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                  Introduction 
 Improving the packing density and switching speed of fi eld-

effect transistors (FETs) has been the main focus of com-

plementary metal oxide semiconductor (CMOS) computing 

for decades. It is well understood that both can be achieved 

through channel length scaling by reducing the physical 

dimensions and gate capacitance of the FETs. Owing to its 

one-dimensional (1D) ultrathin nature, electrostatic gate 

control of a carbon nanotube (CNT) is more effi cient than 

that of a 3D Si channel, which allows for more aggres-

sive channel length scaling in CNT fi eld-effect transistors 

(CNTFETs). Moreover, CNTs are well known for their high 

mobility and saturation velocity.  1   All of these exceptional 

properties make CNTs an ideal channel material and bring 

the promise of new generations of smaller and faster FETs 

for high-performance logic computing. 

 Besides electrostatic gate control, device designs of con-

tacts, gate stack, and layout will also impact the switching 

speed of the FET. For high mobility channel materials such 

as CNTs, designing the right gate stack and making good con-

tacts are crucial to access their intrinsic material properties. 

The most common layout for a CNTFET is the Schottky bar-

rier (SB) transistor,  2   in which metal source/drain electrodes 

are attached to an intrinsic CNT channel without complicated 

doping profi les. The contact interface and gate dielectric 

deposition are found to be critical to the SB-CNTFET device 

performance. 

 In the following sections, we present an overview of 

research on CNT growth, a design paradigm for material 

imperfection tolerance, post-synthesis material preparation, 

CNT device fabrication and transport, a compact modeling 

and performance benchmark, p, n-FETs for CMOS logic, 

and the largest CNT integration up to date—a CNT computer—

as well as 3D integration.   

 CNT array growth and imperfection-immune 
paradigm 
 Controlled manufacturing of CNTs with desired diameter 

and chirality at predefi ned spots on a wafer remains one 

of the biggest challenges for CNT implementation in high-

performance logic. While a CNTFET can be fabricated from 

a single CNT,  3   this device design is perhaps not the most realistic 

basis for future high-performance integrated circuits (ICs). 

Even though a single CNT allows for extremely high cur-

rent density, the current output of such a single-CNT device 

remains low due to the small size of the channel. Also, the 
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statistical variation of CNT properties (mostly due to varia-

tions in their diameters and thus bandgaps) is diffi cult to 

overcome and would result in a large device-to-device varia-

tion. Dense arrays of horizontally aligned CNTs likely pro-

vide a more effective basis for high-performance devices, 

because the parallel electrical transport pathways allow for 

higher current outputs, and the statistical variation in individual 

CNTs is averaged out, resulting in a smaller device-to-device 

variation. 

 Dense arrays of horizontally aligned CNTs can be achieved 

by growing CNTs on well-defi ned single-crystal substrates 

such as quartz and sapphire (  Figure 1  ) by chemical vapor 

deposition (CVD).  4 , 5   During the growth, CNTs align along the 

crystal lattices, resulting in straight CNTs and a high degree 

of alignment. The CNT density can reach 20–30 CNTs/ μ m,  6   

and in some cases up to 50 CNTs/ μ m are observed.  7 , 8   More 

than 99.9% of the CNTs are horizontally aligned, and their 

deviation from a perfectly linear architecture is less than 5 nm 

along lengths of 5  μ m.  8       

 While high tube densities seem to be attainable, it is 

well known that substantial position imperfections and a 

mixture of metallic and semiconductor components inherent 

in CNT materials remain the main obstacles to the demonstra-

tion of robust and complex CNTFET circuits. Mispositioned 

CNTs create stray conducting paths, leading to incorrect 

logic functionality, whereas metallic CNTs have little or no 

bandgaps, resulting in high leakage currents and incorrect 

logic functionality.  9   The imperfection-immune paradigm, 

which combines circuit design techniques with CNT pro-

cessing solutions, overcomes both of these problems.  9 , 10   

The fi rst step is to perform a full wafer-scale aligned CNT 

growth on a quartz substrate, as shown in  Figure 1 .  11   Since 

these crystalline substrates are not suitable for device fab-

rication, CNTs are then transferred to the substrate used for 

circuit fabrication (e.g., amorphous SiO 2 ) through a low-

temperature (125°C) transfer method, which maintains the 

alignment level and density from the growth.  11 , 12   To remove 

the remaining mispositioned CNTs, the mispositioned CNT-

immune design technique is used.  10 , 13   Using design prin-

ciples described in References 11, 14, and 15, CNTFET 

circuits that ensure correct logic functionality despite mis-

positioned CNTs have been experimentally demonstrated. 

