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Abstract

Carbon

Nanotube

Field

Effect

Transistors

(CNFETs),

consisting

of

semiconducting single walled Carbon Nanotubes (CNTs), show great promise as
extensions to silicon CMOS. While there has been significant progress at a single-device
level, a major gap exists between such results and their transformation into VLSI CNFET
technologies. Major CNFET technology challenges include mis-positioned CNTs,
metallic CNTs, and wafer-scale integration. This work presents design and processing
techniques to overcome these challenges. Experimental results demonstrate the
effectiveness of the presented techniques.
Mis-positioned CNTs can result in incorrect logic functionality of CNFET
circuits. A new layout design technique produces CNFET circuits implementing arbitrary
logic functions that are immune to a large number of mis-positioned CNTs. This
technique is significantly more efficient compared to traditional defect- and faulttolerance. Furthermore, it is VLSI-compatible and does not require changes to existing
VLSI design and manufacturing flows.
A CNT can be semiconducting or metallic depending upon the arrangement of
carbon atoms. Typical CNT synthesis techniques yield ~33% metallic CNTs. Metallic
CNTs create source-drain shorts in CNFETs resulting in excessive leakage (Ion/Ioff < 5)
and highly degraded noise margins. A new technique, VLSI-compatible Metallic-CNT
Removal (VMR), overcomes metallic CNT challenges by combining layout design with
iv

CNFET processing. VMR produces CNFET circuits with Ion/Ioff in the range of 103-105,
and overcomes the limitations of existing metallic-CNT removal techniques.
The above techniques are demonstrated for complex logic structures using waferscale growth of (99.5%, estimated from Scanning Electron Micrographs) aligned CNTs
on single-crystal quartz and wafer-scale CNT transfer from quartz to silicon. Such an
integrated approach enables the first experimental demonstration of VLSI-compatible
CNFET combinational circuits (e.g., computational elements such as half-adder sumgenerators) and storage circuits (e.g., sequential elements such as D-latches) that are
immune to inherent CNT imperfections. These experimentally-demonstrated circuits
form essential building blocks for large-scale digital computing systems.
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Chapter 1: Introduction

1.1 Background
Energy efficiency is the most significant challenge for continued integration of
systems according to Moore’s law, the principal driver behind the semiconductor
industry. Carbon Nanotubes (CNTs) provide a very promising path towards solving this
outstanding challenge. CNTs are cylindrical nanostructures of carbon with exceptional
electrical, thermal, and mechanical properties [Saito 98]. CNTs with a single shell of
carbon atoms are called single-walled carbon nanotubes (SWNTs) and have diameters
between 0.5-3 nm (in this thesis, all CNTs are SWNTs). CNTs are grown through a
process of chemical synthesis [Dai 02]. A CNT can be metallic or semiconducting
depending upon the arrangement of carbon atoms in the CNTs (chirality) [Saito
98].Using semiconducting CNTs, we can create Carbon Nanotube Field Effect
Transistors (CNFETs) as shown in Fig. 1.1. Multiple semiconducting CNTs are grown or
deposited on an insulating substrate. The regions of the CNTs under the gate act as the
channel region of the CNFET. The conductivity of these channel regions is controlled by
the voltage applied at the gate similar to silicon MOSFETs. The regions of the CNTs
outside the gate are heavily doped and act as the source and drain regions of the CNFET.
Figure 1.2 shows the layout of a CNFET inverter. The gate, source and drain contacts,
and interconnects are defined by conventional lithography. The distances between gates
and contacts are limited by the lithographic feature size (lithographic pitch in Fig. 1.2,
-1-

e.g., 64 nm for 32 nm technology node). Since CNTs are grown using chemical synthesis,
the inter-CNT distance (sub-lithographic pitch in Fig. 1.2) is not limited by lithography.
CNFETs are excellent candidates for highly energy-efficient next-generation
integrated systems. A ‘perfect’ CNFET technology is predicted to be 5× faster than
silicon transistors, while consuming the same power [Wei 09b]. However, several
significant challenges must be overcome before such benefits can be experimentally
realized.
Gate
Source
Contact

Semiconducting CNT
(Doped Region)

Drain
Contact

Oxide
Substrate (e.g Quartz)

Semiconducting CNT
(Undoped Region)

Figure 1.1. Carbon Nanotube Field Effect Transistor.
There have been significant accomplishments in the scientific discovery of
CNFETs mainly at the single-CNT level. These include demonstrations of highperformance CNFETs and single-CNT logic gates [Javey 03a, 03b, 05], single-CNT ring
oscillator [Chen 06], and percolation-transport-based CNT circuits on flexible substrates
[Cao 08]. Despite such accomplishments, major barriers must be overcome before these
material revolutions can be harnessed into technologies with practical impact on society.
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P+ doped
Semiconducting
CNTs
for source & drain

Vdd Contact*
Lithographic Pitch
(64nm = 4λ)
Intrinsic
CNT region

Input*

Output Contact*

Gate*

Sub -lithographic
Pitch (4nm)

Interconnect
N+ doped
Semiconducting
CNTs
for source & drain

Gnd Contact*

Multiple aligned CNTs
* Lithographically defined gate and contacts

Figure 1.2. CNFET Inverter.
Two fundamental limitations inherent to CNTs are major obstacles to large-scale
integration of CNFET circuits:
1. It is nearly impossible to guarantee perfect alignment and accurate positioning
of all CNTs at the wafer-scale. Mis-positioned CNTs introduce stray conducting paths in
logic circuits causing incorrect functionality.
2. CNTs can be either metallic or semiconducting depending on their atomic
arrangement (chirality). Semiconducting CNTs are essential for CNFETs. Metallic CNTs
cause shorts inside CNFETs resulting in excessive leakage power and significantly
increased susceptibility to noise leading to incorrect functionality. No known CNT
synthesis techniques can produce exclusively semiconducting CNTs.
In spite of several unanswered questions about CNFETs, three major trends are
clear:
-3-

1) Future VLSI systems cannot rely solely on current chemical synthesis for
guaranteed perfect devices. As discussed before, mis-positioned CNTs can result in
incorrect logic functionality. Similarly, no known CNT growth technique guarantees 0%
m-CNTs. m-CNTs create source-drain shorts resulting in excessive leakage, severely
degraded noise margins, and delay variations.
2) Expensive defect- and fault-tolerance techniques will not enable wide adoption
of CNFET-based circuits. Expensive techniques can create major roadblocks to the
adoption of CNFET technologies.
3) New design techniques must be compatible with VLSI processing and have
minimal impact on existing VLSI design flows. Investments made in VLSI design
infrastructure are too large to be ignored. For example, techniques that rely on separate
customization of every chip can be prohibitively expensive if not designed carefully.
New design techniques, together with advances in CNT processing, must be
employed to create CNFET circuits that are immune to inherent CNT imperfections.

1.2 Contributions
We experimentally demonstrate imperfection-immune design techniques to
overcome the challenges of mis-positioned and metallic CNTs. The mis-positioned-CNTimmune design technique ensures correct logic functionality even though all CNTs are
not perfectly aligned and positioned. Mis-positioned-CNT-immune design, together with
a new full-wafer-scale CNT growth and transfer technique, enables the first experimental
-4-

demonstration of full-wafer-scale CNFET digital logic structures immune to misaligned
and mis-positioned CNTs.
To overcome the metallic CNT challenge, we introduce another imperfectionimmune design technique called VLSI-compatible Metallic-CNT Removal (VMR) to
ensure that CNFET circuits continue to function correctly even though CNT synthesis
cannot guarantee absence of metallic CNTs.
Two salient features of these imperfection-immune design techniques are:
1. Minimal power, performance and area impact at the system-level. Hence, it
retains the energy efficiency benefits of CNFET circuits.
2. It is compatible with existing VLSI fabrication methods. This property is
essential for enabling future CNFET VLSI.
Using the imperfection-immune design approach, we were able to demonstrate,
for the first time, CNFET combinational circuits (e.g., computational elements such as
half-adder sum-generators) and storage circuits (e.g., sequential elements such as Dlatches), which form essential components of CNFET digital VLSI circuits.

1.3 Outline
Chapter 2 describes mis-positioned-CNT-immune design. Chapter 3 presents
experimental demonstration of wafer-scale CNT growth and transfer and fabrication of
mis-positioned-CNT-immune logic structures. Chapter 4 introduces a VLSI-compatible
-5-

Metallic CNT Removal technique called VMR and presents experimental results and
analysis of this technique. Chapter 5 presents experimental demonstration of CNFET
combinational and sequential circuits fabricated using the aforementioned imperfectionimmune design techniques such as mis-positioned-CNT-immune design and VMR.

