available to suppress the current
during OFF-state. Such tubes, therefore, have poor ION /IOFF ratio
that is not appropriate for digital logic operation. On the other
hand, for very small diameter tubes with dCNT < 1.0 nm, the
barrier height is too large for any significant contribution to the
ON current and the OFF current. These tubes are essentially electrically inactive and while they contribute to physical density,
their contribution to electrical performance is negligible.
In fact, for the given diameter distribution shown in Fig. 4,
only ∼40% of s-CNTs carry most of the current through the device and ∼60% carry insignificant current due to large bandgap
(or SB). Of these 40% s-CNTs with high ON-state current, ∼50%
have ION /IOFF ≥ 500, while the bandgap of the remaining tubes
are too small to be turned off effectively. Therefore, the performance of the device is dictated by ∼20% of the total s-CNTs
that have substantial current and good ON/OFF ratio (ION /IOFF ≥
500). On the other hand, if the ION /IOFF ∼ 200 is sufficient for
specific applications, the percentage of performance determining s-CNTs rises to ∼30%. Since two out of three SWNTs are
semiconducting, therefore, eventually only about 15%–20% of
the tubes that have good ON/OFF ratio are useful for directly
bridging transistors. In sum, increasing tube density without
corresponding control over the diameter distribution may cause
unacceptable level of fluctuation in on current and threshold
voltage, as well as poor on/off ratio.
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While the aforementioned conclusion is based on CNFETs
with Pd as source/drain contact material, we have also fabricated
transistors with gold (Au) metallization scheme. These Aucontacted CNFETs exhibited ambipolar characteristics, contrary to p-type behavior of Pd-contacted devices. The detailed
analysis of these Au-contacted transistors is underway and will
be published elsewhere; however, the fluctuations in the devices’
characteristics, having similar channel lengths and operating under similar conditions, are quite similar and can be understood
in the same theoretical framework.
IV. CONCLUSION
In this paper, we have explored the origin of the surprisingly
large device-to-device fluctuation in aligned array transistors, although originally we presumed that the source of the fluctuation
is extrinsic and would rapidly diminish with improved processing. Detailed characterization and systematic modeling, however, lead us to a dramatically different conclusion, i.e., we now
believe that even if the extrinsic factors during device processing
(e.g., mobility, defect density, etc.) are controlled/eliminated, the
intrinsic variations arising from CVD-grown diameter distributions of CNTs in aligned array CNFETs will still be a persistent
source of variation in devices’ performance, both for short- as
well as long-channel transistors. Indeed, good ON/OFF ratio can
only be achieved over a narrow range of diameters (see Fig. 7),
and the definition of this range will be an important part of
device optimization.
Therefore, our analysis of the effects of diameter distribution on the performance of aligned array CNT transistors shows
that the control over diameter distribution is a critically important process parameter for attaining high-performance transistors and circuits with characteristics rivaling those of the
state-of-the-art Si technology. Aligned network CNFETs are
desirable to gain higher drive current, large active areas and
to resolve inherent “impedance mismatch” problems for highfrequency applications (quantum of resistance ∼25 kΩ, typical of nanodevices and characteristics impedance of free space
∼377 Ω) [34], [35]. Of late, p-type and n-type single and aligned
network nanotube FETs have been fabricated and logic gates
have been demonstrated [36]–[38]; therefore, reproducibility in
device current becomes essential before such applications are
realized and promising results are achieved.
Can the diameter distribution of CNTs be easily controlled?
Of the various techniques to control diameter distribution discussed in the literature, presorting by density differentiation
seems effective in producing tubes of diameter 1.2–1.6 nm [39].
Fig. 7 suggests that the ideal diameter distribution for high ON
current and ON/OFF ratio should be confined to 1.2–2.1 nm; however, tubes of 1.2–1.6 nm diameter would give reasonable performance as well. Since it is difficult to align solution-processed
nanotubes for high-performance transistor applications, the integration of presorted tubes for use in the aligned arrays remains
an open problem. Perhaps the most effective route of controlling
diameter for aligned array CNFETs would come within the CVD
process, where the initial size distribution of the catalysts are
controlled by self-assembly technique. The problem of device-
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to-device fluctuation could also be addressed if long tubes are
shared among various transistors so that regardless the diameter distribution, their device-to-device fluctuation is eliminated.
This approach would restrict transistor layout; however, such
layout rules are now routine in silicon ICs [40] and have been
found not to have significant effect on transistors’ performance
or area penalty.
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