These circuits are known as mispositioned CNT-immune 

circuits, and they are created by etching CNTs from regions 

pre-defi ned during circuit layout design using oxygen plasma, 

such that mispositioned CNTs cannot cause incorrect circuit 

functionality.  13   The costs associated with this technique are 

small, and it is also highly scalable: mispositioned CNT-

immune digital logic structures have been demonstrated at 

the wafer scale.  11   

 The remaining challenge is the presence of metallic 

CNTs (m-CNTs) in the array. Several groups have dem-

onstrated strategies to selectively grow well-aligned semi-

conducting CNTs (s-CNTs).  16 – 18   By optimizing the carbon 

feedstock, a purity of 95% s-CNTs has been demonstrated.  16   

Since it is currently still impossible to have 100% purity, 

electrical breakdown can be performed to remove m-CNTs, 

whereby a suffi ciently large source-drain voltage is pulsed 

to breakdown m-CNTs through Joule self-heating (while a 

back-gate turns off all s-CNTs), which has shown the ability 

to remove the required >99.99% m-CNTs  19   for very large-

scale integration (VLSI) applications. A specifi c electrical 

breakdown technique is known as VMR (VLSI-compatible 

metallic CNT removal); it is a combined CNTFET process-

ing and design technique that allows electrical breakdown 

to be performed at the entire chip scale, thereby making it 

practical for VLSI circuits.  20   Many of the CNTFET circuit 

demonstrations discussed later in the article, including the 

CNT computer, employ VMR to remove m-CNTs. Another 

method to remove m-CNTs exploits nanoscale thermocapil-

lary fl ow, as reported by Jin et al.  21   In this technique, a very 

thin layer of a so-called “thermocapillary resist” is evapo-

rated on top of CVD-grown aligned CNTs. A large voltage 

is applied across the CNTs along with a high positive gate 

voltage to shift s-CNTs into a non-conducting state. Joule 

heating causes m-CNTs to heat up and force the resist to 

fl ow away, exposing the CNTs. Thus, an etch mask is cre-

ated that protects the s-CNTs, while the exposed m-CNTs 

can be removed by subsequent reactive ion etching.   

 Post-synthesis separation and placement 
 A different approach for achieving large arrays of s-CNTs is 

focused on post-synthetic sorting: separating or sorting CNTs by 

their types (metallic or semiconducting) and/or diameters takes 

place after they have been grown, but prior to their placement 

on target substrates. CNTs are fi rst suspended in solution, some-

times combined with selective functionalization 

of metallic or semiconducting CNTs. A variety 

of techniques (typically borrowed from life 

sciences) such as electrophoretic separation,  22   

chromatography,  23 – 26   and ultracentrifugation  27 , 28   

can then be used to separate CNTs by various 

properties such as their lengths, diameters, and 

electronic types, as well as separate individual 

CNTs from bundles.  29   A simple and effective 

approach for sorting s-CNTs from m-CNTs is 

based on column chromatography.  26   A solution 

of CNTs is loaded into a column containing 

  

 Figure 1.      Chemical vapor deposition growth of highly aligned carbon nanotubes (CNTs) on 

a quartz substrate.    
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a gel fi ltration medium down, which CNTs slowly elute due to 

gravity. The CNT solution (originally black) separates into red 

and blue bands that pass through the column at different rates, 

allowing separated collections at the bottom of the column. 

The separation mechanism is complicated and is believed to be 

based on a combination of selective adsorption of the s-CNTs 

to the column material and difference in travel speed through 

the pores. The blue band is found to contain m-CNTs, while 

the red band consists of s-CNTs. By iteratively applying this 

method, solutions can be purifi ed until they contain more than 

99.9% s-CNTs, as confi rmed by electrical testing of more than 

4000 transistors.  26   

 After sorting CNTs by electronic types in solution, the 

solution containing the required type must be placed on target 

substrates. While this can be done by simple drop-casting 

or spin-coating techniques, these will result in random networks 

of CNTs that are not suitable for large device array fabrica-

tion. Recently, it has been shown that selective placement of 

CNTs, and even some degree of horizontal alignment, can be 

achieved by chemically functionalizing parts of a patterned 

substrate, onto which the CNTs are then selectively depos-

ited from solution,  30   see   Figure 2  . A patterned HfO 2 /SiO 2  is 

covered with a monolayer of 4-(N-hydroxycarboxamido)-1-

methylpyridinium iodide (NMPI) molecules, which are known 

to self-assemble on HfO 2  surfaces but not on SiO 2 . CNTs 

are coated with sodium dodecyl sulphate (SDS) solution, 

which undergoes an ion-exchange reaction with the NMPI 

in the patterned HfO 2  regions, causing the CNTs to be selec-

tively deposited. By creating very narrow trenches of HfO 2 , 

CNTs even align along the trench direction, creating well-

defi ned areas of horizontally aligned CNTs with densities 

up to 10 9  CNTs/cm 2 .       

 CNTFET contact interface control 
 While  sp  2 -bonded carbon atoms guarantee mechanical and 

chemical stabilities of CNTs, they make doping CNTs a 

challenging task. A doping-free approach is thus preferred for 

high-performance logic device fabrication, where the nature 

( p -type or  n -type) of the FET is not controlled by doping, but 

by the contact type instead. The   Figure 3   inset shows a sche-

matic of a simple back-gated CNTFET—a device layout com-

monly adopted in CNT research. A heavily doped Si substrate 

covered with 10 nm SiO 2  is used as the supporting substrate, 

and often can also serve as the back gate and gate dielectric of 

the FET. Source/drain metal contacts are directly defi ned on 

top of the CNT surface by lithography and subsequent metal 

lift-off.     

 Unlike 3D semiconductors, the electronic properties of 1D 

CNTs largely depend on their physical structure.  1   For exam-

ple, the bandgap of a s-CNT is inversely proportional to its 

diameter. Since precise diameter control cannot be achieved 

by growth or post-growth purifi cation yet, and the chemical 

termination of the CNT surface under a metal contact is not 

well understood, a large range of on-state currents ( I  on ) from 

10 –5  to 10 –9 A are reported for CNTFETs with similar device 

geometries. More importantly, the interface between the metal 

contact and CNT also behaves differently from that of con-

ventional semiconductors. The well-known Fermi level pin-

ning caused by metal-induced gap states is not a strong effect 

in CNTs. In order to fi nd the origin of the large  I  on  variation, an 

investigation of over a hundred CNTFETs was carried out to 

study the current injection from various metals to CNTs with 

different diameters.  3   

 The transfer characteristics in  Figure 3  show high on-state 

currents at large negative and positive gate voltages, and the 

device off-state appears in the middle. Given the negative 

drain biases applied, hole carriers injected from the source 

contact are responsible for the observed on-state branch 

( p -branch) at the negative gate voltages, while electron car-

riers injected from the drain contact form the on-state branch 

( n -branch) at the positive gate voltages. In between, the gate 

voltages set the contact barriers to be so thick that no carriers 

can be injected into the channel, and the device off-state is 

formed. These so-called ambipolar characteristics are unique 

for small bandgap materials directly contacted by source/drain 

metal contacts. The band profi les illustrating these two current 

injections are presented in the bottom insets in  Figure 3 . For 

circuit applications, the current branch with less drain voltage 

dependence is desired, which is the  p -branch in this case and 

is what we will focus on. 