-6-

Chapter 2: Mis-positioned-Carbon-Nanotube-Immune Design

© [2008] IEEE. Part of this chapter has been reproduced with permission from N.
Patil et al., “Design Methods for Misaligned and Mis-positioned Carbon-NanotubeImmune Circuits”, IEEE Transactions on Computer-Aided Design of Integrated Circuits
and Systems, vol. 27, no. 10, pp. 1725-1736, 2008.

A mis-positioned CNT is a CNT that passes through a layout region where a CNT
was not intended to pass. This may be caused due to misalignment or due to lack of
control of correct positioning of CNTs during CNT growth. A large fraction (99.5%) of
the CNTs grown on single-crystal quartz substrates grow aligned i.e. straight and parallel
to each other [Kang 07]. Even for CNTs on quartz substrates, a non-negligible fraction of
CNTs are misaligned. It is very difficult to correctly position and align all the CNTs for
all CNFETs for VLSI. Mis-positioned CNTs can cause shorts and incorrect logic
functionality in CNFET logic circuits (Fig. 2.1). Using design principles described in
[Patil 07, 08b] we experimentally demonstrated in [Patil 08a, 08b] circuits that are
immune to a large number of mis-positioned CNTs. We refer to these circuits as mispositioned-CNT-immune circuits. This is accomplished by etching CNTs from regions
pre-defined during layout design, so that any mis-positioned CNT cannot result in
incorrect logic functionality. This technique is VLSI-compatible since it does not require
any die-specific customization or test and reconfiguration. All logic cells have CNTs
-7-

removed in the predefined layout regions using oxygen plasma [Patil 08a, 08b]. This is
feasible since the penalties associated with this technique are small.

Vdd

Pull-up
Wanted: A′ + B′
Got: Short
Ion / Ioff ratio can be
severely degraded

A
B

Out

Mis-positioned
CNT outside gate
Pull-down
Mis-positioned CNTs have
no major effect since all
transistors are in series

A
B

Gnd

(a)

Vdd

Mis-positioned
CNT passes under
Incorrect gate

A

B

C

D

Out
A

C

B

D

Mis-positioned
CNT outside gate
P+ doped CNT
Undoped CNT
N+ doped CNT
Gate
Contact

Pull-up
Wanted: A′C′ + B′D′
Got: A′C′ + B′D′ + A′D′
Logic function can change

Pull-down
Wanted: (A+C) (B+D)
Got : (B+D)
Logic function can change

Gnd

(b)

Figure 2.1. Incorrect Logic Functionality caused by mis-positioned CNTs.
2.1 Determining Vulnerability to Mis-positioned CNTs
Given the layout of a circuit implementing a logic function, we can determine
whether one or more misaligned or mis-positioned CNTs can result in incorrect logic
function implementation. We will use a graph abstraction of the layout for this purpose.
Figure 2.2 shows two possible structures for a NAND circuit (the metal interconnect
connecting the PFET and NFET inputs are not shown for clarity). These structures will
be used to illustrate our technique. The two gates in the pull-up network of Fig. 2.2a
(corresponding to inputs A and B) are not at the same horizontal level to create a compact
layout in the horizontal direction. This also reduces the gate capacitance for the gates in
the pull-down network since the width of the gates in the pull-down network is smaller.
-8-

In Fig. 2.2b, the two gates in the pull-up network are at the same horizontal level
separated by an etched region. The regions outside the cell boundaries are devoid of
CNTs (removed by etching of CNTs). The CNTs can be removed from the
lithographically defined etched regions using oxygen plasma [Patil 08a]. In the ideal case,
all CNTs should grow on the substrate in one direction from one contact to another only
passing under the gates. However, in reality, not all CNTs will be perfectly aligned and
positioned. Consider the mis-positioned CNT in Fig. 2.2a, which has all doped regions
because it is misaligned. This CNT will cause a short between the Vdd and Output nodes.
On the other hand, any misaligned or mis-positioned CNT in Fig. 2.2b will not cause a
malfunction. This is because any CNT in the pull-up network of Fig. 2.2b either passes
under the gates corresponding to inputs A or B, or passes through the etched region
between the two gates, in which case it will not conduct. Given sufficient CNT density (>
100 CNTs/µm)1, the chance that no CNT passes through a given gate (e.g., gate A or gate
B) is very small.
The first step in our automated analysis is to divide the cell into pull-up and pulldown regions. We will analyze each of these regions separately. Each region is
decomposed into a finely divided square grid. The dimension of each side of a square in
this grid is equal to the smallest lithography feature size. Each square in this grid has a
label: Contact (C), Doped (D), Etched (E) or Gate (G). For a gate, we also include the
input variable associated with that gate (e.g, GA in Fig. 2.3). For a contact, we label a Vdd
1

CNT density of >100 CNTs/µm is needed for CNFETs to be competitive with silicon
CMOS [Deng 07a, Patil 09a].
-9-

contact as CV, ground contact as CG, output contact as CO, and any other intermediate
contact as C. Figure 2.3 shows the grid decomposition of the NAND cell layouts in Fig.
2.2.
Vdd

Vdd

Gate A

Gate B

Gate A
Gate B

Etched

Out
Out
Gate A
Gate A
Gate B
Gate B
Gnd
Gnd
(a)

(b)

Figure 2.2. (a) Mis-positioned-CNT-vulnerable NAND. (b) Mis-positioned-CNTimmune NAND.
We create a graph where each square in the grid is a node in the graph. The label
associated with a node is the same as that associated with the corresponding square as
described in Table 2.1. There is an edge between two nodes in the graph if and only if the
corresponding squares in the grid are adjacent, i.e. the squares corresponding to those two
nodes have a boundary or a vertex in common. Two nodes with an edge between them
are referred to as neighboring nodes.
Any CNT can be represented by a path from a contact node to another contact
node in the graph extracted from the layout. A CNT in a given square in the grid
decomposition of the layout can grow into any of its adjacent squares in the grid. Any

- 10 -

CNT can be represented by a path in this graph since the edges in the graph account for
all possible growth directions of CNTs.

Table 2.1. Labels associated with nodes in the graph.
Node type

Node

Boolean

Label

Function

Gate with input variable A

GA

A

Gate with input variable A′

GA′

A′

Doped Region

D

1

Etched Region

E

0

Vdd contact

CV

1

Gnd contact

CG

1

Output contact

CO

1

Any intermediate contact

C

1

Figure 2.4 shows the graphs corresponding to the layouts in Fig. 2.3. To reduce
the number of nodes and edges in the graph, we can combine neighboring nodes with the
same label in Fig. 2.3 into a single node. The set of neighbors of this new combined node
comprises the union of the neighbors of its constituent nodes. Figure 2.5 shows the
reduced versions of the graphs in Fig. 2.4. Since we preserve the neighbor list of the
graph nodes, we can work on the reduced graph to determine whether a given layout is
immune to misaligned and mis-positioned CNTs.
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Figure 2.3. Grid Decomposition of NAND cell layouts in Fig. 2.2.
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Figure 2.4. Graph representations of NAND cell layouts in Fig. 2.3.
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Figure 2.5. Reduced graphs for NAND cell layouts in Fig. 2.4.
Each node in the graph has an associated Boolean function as defined in
Table 2.1. For example, the Gate node GA has the associated function A since the CNTs
under that gate conduct when Gate A is turned on (for the PFET pull-up, CNTs under the
gate conduct when A is low, while for the NFET pull-down, CNTs under the gate
conduct when A is high). For a node with label D, the associated function is 1 since the
doped region of the CNT always conducts. For an undoped region the corresponding
Boolean function is 0 since an undoped region of the CNT does not conduct. For an
etched region the corresponding Boolean function is 0 since the CNT portion in the
etched region is removed and does not conduct.
To determine whether the pull-up (pull-down) network implements the correct
function in the presence of mis-positioned CNTs, we need to traverse all possible paths
between the Vdd contact (Gnd contact) node and the output contact in the corresponding
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graph. For the pull-down network, we compare against the complement of the function
implemented by the standard logic cell.
In the case of the pull-up network, we apply De-Morgan’s law and then
complement the variables. This step simplifies the analysis (Fig. 2.6).
Let us first consider paths with no loops. The Boolean function associated with
each path is obtained by AND-ing the Boolean functions associated with the nodes along
the path. This Boolean function of a path represents the switch level function
implemented by a CNT traversing that path. For example, in Fig. 2.5c, the path Cv-D-GAD-CO has the Boolean function A and the path Cv-D-E-D-CO has the Boolean function 0.
In Fig. 2.5a, the path Cv-D-CO has the Boolean function 1. For paths with loops, we
traverse the loops only once, since the Boolean expression associated with the path will
not change with multiple traversals of the same loops [Cormen 90].
The OR of the Boolean functions associated with all paths must be identical to the
intended function (function without mis-positioned CNTs) for the circuit to be immune to
mis-positioned CNTs. This is because the paths represent all possible CNT mispositioning scenarios. In our implementation, we used standard equivalence checking
techniques for this purpose [Beer 96].
We show a few examples of this graph traversal in Fig. 2.6. Note that the pulldown network is compared to (A & B) which is the complement of the NAND function
while the pull-up network is compared to (A OR B) which is function obtained by
applying De-Morgan’s Law and then complementing the inputs. The functionality of
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pull-down networks in both mis-positioned-CNT-vulnerable and mis-positioned-CNTimmune NAND cell designs is not affected by mis-positioned CNTs. The reader can
verify that the OR of the Boolean functions of all paths in the graphs of Fig. 2.5b and
Fig. 2.5d are identical to the intended function implemented by the pull-down network of
a NAND cell. These graphs have special properties and we refer to them as straight line
graphs. A mis-positioned CNT in the pull-up network of the mis-positioned-CNTvulnerable cell may create a short between Vdd and Output because the Boolean function
of the path Cv-D-CO in Fig. 2.5a is 1 (which includes all possible minterms). However,
the pull-up network of the mis-positioned-CNT-immune NAND is immune to mispositioned CNTs because the Boolean function of any path cannot include logic terms
that are not present in the original function.
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Figure 2.6. Traversal of NAND cell graphs in Fig. 2.5.
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Gate B