 As indicated in the band profi le, the current is injected 

from the source to the CNT channel through a SB. The bar-

rier width is determined by the gate oxide and CNT channel, 

while the barrier height is determined by the work function 

difference between the metal contact and CNT as well as the 

carbon surface chemistry under the contact. On a log scale, 

 I  on  is inversely proportional to the SB height that is lin-

early proportional to the bandgap. Given that the bandgap 

is inversely proportional to the CNT diameter, diameter-

dependent  I  on  plots for three different contact metals, Pd, 

Ti, and Al, are presented in   Figure 4  .  3   All the curves 

  

 Figure 2.      Selective placement of carbon nanotubes (CNTs) by 

chemical self-assembly. Locations of the CNTs are indicated by 

red marks.    

https://doi.org/10.1557/mrs.2014.164 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2014.164


 CARBON NANOTUBES FOR HIGH-PERFORMANCE LOGIC    

722  MRS BULLETIN     •      VOLUME 39     •      AUGUST 2014     •      www.mrs.org/bulletin  

show the same diameter dependence, and the general  I  on  

trend follows that of the metal work function. SB heights 

are extracted by self-consistently solving the Poisson and 

Schrödinger equation using the nonequilibrium Green’s 

function formalism (NEGF).  3   It is clear that larger diameter 

CNTs form a smaller SB and carry larger  I  on  .  More impor-

tantly, the current variation among small diameter CNTs is 

much more severe than that in the larger ones. When gate 

dielectrics with smaller effective oxide thickness (EOT) 

are used, higher  I  on  is observed in the CNTFETs (blue data 

points in  Figure 4 ) since thinner SBs are obtained through 

stronger gate control,  31   while SB heights stay the same for 

the same choices of CNT and metal contact. Thus, in order 

to conclude whether SBs are present in a device or not, it 

is not suffi cient to rely on high currents and linear output 

characteristics alone. The near ohmic behavior of Pd, Sc, 

and Y contacts to large diameter CNTs can be verifi ed by 

temperature-dependent measurements.  32 – 34   Unlike large SB 

contacts, these devices show that  I  on  monotonically increases 

as temperature decreases.     

 For a given CNT, both the metal work function and 

surface chemistry play important roles in the on-state per-

formance of the CNTFET. It is experimentally found that 

among all high work function metals, palladium (Pd) makes 

the best contact for  p -type CNTFETs, and scandium (Sc) 

and yttrium (Y) are the best contact choices 

for  n -type CNTFETs among all low work 

function metals. When the diameter of the 

CNT is larger than 1.5 nm, Pd is able to form 

a nearly SB free contact to its valence band 

and reach a contact resistance of  ∼ 11 k Ω ,  32 , 35   

which is close to the quantum limit we will 

discuss later. Similarly, Sc and Y can form 

SB-free contacts to large diameter CNTs and 

reach a contact resistance of  ∼ 13 k Ω   33 , 34   to 

the conduction band.   

 Ballistic transport 
 Due to the 1D confi nement, electrons can only 

travel forward and backward on the surface 

of a CNT. The requirement of energy and 

momentum conservation constrains the avail-

able phase space for scattering. This results in 

extremely high mobility in CNTs with very 

long mean free paths for elastic and acoustic 

phonon scattering. When the device channel 

length is scaled down to be close or even 

shorter than these mean free paths, almost no 

scattering occurs when electrons travel from 

the source to the drain. This is defi ned as bal-

listic transport, in which the entire source/

drain voltage bias is dropped at the contact 

interface, and electrons travel at their Fermi 

velocity limit in the channel. Ballistic trans-

port is the best performance that an electron-

ic device can reach. This has been achieved in both metallic 

and semiconducting CNTs, as shown in   Figure 5  —device 

  

 Figure 3.      Transfer characteristics of a carbon nanotube fi eld-effect transistor (CNTFET) 

showing ambipolar behavior. Top inset is the schematic of a back gated CNTFET with a 

colored scanning electron miscroscopy image on top. The bottom insets show the band 

profi les for  p - (left) and  n - (right) type carrier injection. The  p -branch is formed by injecting 

holes from the source into the valence band of the CNT through a gate voltage controlled 

SB, and the  n -branch is formed by injecting electrons from the drain to the conduction 

band of the CNT through a drain voltage controlled SB. Therefore, the drain voltage 

independent  p -branch is desired in the FET device operation. Note:  V  ds , source/drain bias; 

 I  d , source/drain current;  V  gs , gate voltage; SB, Schottky barrier.  1      

  

 Figure 4.      On-state current  I  on  as a function of the carbon 

nanotube (CNT) diameter for Pd, Ti, and Al contacts. All 

devices are fabricated on 10 nm SiO 2 /Si substrates, except 

the blue data points that are from CNTFETs fabricated on an 

8 nm HfO 2 /Si substrate.  31   The right axis shows the extracted 

Schottky barrier heights from nonequilibrium Green’s function 

formalism simulations for CNTFETs with 10 nm SiO 2  gate 

dielectric (not applicable for the blue data points). Note: Laser 

CNT, laser ablation synthesized CNT; arc discharge CNT, 

arc discharge synthesized CNT; CVD CNT, chemical vapor 

deposition grown CNT.  3      
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currents no longer increase as the channel lengths decrease 

to below 40 nm.  35   To our knowledge, this nearly perfect 

ballistic transport has only been achieved at room tempera-

ture in CNTs. The extracted mean free path for low fi eld 

scattering is  ∼ 200 nm, which again confi rms the excellent 

transport properties of 1D CNTs. From the m-CNT plot, 

a total resistance of  ∼ 6.6 K Ω  is extracted from the low fi eld 

slope. This value is expected as the minimum interface resis-

tance between a 3D metal contact and a 1D conductor with 

two conduction modes ( ∼ 13 K Ω  for each mode), which is 

defi ned as quantum resistance—the fundamental limit of 

contacting a low-dimensional material. Due to the extra SB 

and other interface resistances, the s-CNT devices show a 

larger resistance of  ∼ 11 k Ω .       

 Gate structure and material choices 
 Due to the chemical inertness of the CNT surface, depos-

iting high-quality, uniform, ultrathin gate dielectrics on 

CNTs has been identifi ed as a major challenge in CNTFET 

device fabrication. Earlier studies on the contact properties 

revealed that some metals, such as Sc and Y, can nicely 

wet the CNT surface and be easily oxidized to form an ul-

trathin oxide layer.  34     Figure 6   shows that a 

5 nm yttria (Y 2 O 3 ) layer serves as a perfect 

dielectric material for a CNTFET, yielding an 

ideal sub-threshold swing of 60 mV/decade at 

room temperature.  36   Using low-energy elec tron 

diffraction and scanning tunneling microscopy, 

it is shown that Y 2 O 3  forms a complete mono-

layer on the carbon surface and is stable at 

high temperature.  37   Both transport and capac-

itance measurements carried out at cryogenic 

temperatures also confi rm that Y 2 O 3  contains 

very few short-range scattering centers and is 

an ideal dielectric material for carbon-based 

devices.  38       

 While the ultrathin CNT channel allows 

for more aggressive channel length scaling, 

a gate-all-around (GAA) structure is expected 

to be the ideal geometry to maximize the elec-

trostatic gate control. However, to achieve the 

GAA structure, CNTs need to be freestanding 

before the gate stack deposition, and the afore-

mentioned surface inertness is found to cause 

more serious challenges in fabrication. Atomic 

layer deposition of high- ĸ  dielectric, Al 2 O 3 , 

followed by a gate metal layer, WN, with  in 

situ  NO 2  functionalization prior to the dielec-

tric deposition was specially developed to 

address this problem.  39   The nanotube channel 

is completely encapsulated in the gate metal 

and dielectric stack, as shown in   Figure 7  .  40   

This GAA structure provides the maximum 

electrostatic gate control that allows for abrupt 

doping profi les (e.g., the  p -type/intrinsic/

 p -type ( p / i / p ) doping illus trated in the schematic), which is 

key for novel device operations such as tunnel FETs. Recently, 

GAA devices down to 20 nm gate lengths have been demon-

strated to continue the scaling path for CNTFETs and further 

prove the competitive position of CNTs in high performance 

CMOS applications.  41         

 Compact modeling and performance 
benchmarking 
 Energy-effi ciency is typically measured in terms of perfor-

mance per watt, and it has been a key driver for the scaling 

of digital systems over the last few decades.  42 , 43   CNTFETs 

are excellent candidates for building highly energy-effi cient 

digital systems in the future, owing to the aforementioned 

superior electrostatic control, high mobility, and low supply 

voltage of operation.  44   

 Signifi cant projected CNT technology benefi ts have led 

to the development of highly accurate compact CNTFET 

device models, which account for parasitic resistances, 

capac itances, and other undesirable effects (such as direct 

source/drain tunneling current) that exist in highly scaled 

CNTFET devices.  45 – 48   Such compact models enable accurate 

  

 Figure 5.      Output characteristics of (a) metallic carbon nanotube (m-CNT) and (b) 

semiconducting carbon nanotube (s-CNT) devices with various channel lengths. Channel 

lengths are indicated in the annotation of each fi gure. Low fi eld resistances for both 

devices reach the ballistic limit (black solid line). Note:  I  d , source/drain current;  V  ds , source/

drain voltage;  V  GS , gate voltage;  V  th , threshold voltage.  35      

  

 Figure 6.      Carbon nanotube fi eld-effect transistor (CNTFET) with yttria top gate dielectric. 

(a) Colored scanning electron microscope image of a CNTFET, with the CNT diameter 

 d  = 1.2 nm and scale bar denoting 4  μ m. (b) Transfer characteristics of the device for 

 V  ds  = 0.1 V, 0.3 V, and 0.5 V, showing a perfect subthreshold slope ( SS ) of 60 mV/decade at 

room temperature. Note:  I  ds , source/drain current;  V  TG , top gate voltage.    
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prediction and optimization of the energy-effi ciency bene-

fi ts of CNTFET-based digital systems. In Reference 47, for 

example, chip-level optimization is performed to achieve 

the fastest speed under different total chip power constraints 

for a four-core microprocessor with 1.5 M logic gates and 

5 MB of SRAM per core at the 11 nm technology node. 

In this case, the CNTFET technology is projected to offer 

5x faster speed at the same total chip power consumption 

(across a wide range of power constraints from 10 mW 

to 100 W) compared to an optimized Si-CMOS technol-

ogy using partially depleted silicon-on-insulator devices.  47   

Note that the energy-effi ciency benefi ts of CNTFETs assume 

that the CNT density is between 100–200 CNTs per microm-

eter.  47 , 49   Many techniques exist for improving 

CNT density (including techniques to im-

prove grown CNT density,  6 , 7   as well as mul-

tiple transfer techniques  12  ), but CNT densities 

above 100 CNTs per micrometer have not yet 

been experimentally demonstrated.   

 p- and n-FETs for CMOS logic 
 One very important, but often less noted, aspect 

of CMOS technology is the symmetry between 

 n -type and  p -type devices. For a typical semi-

conductor, the conduction and valence bands 

are usually not symmetric, with the effective 

electron mass at the bottom of the conduction 

band being much smaller than the effective 

hole mass at the top of the valence band. As 

a result, electron mobility in a conventional 

semiconductor is usually many times larger 

than the hole mobility, making the design of 

large-scale ICs more complicated. 