Gnd

In summary, the algorithm to determine mis-positioned CNT immunity for a
given layout comprises of the following steps:
1. Perform grid decomposition of cell layout.
2. Extract graph representation of layout.
3. Perform graph reduction to obtain reduced graph
4. Traverse all paths in graph and OR Boolean functions corresponding to paths
5. Determine whether the OR-ed Boolean functions of all paths equals the intended
function
6. Layout is mis-positioned-CNT immune if and only if the OR of the Boolean
functions of all paths in graph is equal to the intended function.

2.2 Sufficient Condition for Mis-positioned-CNT-Immune Design
We can implement mis-positioned-CNT-immune layouts of the pull-up and pulldown networks for a standard logic cell. The inputs to our algorithm are the pull-up and
pull-down networks represented as a combination of series and parallel transistor
networks. We first discuss the case where the pull-up and pull-down networks are
expressed in Sum of Products (SOP) or Product of Sums (POS) form.
For a network specified in SOP form, the mis-positioned-CNT-immune layout
implementation is shown in Fig. 2.7. Any path in the corresponding graph between the
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Vdd/Gnd Contact and the Output Contact must pass through all the gates corresponding
to a product term or through an etched region. Hence, the Boolean function
corresponding to that path cannot include minterms that are not present in the SOP
representation of the network. Hence the overall layout in Fig. 2.7 is immune to mispositioned CNTs.

Pull-up/Pull-down transistor network
= A1 A2 ...An + B1 ...Bm + ….
+ (additional product terms)
Vdd/Gnd Contact

CNTs
A1

B1

A2

Gates

Bm
An

Output Contact
Etched
regions

Figure 2.7. Mis-positioned-CNT-immune layout for a network specified in
Sum of Products Form.
For a network specified in POS form, the mis-positioned-CNT-immune layout
implementation is shown in Fig. 2.8. This structure is immune to mis-positioned CNTs
since each sum term is immune to mis-positioned CNTs (by the same argument as the
SOP case). Any CNT that spans multiple sum terms must pass through a contact and this
does not change the function implemented by the cell.
An arbitrary representation of the network may not be in either SOP or POS
forms. In that case, each sum term is implemented with parallel CNFETs with gates at the
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same horizontal level and etched regions between the gates (similar to Fig. 2.7 and Fig.
2.8). Each product term is implemented as a series network of CNFETs. For example,
consider

the

network

represented

by

the

expression

A + (B + C) (D + E) (Fig. 2.9). We first implement the term (B + C) (D + E) similar to
Fig. 2.8. Next, we implement A in parallel with this structure and separated by an etched
region similar to Fig. 2.7. Figure 2.10 illustrates the fabrication steps to fabricate the
transistor network in Fig. 2.9. We use additional metal layers to route the inputs to the
logic function as in done in silicon CMOS logic cells.
Pull-up/Pull-down transistor network
= (A1 + A2 ... + An ) (B1 +...Bm ) ….
. (additional sum terms)
Vdd/ Gnd Contact

CNTs
A1

A2

An

Intermediate Contact

Gates
B1

B2

Bm

Intermediate Contact
Etched
regions

Output Contact

Figure 2.8. Mis-positioned-CNT-immune layout for a network specified in Product
of Sums Form.
The mis-positioned-CNT-immune design technique works for any arbitrary
function with any number of inputs as shown in Fig. 2.7, Fig. 2.8 and Fig. 2.9. The inputs
can be routed in the standard cell using multiple metal layers after the etched regions are
created. The use of multiple metal layers for routing in standard cells is common practice
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in CMOS. Other nano-scale standard cell design techniques described in [Atienza 08]
also use metal 1, gate and metal 2 wiring within standard cells.
To make an arbitrary CMOS layout misaligned-and-mis-positioned-CNTimmune, we need to have etched regions in the CNFET layout outside the corresponding
CMOS diffusion and active regions of the transistors to render the CNTs in those regions
non-conductive. This represents a sufficient but not necessary condition for mispositioned-CNT-immune design.

Pull-up/Pull- down transistor network
= A + (B + C)(D + E)
CNTs
Gates
Intermediate
Contact

Vdd/ Gnd Contact
B

C

D

E

A

Etched
regions

Output Contact

Figure 2.9. Mis-positioned-CNT-immune layout for network represented by the
function A+(B+C) (D+E).
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(b) Define Contacts

Vdd

Etched
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Output

Output

(c) Define Gates

(d) Etch CNTs between gates
and outside cell

Metal 2
Vdd

Via
B

C
Vdd
A

D
Output
(e) Dope CNTs
(CNTs under gate
remain undoped)

Output
E

(f) Add subsequent metal layers
(along with inter-layer dielectric) to
interface with other cells

Figure 2.10. Steps to create mis-positioned CNT immune layout of Fig. 2.9.

2.3 Simulation Results
A mis-positioned-CNT-immune layout may impose energy, delay or area
penalties because of etched regions between gates. In this section, we present simulation
results to quantify these penalties for standard logic library cells. For circuit simulations,
we use a CNFET HSPICE model that is implemented with practical device non-idealities
[Deng 07b, 07c]. For each standard cell, we simulated a five stage fanout of 4 (FO4)
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chain of that cell, and measured the delay through and the switching energy consumed by
the 3rd stage. We used 0.9V power supply for CNFET circuits at the 32 nm technology
node [ITRS].
Figure 2.11 shows circuit layouts of mis-positioned-CNT-vulnerable NAND3 and
AOI21 standard logic cells. Figure 2.12 shows layouts of mis-positioned-CNT-immune
NAND3 and AOI21 standard logic cells. The presence of etched regions increases the
width of the some of the gates resulting in increased area and energy. Table 2.2 shows the
penalties for mis-positioned-CNT immune cells compared to mis-positioned-CNT
vulnerable cells. Area penalties were calculated directly from the cell layouts. The worstcase (for minimum sized CNFET logic cells) energy, delay and area penalties of mispositioned-CNT-immune logic cells are 18%, 13% and 21%, respectively, compared to
designs that are not mis-positioned-CNT-immune. These penalties decrease for nonminimum sized standard cells because the fraction of the cell area occupied by the etched
regions is reduced. These penalties are significantly lower than traditional defect-andfault-tolerance techniques [Dehon 05, Goldstein 01, Nepal 06, Rachlin 06, Rad 06, Rao
05, Snider 04, Strukov 06, Tahoori 06, Wang 05]. Furthermore, this design technique is
VLSI-compatible since it does not require changes to the existing VLSI design flow
[Bobba 09]. There is no need to test or reconfigure for mis-positioned CNTs. Logic cells
are designed to be immune to mis-positioned CNTs by construction.
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Figure 2.11. Misaligned-and-mis-positioned-CNT-vulnerable NAND3 (a) and
AOI21 (b).
Vdd

Vdd
Etched
Regions

Metal 1
Gate
p-doped CNT
n-doped CNT
Undoped CNT
Metal 2
Via

4 nm
C

32nm
64nm

4nm
Out

Etched
Regions

Out

A
A

B

32nm
C
Gnd

Gnd
160 nm

160 nm

(a)

(b)

Figure 2.12. Mis-positioned-CNT-immune NAND3 (a) and AOI21 (b).
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B

Table 2.2. Penalties for mis-positioned-CNT-immune design.
Penalties
Cell Type

Area* Energy*

Delay
[max {rise, fall}]*
-7%
10%
13%
1%
10%
-5%

nand2
-1%
3%
nand3
11%
15%
nand4
21%
18%
nor2
-1%
5%
nor3
11%
16%
nor4
21%
12%
aoi21
-2%
1%
1%
[f = ~(ab+c)]
oai21
-2%
1%
1%
[f = ~((a+b)c)]
Full Adder
12%
10%
7%
* Negative penalties imply improvements

Mis-positioned CNTs impose a major barrier to practical implementations of
CNFET-based logic circuits. It is possible to overcome this barrier by designing CNFETbased logic circuits that are inherently immune to mis-positioned CNTs. With sufficiently
high CNT density, along with the use of mis-positioned-CNT-immune design, CNT
alignment and positioning is no longer a problem.

- 24 -

Chapter 3: Wafer-Scale Carbon Nanotube Growth and Transfer and
Fabrication of Mis-positioned-CNT-Immune Logic Structures

© [2008] IEEE. Part of this chapter has been reproduced with permission from N. Patil,
et al., “Wafer-Scale Growth and Transfer of Aligned Single-Walled Carbon Nanotubes”,
IEEE Transactions on Nanotechnology, vol. 8, no. 4, pp. 498-504, 2009 and N. Patil et
al., “Design Methods for Misaligned and Mis-positioned Carbon-Nanotube-Immune
Circuits”, IEEE Transactions on Computer-Aided Design of Integrated Circuits and
Systems, vol. 27, no. 10, pp. 1725-1736, 2008.
The work in this chapter has been done in close collaboration with Albert Lin, a graduate
student at Stanford University, advised by Prof. H. –S. Philip Wong and Koungmin Ryu
and Alexander Badmaev, who are graduate students at University of Southern California,
advised by Prof. Chongwu Zhou.

3.1 Wafer-scale CNT Growth
CNTs grown on single crystal substrates such as sapphire or single crystal quartz
grow aligned to a particular orientation of the crystal lattice [Han 05, Kang 07]. For
VLSI integration of CNFETs, we must scale this aligned CNT growth to the wafer-scale.
Published processes for aligned growth on quartz only allow growth on small quartz
pieces. This is because single crystal quartz undergoes a phase transformation from alpha
quartz to beta quartz at 573ºC. This phase transformation at 573ºC results in a high
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probability of fracture of single-crystal wafers that are heated through this temperature
[Byers 74, Cooper 75]. Aligned CNT growth requires temperatures higher than 573ºC
and it has also been shown that high temperature (900ºC) annealing of quartz improves
CNT alignment [Kang 07]. The probability of fracture increases with the size of the
quartz substrate [Byers 74, Cooper 75]. 4” quartz wafers shatter when previously
published CNT growth processes are used. We have developed a new CNT growth
process that enables full-wafer-scale growth on 4” ST-cut quartz wafers. The key
elements necessary for full-wafer aligned CNT growth on quartz are:
1.

Uniform thermal gradient across the quartz wafer:
This is achieved by using a three zone chemical vapor deposition furnace. The
thermal uniformity is further improved by using low pressure2 while heating the
wafers through the critical phase transformation temperature.
2. Slow thermal ramp rate through the alpha-beta phase transformation of single
crystal quartz
This reduces the probability of wafer fracture. This is consistent with prior
work that determined that the fracture probability of bulk single crystal quartz
is inversely related to the thermal ramp rate as it is heated through the alphabeta phase transformation temperature [Cooper 75].

2

Low pressure reduces convective heat loss, improving the thermal uniformity of the
furnace.
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ST-cut quartz wafers (Hoffman Materials, Carlisle, PA) were first annealed in a
three-zone, six inch oxidation furnace. To avoid wafer fracture, the wafers were heated
up slowly (ramp rate = 1ºC / minute) to 900ºC during the critical phase transformation
temperature. The reduced thermal ramp rate is critical for the quartz wafers to remain
intact through the alpha-beta phase transformation. The wafers were annealed in oxygen
at 900ºC for 8 hrs. The presence of oxygen during the annealing of the quartz wafers was
necessary to ensure that CNTs grew aligned to the crystal orientation of the quartz
wafers3. After annealing, the wafers were cooled to room temperature using a similar
slow ramp-down through the alpha-beta phase transformation of the quartz. After the
annealing step, catalyst was deposited on the wafer. We used either unpatterned ferritin
(Sigma Aldrich) solution (diluted 1:150 solution in DI water) or patterned iron catalyst
(0.1 – 0.2 nm) deposited using electron beam evaporation.
After annealing, CNTs were grown in a low-pressure furnace. Figure 3.1
illustrates the detailed process for wafer-scale aligned CNT growth. The wafer was
calcinated in air at 500oC for 10 minutes to convert the evaporated iron or dispersed
ferritin into iron nanoparticles for CNT growth. Note that, the calcination temperature is
less than the phase transformation temperature; hence a reduced thermal ramp rate to this
calcination temperature is not required. After the calcination step, the quartz wafer, with
the calcined catalyst, was heated to the CNT growth temperature of 865ºC. For the
critical ramp through the phase transition temperature of quartz, the pressure was

3

Annealing in nitrogen for the same duration gave significantly degraded CNT
alignment.
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maintained at 3 Torr with 100 sccm of oxygen flow. The low pressure improves the
thermal uniformity of the CNT growth furnace and reduces the thermal gradient across
the wafer. The temperature ramp rate from 550ºC to 620ºC was kept at 0.8ºC / minute.
This ramp rate is consistent with prior studies done on the thermal fracture of bulk single
crystal quartz [Cooper 75]. A faster ramp rate may be used if thermal uniformity across
the wafers is within 1oC. Beyond this critical temperature range, the wafer was heated in
hydrogen at 120 Torr to the CNT growth temperature of 865ºC at a thermal ramp rate of
~10ºC / minute. CNT growth was carried out at 865ºC by co-flowing methane and
hydrogen (1000 sccm CH4 / 120 sccm H2) at a pressure of 350 Torr. After growth, the
wafer was cooled to room temperature using a similar process employing a slow thermal
ramp during the critical phase transformation of the single crystal quartz wafers. The
reproducibility of this wafer-scale growth technique is confirmed by multiple full-wafer-

T emperature (o C )

scale aligned CNT growth runs for the various experiments described in this thesis.

C H 4 1000 s c c m / H 2 120 sccm
@350 T orr

1000
800

C alc ination
H 2 120 sccm
@120 T orr

600
400

S low R amp-up
O 2 100 s c c m @3 T orr

200

S low R amp-down
H 2 1100 s c c m @3 T orr

0
0
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120

180

240

300

360

T ime (Minutes )
α-β phase transformation of quartz @ 573 o C

Figure 3.1. Wafer-scale aligned CNT growth process.
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420

CNT alignment and density can be significantly improved with patterned catalyst
with ~99.5% of CNTs being aligned. Design principles described in [Patil 07, 08b] can
be used to fabricate VLSI CNFET circuits that function correctly in the presence of the
small fraction of misaligned CNTs. We show that full-wafer aligned CNT growth on
quartz is possible with patterned catalyst (Fig. 3.2). CNT growth was carried out using
the process illustrated in Fig. 3.1. We used 0.2 nm of evaporated Iron (Fe) catalyst in
photo-lithographically defined stripes. It is desirable to maximize the ratio of aligned
CNT area to the catalyst area so that a large fraction of devices have aligned CNTs. We
used different catalyst stripe widths (W) ranging from 0.5 µm to 10 µm and catalyst
stripe spacing (S) between 50 µm and 1200 µm (Fig. 3.3). The CNT have an average
length of ~ 400 µm and an average density of 5-10 CNTs / µm. The longest CNTs are
approximately 675 µm in length (Fig. 3.3a). The maximum catalyst spacing, for which
CNT density is uniform between stripes, is approximately equal to the CNT length (~400
µm). Experimental results show that the catalyst strip can be as narrow as 0.5 µm. It may
be possible to further reduce the width of the catalyst strip, while retaining high CNT
density between the stripes.
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Figure 3.2. Wafer-scale aligned CNT growth using stripped Fe catalyst.
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Figure 3.3. Effect of catalyst width (W) and spacing (S) on CNT density and CNT
coverage. (a) W = 10 µm, S = 1200 µm. (Length of longest CNT in image = 675
µm). (b) W = 0.5 µm, S = 50 µm. (c) W = 0.5 µm, S = 100 µm. (d) W = 1 µm, S =
50 µm. (e) W = 2 µm, S = 50 µm. (f) W = 4 µm, S = 50 µm. (g) W = 1 µm, S =
100 µm. (h) W = 2 µm, S = 100 µm. (i) W = 4 µm, S = 100 µm. (j) W = 1 µm, S =
200 µm. (k) W = 2 µm, S = 200 µm. (l) W = 4 µm, S = 200 µm.