 The situation for s-CNTs is very different. 

The band structure is symmetric for the conduc-

tion and valence bands, resulting in the same 

carrier mobility for the two types of carriers. 

In addition, nearly ohmic contacts are available 

for effi cient injection of both electrons and 

holes, preparing perfectly symmetric high-

performance  n - and  p -type CNTFETs for 

CMOS logic.  50     Figure 8   shows device charac-

teristics for a pair of  n - and  p -FETs fabricated 

on the same s-CNT. Both transfer ( Figure 8a ) 

and output characteristics ( Figure 8b ) show 

almost symmetric behaviors.  50   Since doping 

processes are avoided in the fabrication of 

CNTFETs, its integration circuit fabrication 

then becomes much simpler than that of Si 

CMOSs.       

 CNT computer 
 Leveraging the imperfection-immune para-

digm, complex CNTFET-based digital sys-

tems can now be realized. For example, a 

general-purpose fully programmable processor has been 

experimentally demonstrated.  51   This pro cessor can be used 

to execute any arbitrary program (given enough time and 

memory), and represents the increased level of inte gration 

enabled by the imperfection immune paradigm. It consists 

of 178 CNTFETs, each comprising 10–200 CNTs (depend-

ing on the CNTFET sizes), and is created using the highly 

scalable fabrication techniques and design fl ows described 

in References 9, 12, 51, and 52. The processor circuit con-

tains both combina tional circuit elements (e.g., for arithmetic) 

and sequential circuit elements (e.g., for timing and control), 

thus dem onstrating that any arbitrary digital system can be 

created using CNTFETs. 

  

 Figure 7.      Colored scanning electron microscope image of a gate-all-around (GAA) carbon 

nanotube fi eld-effect transistor (CNTFET) with wraparound Al 2 O 3  gate dielectric and WN 

gate metal. The CNT segments close to the source/drain contacts are exposed for doping. 

Left inset is a transmission electron microscope image of the GAA CNT, and the right 

inset is a schematic of a metal oxide semiconductor fi eld-effect transistor, such as GAA 

CNTFET, with a  p / i / p  doping profi le.  40      

  

 Figure 8.      Symmetric carbon nanotube fi eld-effect transistors (CNTFETs) for comple-

mentary metal oxide semiconductor logic. (a) Transfer and (b) output characteristics 

of a  n -type and a  p -type CNTFET fabricated on the same (semiconducting) s-CNT, 

showing almost perfect symmetric performance between  n - and  p -type CNTFETs. 

Note:  V  ds , source/drain voltage;  V  gs , gate voltage;  I  ds , source/drain current;  V  th , threshold 

voltage.  50      
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 An image of such a full processor is shown in   Figure 9  . 

Although CNT circuits are projected to operate faster than 

Si-CMOS circuits (see section on Compact Modeling and 

Performance Benchmarking), the current CNT computer 

operates at 1 kHz. This is not a fundamental limit of the CNT 

technology; instead, the performance is limited by capacitive 

loading from the measurement setup, the one micrometer min-

imum lithographic feature size of the fabrication facility it was 

produced in, and the CNT density of 5 CNTs per micrometer. 

The CNTFET processor proves that mispositioned CNTs and 

m-CNTs can be overcome to realize highly scalable CNT cir-

cuits. Further advancements in CNT densities will continue to 

improve the energy-effi ciency of experimental CNT circuits. 

However, the CNTFET processor proves that both misposi tioned 

CNTs and m-CNTs can be overcome in a highly scalable manner, 

a signifi cant development for the advancement of CNT circuits.       

 Monolithic 3D circuits 
 Three-dimensional circuit integration is an attractive tech-

nology option because it offers further scaling benefi ts 

for digital systems, such as increased device 

density for the same circuit footprint.  53   In 

particular, monolithic 3D integration enables 

interlayer connections at the transistor scale, 

which is ideal for 3D integrated circuits 

(3D ICs).  54   Despite these benefi ts, however, 

silicon-based 3D ICs are challenging because 

during the sequential processing of FETs 

on each layer, high-temperature process-

ing for top-layer FETs degrades the perfor-

mance of bottom-layer FETs. In contrast, 

by employing the low-temperature multiple-

layer CNT transfer process to build circuits, 

CNTFETs provide a unique opportunity to 

enable monolithic 3D ICs. To overcome the 

mispositioned CNTs and m-CNTs on each 

layer, the imperfection immune paradigm 

is extended. Mispositioned CNT-immune 

design is readily scalable to 3D, and m-CNTs 

can be removed via the 3D VMR technique 

described in Reference 55. The left image in   Figure 10   

illustrates the process fl ow for CNT mono lithic 3D ICs. 

This process fl ow has enabled experimental demonstrations 

of complex digital logic circuits spanning multiple circuit 

layers, as shown in Reference 55. Transmission electron 

microscopy images of these circuits, depicting CNTFETs 

on three circuit layers, are provided in the right images of 

 Figure 10 .       

 Future outlook 
 As reviewed in this article, carbon nanotube (CNT) technol-

ogy has been continuously developed in the past 15 years. From 

mate rials, device transport, to large-scale circuit integra-

tion, much progress has been made. To push CNTs further into 

industrial produc tion and make them become part of con sumer 

electronics, many more issues such as reliability and reproduc-

ibility need to be con sidered and evaluated. It will again require 

material scientists, chemists, electrical engineers, and many 

other experts from different fi elds to work together on all these 

challenges.    