3.2 CNT Growth Characterization
The CNTs have a mean diameter (µ d) of 1.2 nm with a standard deviation (σd) of
0.3 nm (Fig. 3.4b) as measured from Atomic Force Microscopy (AFM) images (Fig.
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3.4a). Figure 3.5a shows an optical micrograph of a quartz wafer after CNT growth. The
wafer was patterned with contacts [Ti (5 nm) / Au (40 nm)] using photolithography and
e-beam evaporation of metals. We conducted two-terminal measurements of 18 devices
with Width = 50 µm / Length = 1 µm (Fig. 3.5) in an arbitrarily selected die in each
region (top, left, center, right and flat) of the wafer. The measured current is due to the
CNTs bridging the contacts and provides a measure of the electrical uniformity of the
CNTs across the wafer. Figure 3.6 shows the mean current and the standard deviation of
these two terminal measurements at a bias of 1V. The standard deviation of CNT current
equals to ~25% of the mean current in all regions. The variation in current is due to CNT
density variation and variation in the CNT contact resistance.

Count

15

µd = 1.2 nm
σd = 0.3 nm

10
5
0

0

1

2

3

CNT Diameter (nm)

Figure 3.4 (a) AFM image of aligned CNTs on quartz. (b) CNT diameter
distribution.
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Figure 3.5 (a) Optical micrograph of 4” ST-cut quartz wafer after aligned CNTs
growth and subsequent patterning of contacts. (b) SEM Image of aligned CNTs
bridging two contacts (c) Two terminal measurement parameters.
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Figure 3.6. Two terminal current distributions at 1V bias for n functional devices
(out of 18) (Width = 50 µm, Length = 1 µm) in 5 arbitrary dies (out of 197 dies on
the wafer) over 5 regions of the quartz wafer.

3.3 Wafer-scale CNT Transfer
For VLSI integration of CNFETs on silicon, aligned CNTs need to be transferred
from quartz to silicon on a wafer-scale. Transfer of aligned CNTs grown on quartz waferpieces to silicon substrates using gold and polyimide was first demonstrated in [Kang 07].
Here we describe a new CNT transfer technique that can be used to transfer CNTs from
quartz to silicon on a wafer-scale. This low temperature (90oC–120oC) transfer procedure
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uses thermal release adhesive tape (Nitto Denko, Part Number: #3198MS) and preserves
CNT density and alignment (Fig. 3.7). Unlike aligned CNT growth which requires high
temperatures, CNT transfer is a low temperature process and enables the integration of
CNTs on already fabricated silicon CMOS wafers, dies, and flexible substrates.

CNTs on Quartz
before Transfer

20 µm

CNTs on SiO2 / Si
after Transfer

CNT
Transfer

20 µm

50 µm

50 µm
.

Figure 3.7. SEM images of transferred CNTs.
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Figure 3.8. CNT transfer technique.
Figure 3.8 illustrates the CNT transfer technique. Aligned CNTs are grown on a
quartz wafer (Fig. 3.8a). A gold film (100 nm) is evaporated on the quartz wafer using ebeam evaporation (Fig. 3.8b). Thermal release tape is applied to the gold film and the
tape/gold bilayer is peeled off from the quartz substrate (Fig. 3.8c). The CNTs remain
embedded in the gold layer. This tape/gold bilayer is then applied to the target wafer. The
target wafer is then heated to the release temperature of the tape (90oC or 120oC,
depending upon the type of thermal release tape). At this temperature, the tape loses
adhesion and peels off, while the gold, along with the embedded CNTs, sticks to the
target substrate (Fig. 3.8d). Oxygen plasma descum (55W, 25 mTorr, 20 sccm O2) for 3
minutes is then used to remove organic residues from the gold surface after transfer. The
gold is then removed using gold etchant (Transcene Corp. KI/I2) which leaves the CNTs
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on the target wafer. Figure 3.8e shows an SEM image of the transferred CNTs on a
silicon wafer. CNT density and alignment is preserved as can be seen from Fig. 3.7 and
Fig. 3.8e.

3.4 CNFET Characterization
We also fabricated back-gated CNFETs by transferring CNTs grown on quartz
wafers to silicon wafers with thermal oxide. Fabricated CNFETs had a low Ion / Ioff ratio
due to the presence of metallic CNTs. To assess the electrical uniformity of the
transferred CNTs across the wafer, we measured the Ion (Vgs = -5V, Vds = -1V)
distributions of CNFETs. For this electrical characterization, we measured 18 identically
sized (Width = 50 µm, Length = 1 µm) arbitrarily chosen CNFETs in each the five
regions (top center, left, right and flat) of the wafer (out of a total of ~100,000 CNFETs
fabricated) (Fig. 3.9).
SEM images indicate an average CNT density of approximately 4 CNTs / µm.
For the 50 µm wide CNFETs, there are, on average, 200 CNTs per CNFET. The average
CNFET on-current across the wafer is 552 µA corresponding to CNFET average current
density of 11 µA/µm. For the performance gains over CMOS projected in [Wei 09b],
CNT density must be improved to >100 CNTs/µm. One potential technique to attain high
CNT density is to perform wafer-scale CNT transfer (Fig. 3.8) multiple times from
multiple quartz wafers to the same target silicon wafer. A modification of the above CNT
transfer technique can be used to perform multiple transfer of CNTs. An additional
plasma processing (100W, 12.5 mTorr, 15 sccm Ar) step is used to partially etch the
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transferred gold film (Fig. 3.8d) before removing the rest of the film using gold etchant
(Transcene Corp. KI/I2).
CNT transfer can also be used to create monolithically integrated CNFET threedimensional integrated circuits (3D IC) with CNFETs in multiple layers of the chip
interconnected through conventional vias. Such a monolithic CNFET 3D IC was
experimentally demonstrated in [Wei 09a] using the CNT transfer technique described in
this chapter.
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Figure 3.9. CNFET Current distributions (Vds = 1V Vgs = -5V) of 18 back-gated
CNFETs (W = 50 µm, L = 1 µm, tSiO2=50 nm, Ti(5 nm)/Au(50 nm) contacts) in 5
regions of the silicon wafer.

3.5 Fabrication of Mis-positioned-CNT-Immune Logic Structures
We present experimental demonstration of mis-positioned-CNT-immune logic
structures. These logic structures correspond to pull-ups of NAND, NOR, AND-ORINVERT and OR-AND-INVERT functions. After CNT growth and transfer, the contact
metal (Palladium), gate oxide (Hafnium Oxide) and gate metal (Platinum) were defined
using photolithography. The CNTs were etched from lithographically defined regions for
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mis-positioned-CNT-immune logic structures (Fig. 3.10d). Metallic-CNTs were removed
using electrical breakdown [Collins 01] after fabrication of the logic structures to
improve the on-off ratio of the CNFETs. Electrical breakdown is not scalable for VLSI
and a VLSI-compatible metallic CNT removal technique will be described in Chapter 4
of this thesis. Further details of the fabrication process can be found in [Patil 08a].
Consider the NAND pull-up (Fig. 3.11a and Fig. 3.12a). When both gates are off,
the drive current (Idrive) is very small. When both gates are on, Idrive is maximum, and
when only one of the gates is on, Idrive is approximately half-way between minimum and
maximum values. For the NOR pull-up (Fig. 3.11b and Fig. 3.12b). The drive current is
large only when both gates are on; when either of the gates is off, the drive current is very
small. The voltages applied at the inputs of the logic gates are relatively large due to
limitations associated with the electrical breakdown of metallic CNTs (see Sec. 4.1). A
new VLSI-compatible metallic CNT removal technique, described in Chapter 4 of this
thesis, overcomes these limitations.
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Figure 3.10. Mis-positioned-CNT-immune CNFET circuits (a) Cross-section of
CNFET. (b) SEM of fabricated CNFET. (c) Mis-positioned-CNT-immune NAND
pull-up before etching. (d) Mis-positioned-CNT-immune NAND pull-up after
etching.
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Chapter 4: VMR: VLSI-Compatible Metallic CNT Removal

© [2009] IEEE. Part of this chapter has been reproduced with permission from N. Patil,

et al., “VMR: VLSI-Compatible Metallic Carbon Nanotube Removal for ImperfectionImmune Cascaded Multi-Stage Digital Logic Circuits using Carbon Nanotube FETs”,

Proc. International Electron Devices Meeting, pp. 573-576, 2009.

A CNT can be either metallic (m-CNT) or semiconducting (s-CNT) depending on
its chirality [Saito 98]. m-CNTs have zero or near-zero bandgap and, hence, their
conductivity cannot be controlled by the gate. The existence of m-CNTs inside CNFETs
creates source-to-drain shorts. The best way to solve the m-CNT problem is to have
predominantly s-CNTs on the substrate to start with. Typical CNT synthesis techniques
yield ~33% metallic CNTs [Dai 02]. Preferential s-CNT growth techniques yields 9096% s-CNTs [Ding 09, Li 04]. Reduction in the percentage of m-CNTs has also been
demonstrated when CNTs are deposited onto the wafer via a self-sorting technique
[LeMieux 08]. Solution-based CNT sorting techniques yield 1-10% m-CNTs [Engel 08,
LeMieux 08]. While such improvement in percentage of m-CNTs (i.e., lower percentage
of m-CNTs) is necessary, this alone is not sufficient for VLSI CNFET circuits. For VLSI
CNFET circuits to meet leakage, noise margins, and delay variation targets, the
percentage of m-CNTs must be reduced to less than 0.01% [Zhang 08, 09]. In the absence
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of 99.99+% s-CNT growth, the other processing option is to remove m-CNTs after CNT
growth from an ensemble of m-CNTs and s-CNTs on the substrate.

4.1 Existing m-CNT Removal Techniques
For CNFET-based VLSI circuits to achieve a target Ion/Ioff of 104, 99.99% of all
m-CNTs must be removed if the initial percentage of m-CNTs equals 33% [Zhang 08].
Existing techniques for metallic CNT removal are either not VLSI-compatible [Collins
01] or do not remove enough m-CNTs [Engel 08, LeMieux 08]. Metallic CNTs can be
removed after growth using sorting [Engel 08, LeMieux 08], selective chemical etching
[Zhang 06] or current-induced breakdown [Collins 01], which we refer to as SingleDevice electrical Breakdown (SDB). In SDB, s-CNTs are switched off using the gate so
that current only flows through m-CNTs. At high current levels, oxidation is induced by
self-heating of m-CNTs causing them to break down. This approach has the advantage of
high removal percentage of m-CNTs [Collins 01, Lin 09a]. However, a major drawback
for this technique is that it is not scalable for VLSI systems since it involves individually
contacting and breaking down m-CNTs in each CNFET. Further, SDB requires the gate
oxide of CNFETs to be thick enough to withstand high source-drain voltage applied
during breakdown (3V-10V [Pop 08]) resulting in reduced circuit performance.
Moreover, SDB does not completely remove the metallic CNTs and only creates breaks
in the metallic CNTs. The resulting metallic CNT fragments can cause shorts in CNFET
logic circuits (Fig. 4.1).
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Figure 4.1. Incorrect logic functionality due to m-CNT fragments left behind after
Single Device Breakdown (SDB).

4.2 VMR Technique and Experimental Results
We present a new technique called VMR (VLSI-compatible Metallic CNT
Removal) that overcomes the VLSI challenges of existing m-CNT removal techniques.
Experimental results demonstrate that VMR is compatible with VLSI processing and
produces multiple-CNT CNFETs that exhibit high Ion/Ioff of 103 to 105. VMR successfully
overcomes the VLSI challenges faced by SDB and is scalable to VLSI CNFET circuits.
Figure 4.2 shows VMR process steps.

- 45 -

Step 1

Step 2

VMR electrodes

Step 3

Top gates

CNTs

Back-gate
oxide

Silicon
Substrate

Etched regions

Interconnect

Figure 4.2. Optical micrographs and illustrations of VMR process steps.
Aligned CNTs are grown on single-crystal quartz wafers and then transferred to
silicon wafers with thick (100 nm) silicon dioxide as the back-gate oxide [Kang 07, Patil
08a, 09b]. A special layout called VMR structure is fabricated (Fig. 4.2, Step 1, Fig. 4.3
and Fig. 4.4a). The VMR structure consists of inter-digitated electrodes (Palladium) at
minimum metal pitch.
Next, VLSI-compatible m-CNT electrical breakdown is performed by applying
high voltage across m-CNTs all at once using the VMR structure (Fig. 4.5). Electrical
breakdown of metallic CNTs was conducted using a parameter analyzer (Agilent 4155A)
and a source meter (Keithley 2420) controlled using LabVIEW over GPIB. The silicon
back-gate turns off semiconducting CNTs (s-CNTs). After m-CNT breakdown, all VMR
structures exhibit high Ion/Ioff (Fig. 4.6).

The VMR structures are then divided into multiple individual CNFETs by etching
unwanted sections of the VMR electrodes (Fig. 4.2, Step 2 and Fig. 4.4b) by wet etching
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of Palladium in dilute aqua regia (3:1:4 HCl:HNO3:H20) using photoresist as a mask.
Sections of the VMR electrodes that will form CNFET contacts in the final circuit are not
removed. CNTs are etched from predefined layout regions corresponding to the final
intended circuit (using mis-positioned-CNT-immune layouts [Patil 07, 08b]).
Fabrication of the final intended circuit is completed by patterning top-gates with
thin-oxide, and interconnects that span multiple metal layers (Fig. 4.2, Step 3 and Fig.
4.4c). Specifically for the experiments described in this chapter and the next,
interconnects (bilayer of 10 nm Ti and 25 nm Pt), top-gate oxide (8 - 12 nm HfO2,
Atomicity Inc.) and top-gate metal (bilayer of 2 nm Ti and 40 nm Pt) were defined using
photolithography and liftoff. Enhancement-mode CNFETs (negative threshold voltage
for p-type CNFETs) with well-behaved current-voltage characteristics are obtained after
VMR (Fig. 4.8). Enhancement-mode CNFETs are necessary for cascaded CNFET
circuits (see Chapter 5).
The VMR structure is independent of the final intended design. However, any
arbitrary final design (e.g., Fig. 4.4d) can be created by etching out parts of the VMR
structure as long as the following modification is incorporated in logic library cell
layouts: An additional contact (at minimum metal pitch) is added for series-connected
CNFETs for logic library cells (Fig. 4.7). Regions of the VMR structure to be etched out
are pre-defined during layout design and no die-specific customization is required. The
additional contacts incur < 2% area penalty and 3% delay penalty at the chip level, based
on synthesis results of large designs (OpenRISC processor, Ethernet controller
[OpenCores]). The penalties associated with the contacts are small since for advanced
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technology nodes, the layout is already on a regular grid and the addition of contacts does
not increase the area for most of the standard logic cells. The additional contacts increase
the capacitance, resulting in a small delay penalty (3%).
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Figure 4.3. Top view (a) and cross-sectional view (b) of VMR structure consisting
of 6 inter-digitated VMR electrodes. (c) SEM Image of VMR structure (top view).
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Figure 4.6. Ion vs. Ion / Ioff for 104 VMR structures with 7, 13, 21, 25 inter-digitated
VMR electrodes. VMR electrode width = 50 µm. Average s-CNT current yield,
defined as (Ion–Ioff)After_VMR / (Ion–Ioff)Before_VMR, is 95%. Ion is measured at VGS = 5V. Ioff is measured at VGS = 40V. High back-gate voltage is needed because of
the thick back-gate oxide (100 nm SiO2).

VMR retains the benefits of SDB while overcoming VLSI challenges faced by
SDB:
1. VMR does not require any top-gate because the back-gate is used for m-CNT
breakdown. This enables thin top-gate oxide to be fabricated for high performance
CNFETs after m-CNT breakdown. The effect of the back-gate capacitance during normal
circuit operation can be minimized by using a thick back-gate oxide since the back-gate is
not needed during normal circuit operation.
2. VMR does not require any mechanism to contact each CNFET separately.
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3. The problem of m-CNT fragments is overcome since all internal contacts can
be accessed using the VMR structure (parts of which are etched to create the final
intended design).
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Figure 4.7. Layout modifications needed for VMR. (a) NAND layout with added
contacts (marked with black circle). (b) Multiplexer layout with added contacts
(marked with black circles).
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Figure 4.8. Typical current-voltage characteristics (a) IDS-VGS (VDS = -1V) (b) IDSVDS (VGS step = 1V) of a multiple-CNT CNFET (Width = 50 µm, Length = 1 µm,
Number of CNTs = ~100) after VMR and fabrication of top-gate oxide (12 nm
HfO2) and top-gate metal: bilayer of Titanium (2 nm) and Platinum (25 nm). The
threshold voltage of the CNFETs is negative (enhancement-mode p-type
CNFETs) enabling CNFET logic gates that can be cascaded.