  

 Figure 9.      (a) Scanning electron microscope image of a full carbon nanotube fi eld-effect 

transistor (CNTFET)-based processor, including data fetch, arithmetic block, write-back, 

and instruction fetch units (full circuit-level and architectural-level details can be found in 

Reference 51). (b) Optical image of the 4” wafer where multiple instances of the processor 

are fabricated. (c) Scanning electron microscope image of a single CNTFET in the 

processor, depicting multiple CNTs bridging the source and drain.    

  

 Figure 10.      Flow chart for the fabrication of carbon nanotube fi eld-effect transistor (CNTFET) monolithic 3D integrated circuits (ICs). 

As shown in the inset, a bi-layer of Ti/Pd is used as a local-back-gate with Al 2 O 3  as the gate dielectric. Spin-on-glass (SOG) is used as the 

passivation layer for lower-layer CNFET circuits, such that CNTs can be transferred onto smooth top surfaces for upper-layer CNFET circuit 

fabrication. All details can be found in Reference 55. Note: IC, integrated circuit; m-CNT, metallic carbon nanotube; VMR, VLSI-compatible 

metallic CNT removal.    

https://doi.org/10.1557/mrs.2014.164 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2014.164


 CARBON NANOTUBES FOR HIGH-PERFORMANCE LOGIC   

726  MRS BULLETIN     •      VOLUME 39     •      AUGUST 2014     •      www.mrs.org/bulletin  

CRAIC Technologies UV-visible-NIR microscopes and microspectrophotometers 
are used for imaging and spectral analysis of sub-micron sized features with 
absorbance, reflectance, fluorescence, emission and polarized illumination. 
Capabilities include film thickness measurements, colorimetry and high resolution 
imaging in the UV, visible and NIR regions. Rapid & accurate spectra & images 
of microscopic samples: The Perfect Vision for Science™.

For more information, call 877.UV.CRAIC or 
visit our website at www.microspectra.com

©2011 CRAIC Technologies, Inc. San Dimas, California (USA).

SPECTROSCOPY OF MICROSCOPIC SAMPLES

MRS Booth 1023

FO
CU

S 
IS

SU
E

CALL FOR PAPERS

www.mrs.org/jmr   
Hosted on  

Cambridge  

Journals Online

May 2015 Issue 
 Radiation Damage and Effects  

Characterization: State of the Art,  

Challenges, and Protocols

Submission Deadline—September 15, 2014

  References 
  1.       P.     Avouris  ,   Z.     Chen  ,   V.     Perebeinos  ,  Nat. Nanotechnol.   2  ( 10 ),  605  ( 2007 ).  
  2.       J.     Appenzeller  ,   Y.M.     Lin  ,   J.     Knoch  ,   Z.H.     Chen  ,   P.     Avouris  ,  IEEE Trans. Electron 
Devices   52 ,  2568  ( 2005 ).  
  3.       Z.     Chen  ,   J.     Appenzeller  ,   J.     Knoch  ,   Y.     Lin  ,   P.     Avouris  ,  Nano Lett.   5 ,  1497  ( 2005 ).  
  4.       J.     Xiao  ,   S.     Dunham  ,   P.     Liu  ,   Y.     Zhang  ,   C.     Kocabas  ,   L.     Moh  ,   Y.     Huang  ,   K.-C.     Hwang  , 
  C.     Lu  ,   W.     Huang  ,   J.A.     Rogers  ,  Nano Lett.   9  ( 12 ),  4311  ( 2009 ).  
  5.       I.     Ibrahim  ,   A.     Bachmatiuk  ,   J.H.     Warner  ,   B.     Büchner  ,   G.     Cuniberti  ,   M.H.     Rümmeli  , 
Small   8  ( 13 ),  1973  ( 2012 ).  
  6.       S.W.     Hong  ,   T.     Banks  ,   J.A.     Rogers  ,  Adv. Mater.   22  ( 16 ),  1826  ( 2010 ).  
  7.       L.     Ding  ,   D.     Yuan  ,   J.     Liu  ,  J. Am. Chem. Soc.   130  ( 16 ),  5428  ( 2008 ).  
  8.       C.     Kocabas  ,   S.J.     Kang  ,   T.     Ozel  ,   M.     Shim  ,   J.A.     Rogers  ,  J. Phys. Chem. C   111
( 48 ),  17879  ( 2007 ).  
  9.       N.     Patil  ,  thesis, “Design and Fabrication of Imperfection-Immune Carbon 
Nanotube Digital VLSI Circuits,” Stanford University, CA (2010) .  
  10.       J.     Zhang  ,   S.     Member  ,   A.     Lin  ,   N.     Patil  ,   H.     Wei  ,   L.     Wei  ,   H.-S.P.     Wong  ,   S.     Mitra  , 
IEEE Trans. Comput. Aided Des. Integr. Circuits Syst.   31  ( 4 ),  453  ( 2012 ).  
  11.       N.     Patil  ,   A.     Lin  ,   E.R.     Myers  ,   H.-S.P.     Wong  ,   S.     Mitra  ,  Proc. Symp. VLSI 
Technol .  205  ( 2008 ).  
  12.       M.M.     Shulaker  ,   H.     Wei  ,   N.     Patil  ,   J.     Provine  ,   H.     Chen  ,   H.-S.P.     Wong  ,   S.     Mitra  , 
Nano Lett.   11 ,  1881  ( 2011 ).  
  13.       N.     Patil  ,   A.     Lin  ,   H.-S.P.     Wong  ,   S.     Mitra  ,  IEEE Trans. Comput. Aided Des. 
Integr. Circuits Syst.   27  ( 10 ),  1725  ( 2008 ).  
  14.       N.     Patil  ,   J.     Deng  ,   H.-S.P.     Wong  ,   S.     Mitra  ,  Proc. 44th Annu. Conf. Des. Autom.—
DAC ’07 ,  958  ( 2007 ).  
  15.       S.     Bobba  ,   A.     Pullini  ,   D.     Atienza  ,   G.     De Micheli  ,  2009 Des. Autom. Test Eur. 
Conf. Exhib.   1 ,  616  ( 2009 ).  
  16.       L.     Ding  ,   A.     Tselev  ,   J.     Wang  ,   D.     Yuan  ,   H.     Chu  ,   T.P.     McNicholas  ,   Y.     Li  ,   J.     Liu  , 
Nano Lett.   9  ( 2 ),  800  ( 2009 ).  
  17.       J.     Parker  ,   C.     Beasley  ,   A.     Lin  ,   H.-Y.     Chen  ,   H.-S.     Philip Wong  ,  Carbon N.Y.   50
( 14 ),  5093  ( 2012 ).  
  18.       W.     Zhou  ,   S.     Zhan  ,   L.     Ding  ,   J.     Liu  ,  J. Am. Chem. Soc.   134  ( 34 ),  14019  ( 2012 ).  
  19.       J.     Zhang  ,   N.P.     Patil  ,   S.     Mitra  ,  IEEE Trans. Comput. Aided Des. Integr. Circuits 
Syst.   28  ( 9 ),  1307  ( 2009 ).  
  20.       N.     Patil  ,   A.     Lin  ,   J.     Zhang  ,   K.     Anderson  ,   H.-S.P.     Wong  ,   S.     Mitra  ,  2009 IEEE Int. 
Electron Devices Mtg.   573  ( 2009 ).  