4.3 VMR Scalability
Figure 4.9 shows the resistor network representing a VMR structure with multiple
metallic and semiconducting CNTs. We can simulate the metallic CNT breakdown
procedure for the VMR electrodes using this resistor network. Initially, due to voltage
drops across the electrodes (voltage profiles across the electrodes are shown in Fig. 4.10a
and Fig. 4.10b), not all the m-CNTs will be above the threshold voltage for m-CNT
breakdown (VDS, Breakdown) [Pop 08]. However, some metallic CNTs, which are initially
above the breakdown threshold, are removed. This reduces the current through the
electrodes, thereby reducing the voltage drops. Eventually, in a carefully designed VMR
structure, all the m-CNTs are removed (Fig. 4.10a). On the other hand, for wider VMR
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structures (Fig. 4.10b), some m-CNTs always remain below the breakdown threshold and
cannot be removed (Fig. 4.10b) Therefore, VMR electrodes require careful design to
ensure that voltage drops along electrodes (Figs. 4.10a, 4.10b) do not prevent m-CNT
removal Hence, there exists a constraint on the maximum width of VMR electrodes (Fig.
4.10d). Maximum width of VMR electrodes decreases with higher CNT density due to
increased voltage drop through electrodes due to increased current density. Preferential sCNT growth [Ding 09, Li 04] or CNT enrichment [LeMieux 08, Engel 08] can further
improve the scalability of VMR (Fig. 4.10d) since the m-CNT current is reduced. VMR
can be readily scaled by connecting multiple VMR electrodes in parallel (Figs. 4.3, 4.6).

Width of VMR Structure

Semiconducting CNT
Metallic CNT
Width of VMR electrode

Wmetal

Re = Resistance of VMR electrode section
Rm = m-CNT resistance
Rs = s-CNT off-state resistance

Figure 4.9 Resistor network and schematic representing a VMR electrode.
Resistance of electrode section (Re) depends on the material used for the
electrodes and CNT density. Resistance of m-CNT (Rm) = 50kΩ. Resistance of sCNT (off-state) Rs = 50MΩ.
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Figure 4.11. Maximum width of VMR electrodes.
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As shown in Fig. 4.11, the maximum width of a VMR structure is limited by the
voltage drop across the electrodes. As a result, the pads with minimum dimension of
25 µm on each side can result in unacceptable area overheads (up to 200%) for VMR
(Fig. 4.12). [Wei 10] describes an improved metallic CNT removal technique based on
VMR with worst-case overhead of 1% (Fig. 4.12).
An array of structures, each consisting of inter-digitated Palladium (Pd) electrodes
(width constraint of each structure is imposed by m-CNT breakdown discussed in Fig.
4.11) are created at regular pitch. Unlike the version of VMR described in Sec. 4.2, each
structure belongs to one of two groups such that two spatially neighboring structures
belong to different groups (this idea can be extended to multiple groups as well). Further
details of this new technique can be found in [Wei 10].
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Improved VMR (Sec. 4.4)
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50
0
0

10

20

30

% metallic CNTs
Figure 4.12. Area cost analysis for different metallic carbon nanotube removal
techniques. Compared with VMR, improved VMR reduces the worst-case area
overhead from 200+% down to 1% at the 22 nm technology node.
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The low area overhead of this new approach is made possible because of the
following characteristics of this technique: 1. the pad regions for the structures belonging
to one group are overlapped with the structures belonging to other group(s); 2. the choice
of metals for the electrodes vs. the pads enables such overlap and selective removal of the
pads after m-CNT electrical breakdown. In summary, this improved VMR technique
[Wei 10] achieves high Ion/Ioff of up to 106 and, at the same time, is readily scalable to
full-wafer-level with < 1% area cost.

- 57 -

Chapter 5: VLSI-Compatible Combinational and Sequential CNFET
Circuits

© [2009] IEEE. Part of this chapter has been reproduced with permission from N.
Patil, et al., “VMR: VLSI-Compatible Metallic Carbon Nanotube Removal for
Imperfection-Immune Cascaded Multi-Stage Digital Logic Circuits using Carbon
Nanotube FETs”, Proc. International Electron Devices Meeting, pp. 573-576, 2009.

We present experimental demonstrations of VLSI-compatible imperfectionimmune cascaded multi-stage logic circuits using VMR [Patil 09c], together with mispositioned-CNT-immune layouts [Patil 07, 08b] and wafer-scale aligned CNT growth
and transfer [Patil 08a, 09]. Previous CNFET circuit demonstrations [Cao 08, Chen 06,
Javey 03a, 03b, 05], while important, either use percolation-transport-based CNFETs, or
cannot be scaled-up for digital VLSI systems. VMR enables first experimental
demonstration of complex cascaded CNFET logic circuits. Such logic circuits are
immune to both mis-positioned and metallic CNTs.

5.1 CNFET Circuit Elements
Using the process flow detailed in Sec. 4.2, we fabricated CNFET circuit
elements (Fig. 5.1). High Ion/Ioff of 103-105 is achieved for various circuit elements, e.g.,
NAND, multiplexer in Fig. 5.1, fabricated using VMR. Enhancement-mode CNFETs
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(negative threshold voltage for p-type CNFETs) with well-behaved current-voltage
characteristics are obtained after VMR (Fig. 4.8). Enhancement-mode CNFETs are
crucial in enabling CNFET circuits that can be cascaded, i.e. the output of one CNFET
logic gate can be used to drive the input to another CNFET logic gate for complex logic
circuits.
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Figure 5.1 (a) Circuit elements used in final CNFET circuits– Multiplexer pull-up,
NAND pull-up and pull-down CNFET. (b) Scatter plot of Ion vs. Ion/Ioff for the circuit
elements fabricated with and without VMR. All CNFETs have width = 50 µm and
length = 1 µm. Ion for circuit elements without VMR does not include m-CNT
current (Ioff). Total number of circuit elements measured = 81. All CNFET circuit
elements fabricated using VMR show high Ion/Ioff (103–105). Ion decreases after
VMR because some s-CNTs are removed during VMR (see Fig. 4.5).
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5.2 CNFET Combinational Circuits
We can fabricate CNFET digital logic circuits using p-type CNFETs using
PMOS-only logic [McCluskey 86]. We used a p-type CNFET as a pull-down for the
CNFET circuits. Figure 9 shows an integrated CNFET inverter and NAND that can be
cascaded, i.e. the voltage transfer curves of the logic gates transition between 0 and Vdd.
Voltage swing is reduced due to the use of only p-type CNFETs similar to all-PMOS
logic [McCluskey 86]. Integration of CNT doping to fabricate n-type CNFETs can
improve the voltage swing.
Further, we present experimental demonstration of multi-stage imperfectionimmune multiple-CNT CNFET circuits fabricated in a VLSI-compatible manner. Figure
5.3 shows a CNFET inverter chain. Figure 5.4 shows a multi-stage CNFET circuit
implementing a half-adder sum generator function. All biases for the pull-down CNFETs
in the circuit are connected together similar to all-PMOS logic circuits [McCluskey 86].
Scalable CNFET logic circuits using PMOS-only logic are possible since a single bias
voltage is used for all CNFET logic gates. These cascaded CNFET circuits, fabricated
using VMR and wafer-scale processing techniques [Patil 08a, 09b], satisfy requirements
of digital logic (gain and cascadability) [McCluskey 86] in a VLSI-compatible manner.
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Figure 5.2. Single-stage CNFET logic gates using VMR and all-PMOS logic with
pull-down CNFETs. (a) CNFET inverter. (b) CNFET NAND.
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Figure 5.3. Experimental demonstration of multi-stage cascaded imperfectionimmune CNFET inverter chain (gain for inverter chain= 14) fabricated in a VLSIcompatible manner.
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Figure 5.4 (a) Scanning electron micrograph (SEM) of CNFET half-adder sum
generator implementing the equivalent of an XNOR function (left panel). Scale
bar represents 20 µm. SEM of aligned CNTs in XNOR before top-gate metal
deposition (right panel). Scale bar represents 2 µm. (b) Circuit diagram and truth
table for a half-adder sum generator. (c) Voltage transfer curves and gain for
CNFET half-adder sum generator. VBias = 4V. VDD = 3V.