  21.       S.H.     Jin  ,   S.N.     Dunham  ,   J.     Song  ,   X.     Xie  ,   J.-H.     Kim  ,   C.     Lu  ,   A.     Islam  ,   F.     Du  , 
  J.     Kim  ,   J.     Felts  ,   Y.     Li  ,   F.     Xiong  ,   M.A.     Wahab  ,   M.     Menon  ,   E.     Cho  ,   K.L.     Grosse  , 
  D.J.     Lee  ,   H.U.     Chung  ,   E.     Pop  ,   M.A.     Alam  ,   W.P.     King  ,   Y.     Huang  ,   J.A.     Rogers  ,  Nat. 
Nanotechnol.   8  ( 5 ),  347  ( 2013 ).  
  22.       D.A.     Heller  ,   R.M.     Mayrhofer  ,   S.     Baik  ,   Y.V.     Grinkova  ,   M.L.     Usrey  ,   M.S.     Strano  , 
J. Am. Chem. Soc.   126  ( 44 ),  14567  ( 2004 ).  
  23.       E.     Farkas  ,   M.E.     Anderson  ,   Z.     Chen  ,   A.G.     Rinzler  ,  Chem. Phys. Lett.   363  ( 1 –2), 
 111  ( 2002 ).  
  24.       G.S.     Duesberg  ,   J.     Muster  ,   V.     Krstic  ,   M.     Burghard  ,   S.     Roth  ,  Appl. Phys.   119
( 1998 ),  117  ( 2000 ).  
  25.       B.J.     Bauer  ,   J.A.     Fagan  ,   E.K.     Hobbie  ,   J.     Chun  ,   V.     Bajpai  ,  J. Phys. Chem. C   112
( 6 ),  1842  ( 2008 ).  
  26.       G.S.     Tulevski  ,   A.D.     Franklin  ,   A.     Afzali  ,  ACS Nano   7  ( 4 ),  2971  ( 2013 ).  
  27.       Z.     Chen  ,   X.     Du  ,   M.-H.     Du  ,   C.D.     Rancken  ,   H.-P.     Cheng  ,   A.G.     Rinzler  ,  Nano Lett.
3  ( 9 ),  1245  ( 2003 ).  
  28.       M.S.     Arnold  ,   A.A.     Green  ,   J.F.     Hulvat  ,   S.I.     Stupp  ,   M.C.     Hersam  ,  Nat. 
Nanotechnol.   1  ( 1 ),  60  ( 2006 ).  
  29.       S.K.     Doorn  ,   M.S.     Strano  ,   M.J.     O’Connell  ,   E.H.     Haroz  ,   K.L.     Rialon  ,   R.H.     Hauge  , 
  R.E.     Smalley  ,  J. Phys. Chem. B   107  ( 25 ),  6063  ( 2003 ).  
  30.       H.     Park  ,   A.     Afzali  ,   S.-J.     Han  ,   G.S.     Tulevski  ,   A.D.     Franklin  ,   J.     Tersoff  ,   J.B.     Hannon  , 
  W.     Haensch  ,  Nat. Nanotechnol.   7  ( 12 ),  787  ( 2012 ).  
  31.       A.     Javey  ,   J.     Guo  ,   D.B.     Farmer  ,   Q.     Wang  ,   D.     Wang  ,   R.G.     Gordon  ,   M.     Lundstrom  , 
  H.     Dai  ,  Nano Lett.   4  ( 3 ),  447  ( 2004 ).  
  32.       A.     Javey  ,   J.     Guo  ,   Q.     Wang  ,   M.     Lundstrom  ,   H.     Dai  ,  Nature   424 ,  654  ( 2003 ).  
  33.       Z.     Zhang  ,   X.     Liang  ,   S.     Wang  ,   K.     Yao  ,   Y.     Hu  ,   Y.     Zhu  ,   Q.     Chen  ,   W.     Zhou  ,   Y.     Li  , 
  Y.     Yao  ,   J.     Zhang  ,   L.-M.     Peng  ,  Nano Lett.   7  ( 12 ),  3603  ( 2007 ).  
  34.       L.     Ding  ,   S.     Wang  ,   Z.     Zhang  ,   Q.     Zeng  ,   Z.     Wang  ,   T.     Pei  ,   L.     Yang  ,   X.     Liang  ,   
J.     Shen  ,   Q.     Chen  ,   R.     Cui  ,   Y.     Li  ,   L.     Peng  ,  Nano Lett.   9  ( 12 ),  4209  ( 2009 ).  
  35.       A.D.     Franklin  ,   Z.     Chen  ,  Nat. Nanotechnol.   5  ( 12 ),  858  ( 2010 ).  
  36.       Z.     Wang  ,   H.     Xu  ,   Z.     Zhang  ,   S.     Wang  ,   L.     Ding  ,   Q.     Zeng  ,   L.     Yang  ,   T.     Pei  , 
  X.     Liang  ,   M.     Gao  ,   L.-M.     Peng  ,  Nano Lett.   10  ( 6 ),  2024  ( 2010 ).  
  37.       R.     Addou  ,   A.     Dahal  ,   M.     Batzill  ,  Nat. Nanotechnol.   8  ( 1 ),  41  ( 2013 ).  
  38.       L.     Wang  ,   X.     Chen  ,   Y.     Wang  ,   Z.     Wu  ,   W.     Li  ,   Y.     Han  ,   M.     Zhang  ,   Y.     He  ,   C.     Zhu  , 
  K.K.     Fung  ,   N.     Wang  ,  Nanoscale   5  ( 3 ),  1116  ( 2013 ).  
  39.       D.B.     Farmer  ,   R.G.     Gordon  ,  Nano Lett.   6 ,  699  ( 2006 ).  
  40.       Z.     Chen  ,   D.     Farmer  ,   S.     Xu  ,   R.     Gordon  ,   P.     Avouris  ,   J.     Appenzeller  ,  IEEE 
Electron Devices Lett.   29  ( 2 ),  183  ( 2008 ).  
  41.       A.D.     Franklin  ,   S.O.     Koswatta  ,   D.B.     Farmer  ,   J.T.     Smith  ,   L.     Gignac  ,   C.M.     Breslin  , 
  S.-J.     Han  ,   G.S.     Tulevski  ,   H.     Miyazoe  ,   W.     Haensch  ,   J.     Tersoff  ,  Nano Lett.   13  ( 6 ), 
 2490  ( 2013 ).  
  42.       J.     Laudon  ,  ACM SIGARCH Comput. Archit. News   33  ( 4 ),  5  ( 2005 ).  
  43.       S.     Rivoire  ,   M.A.     Shah  ,   P.     Ranganathan  ,   C.     Kozyrakis  ,  Proc. 2007 ACM 
SIGMOD Int. Conf. Manage. Data   365  ( 2007 ).  
  44.       L.     Ding  ,   S.     Liang  ,   T.     Pei  ,   Z.     Zhang  ,   S.     Wang  ,   W.     Zhou  ,   J.     Liu  ,   L.-M.     Peng  , 
 Appl. Phys. Lett.   100  ( 26 ),  263116  ( 2012 ).  
  45.       J.     Deng  ,   H.-S.P.     Wong  ,  IEEE Trans. Electron Devices   54  ( 12 ),  3186  ( 2007 ).  
  46.       J.     Deng  ,   H.-S.P.     Wong  ,  54  ( 12 ),  3195  ( 2007 ).  
  47.       L.     Wei  ,   D.J.     Frank  ,   L.     Chang  ,   H.-S.P.     Wong  ,  IEEE Electron Devices Mtg.   917  
( 2009 ).  
  48.       J.     Luo  ,   L.     Wei  ,   C.     Lee  ,   A.D.     Franklin  ,   X.     Guan  ,   E.     Pop  ,   D.A.     Antoniadis  , 
  H.-S.P.     Wong  ,  IEEE Trans. Electron Devices   60  ( 6 ),  1834  ( 2013 ).  
  49.       A.D.     Franklin  ,   M.     Luisier  ,   S.-J.     Han  ,   G.     Tulevski  ,   C.M.     Breslin  ,   L.     Gignac  , 
  M.S.     Lundstrom  ,   W.     Haensch  ,  Nano Lett.   12  ( 2 ),  758  ( 2012 ).  
  50.       Z.     Zhang  ,   S.     Wang  ,   Z.     Wang  ,   L.     Ding  ,   T.     Pei  ,   Z.     Hu  ,   X.     Liang  ,   Q.     Chen  ,   Y.     Li  , 
  L.     Peng  ,  ACS Nano   3  ( 11 ),  3781  ( 2009 ).  
  51.       M.M.     Shulaker  ,   G.     Hills  ,   N.     Patil  ,   H.     Wei  ,   H.-Y.     Chen  ,   H.-S.P.     Wong  ,   S.     Mitra  , 
 Nature   501  ( 7468 ),  526  ( 2013 ).  
  52.       A.     Lin  ,  thesis “Carbon Nanotube Synthesis, Device Fabrication, and Circuit 
Design for Digital Logic Applications,” Stanford University, CA (2010) .  
  53.       S.     Borkar  ,  Proc. 48th Design Automation Conf.   214  ( 2011 ).  
  54.       P.     Batude  ,   M.     Vinet  ,   A.     Pouydebasque  ,   C.     Le Royer  ,   B.     Previtali  ,   C.     Tabone  , 
  J.-M.     Hartmann  ,   L.     Sanchez  ,   L.     Baud  ,   V.     Carron  ,   A.     Toffoli  ,   F.     Allain  ,   V.     Mazzocchi  , 
  D.     Lafond  ,   S.     Deleonibus  ,   O.     Faynot  ,  2011 IEEE Int. Symp. Circuits Syst.   2233  
( 2011 ).  
  55.       H.     Wei  ,   N.     Patil  ,   A.     Lin  ,   H.-S.P.     Wong  ,   S.     Mitra  ,  2013 IEEE Int. Electron Devices 
Mtg.   511  ( 2013 ).         

https://doi.org/10.1557/mrs.2014.164 Published online by Cambridge University Press

https://doi.org/10.1557/mrs.2014.164