5.3 CNFET Sequential Circuits
Figure 5.5 shows the first experimental demonstration of a CNFET sequential
integrated circuit (D-Latch) fabricated using VMR and PMOS-only logic. Sequential
elements such as D-Latches are essential components of digital VLSI systems. All state
transitions (Fig. 5.5c) for the CNFET D-latch were verified to be correct confirming that
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VMR can be used to reliably fabricate both combinational and sequential CNFET
circuits.
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Figure 5.5. (a) Scanning electron micrograph (SEM) of CNFET D-Latch (top
panel). Scale bar represents 20 µm. SEM of aligned CNTs in D-Latch before topgate metal deposition (bottom panel). Scale bar represents 2 µm. (b) Circuit
diagram for D-Latch. (c) D-Latch checking experiments. Inputs to the D-Latch
were manually toggled. VBias = 5V. VDD = 3V.
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Chapter 6: Concluding Remarks

CNFET technology is a promising extension to silicon CMOS technology.
CNFET-based circuits can provide more than an order of improvement in energy-delay
product compared to silicon CMOS circuits [Deng 07a, Patil 09a, Wei 09b]. Mispositioned and metallic CNTs are major barriers for CNFET technology. We have
presented imperfection-immune design techniques such as mis-positioned-CNT-immune
design and VLSI-Compatible Metallic CNT Removal (VMR) to overcome the challenges
of mis-positioned and metallic CNTs.
Table 6.1 presents the current status of CNFET technology and provides a
summary of challenges and solutions.
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Table 6.1. CNFET Technology Challenges and Outlook
© [2009] IEEE. Partially reproduced with permission from N. Patil, et al., “Digital VLSI
Logic Technology using Carbon Nanotube FETs: Frequently Asked Questions”, Proc.

Design Automation Conference (DAC), pp. 304-309, 2009.
Challenge

High CNT
density

CNT
alignment
and
positioning

% Metallic
CNTs
grown or
deposited on
substrate

Needed For

Current Solutions

Options

High current
density
CNFETs

Average aligned CNT density:
5-10 CNTs/µm [Kang 07]

Denser CNT
Growth

Wafer-scale growth
demonstrated
[Patil 08a, 09b]

Multiple
Transfers of
CNTs

Mis-positioned-CNT-immune
design
[Patil 07, 08a, 08b]

Solved

Need
150 – 200
CNTs/µm
Correct
logic
functionality

Leakage, noise
margin
Need : <
0.01%
metallic CNTs
to avoid
metallic CNT
removal
(discussed
below)

Leakage, noise
margin
Metallic CNT
Mitigation

Need
> 99.99%
m-CNTs
removed with
> 80% s-CNTs
intact

Typical CNT synthesis:
25-50 % CNTs grown metallic
[Dai 02]
Enhanced CNT Synthesis
10 % CNTs grown metallic [Li
04]
4 % CNTs grown metallic
[Ding 09]

Tighter control
of CNT chirality
needed

Solution Based CNT Sorting :
1% Metallic CNTs
[Engel 08]
5% Metallic CNTs
[Le Mieux 08]
Single device electrical
breakdown
(not VLSI-compatible)
[Collins 01]
Selective Chemical Etching of
metallic CNTs
[Zhang 06]
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Wafer-scale
integration of
low-cost metallic
CNT mitigation
required

Metallic CNT Tolerant Circuits
(VLSI-compatible)
[Lin 09b]
VLSI-Compatible Metallic CNT
Removal (VMR)
[Patil 09c]
Single-CNT Ring Oscillator
[Chen 06]
CNFET
Threshold
Voltage
Setting

Cascaded
logic circuits

CNT circuits on flexible
substrates [Cao 08]
VLSI-Compatible CNFET
Combinational and Sequential
Circuits
[Patil 09c]

Air-stable CNT
doping with
controlled
doping level
required

P-type Dopant:
Triethyloxonium
hexachloroantimonate (OA)
[Chen 05]

CNT Doping

High
performance
complementary
logic circuits

N-type Dopants:
Hydrazine
[Chen 05]
Polyethylene imine
[Shim 01]

Air-stable CNT
doping with
controlled
doping level
required

Potassium (not air-stable)
[Javey 05]
p-type : Palladium
[Kim 05]
CNFET
Source /Drain
Contact Metal

High
performance
complementary
logic circuits

n-type : Scandium
[Zhang 07]
Aluminum [Javey 03b]
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Additional airstable options
needed

Mis-positioned-CNT-immune design, VLSI-Compatible metallic CNT removal
(VMR) can successfully overcome challenges posed by mis-positioned and metallic
CNTs. Using these imperfection-immune design and processing techniques, coupled with
wafer-scale CNT growth and transfer, we have experimentally demonstrated, for the first
time, CNFET computational and storage elements that constitute the fundamental
building blocks for digital computing.
Two significant outstanding challenges include high CNT density and CNT
doping. High CNT density (> 100 CNTs/µm) is needed for CNFET performance to be
competitive with silicon CMOS [Wei 09b]. Chemical doping of CNTs to achieve
integration of n-type and p-type CNFETs on the same substrate is also an important area
of further research in order to achieve VLSI-compatible complementary CNFET circuits.
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Appendix: Fabrication Details

A.1 Carbon Nanotube Growth
Aligned CNT growth was carried out using ST-cut quartz wafers (Hoffman Materials,
Inc, Carlisle, PA). The quartz wafers were first annealed were annealed in oxygen for 8
hrs at 900ºC in a six-inch three-zone oxidation furnace according to the following
temperature schedule. The furnace was initially cooled down to 400 ºC (below the phase
transformation temperature of the quartz [Byers 74, Cooper 75]).
Table A.1. Annealing Schedule for Quartz Wafers

Temperature Set point

Time

Gas (flow rate)

400ºC

20 minutes ramp-up

N2 (5L/min)

550 ºC

35 minutes ramp-up

N2 (5L/min)

575 ºC

20 minutes ramp-up

O2 (2.5 L/min)
(Dry oxidation condition)

600 ºC

15 minutes ramp-up

O2 (2.5 L/min)
(Dry oxidation condition)

650 ºC

25 minutes ramp-up

O2 (2.5 L/min)
(Dry oxidation condition)

700 ºC

25 minutes ramp-up

O2 (2.5 L/min)
(Dry oxidation condition)
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750 ºC

25 minutes ramp-up

O2 (2.5 L/min)
(Dry oxidation condition)

800 ºC

25 minutes ramp-up

O2 (2.5 L/min)
(Dry oxidation condition)

850 ºC

25 minutes ramp-up

O2 (1 L/min)
H2 / O2 (150 cc/min)
(Wet oxidation condition)

900 ºC

25 minutes ramp-up +

O2 (1 L/min)

8 hours anneal

H2 / O2 (150 cc/min)
(Wet oxidation condition)

850 ºC

25 minutes ramp-down

O2 (1 L/min)
H2 / O2 (150 cc/min)
(Wet oxidation condition)

800 ºC

25 minutes ramp-down

O2 (2.5 L/min)
(Dry oxidation condition)

750 ºC

25 minutes ramp-down

O2 (2.5 L/min)
(Dry oxidation condition)

700 ºC

25 minutes ramp-down

O2 (2.5 L/min)
(Dry oxidation condition)

650 ºC

25 minutes ramp-down

O2 (2.5 L/min)
(Dry oxidation condition)

- 70 -

600 ºC

25 minutes ramp-down

O2 (2.5 L/min)
(Dry oxidation condition)

575 ºC

15 minutes ramp-down

O2 (2.5 L/min)
(Dry oxidation condition)

550 ºC

20 minutes ramp-down

O2 (2.5 L/min)
(Dry oxidation condition)

400 ºC

60 minutes ramp-down

N2 (5L/min)

After the wafers were annealed, photolithographic stripes were defined on the wafers.
First a layer of LOL-2000 (Microchem) was spun on the annealed quartz wafer (3000
rpm, 60 seconds). Photoresist exhibits poor adhesion to quartz and needs an adhesion
promoter (e.g. HMDS – hexamethyldisilazane). With LOL-2000, no adhesion promoter is
needed. After coating the wafer with LOL-2000, the wafer is then baked at 200 ºC for 20
minutes. The temperature and duration of the LOL-2000 baking determines the rate of
dissolution of LOL-2000 in developer, which in turn determines the amount of undercut.
For the catalyst stripes, the spacing between the patterns was rather large (>100 µm),
hence the amount of undercut in the LOL-2000 did not cause problems in lithography.
However, for the fabrication of the CNFETs, the spacing between patterns was 1 µm or
less. In this case, as will be discussed in Sec. A.3, the LOL-2000 was baked at a higher
temperature for a longer duration so that the rate of undercut could be controlled.
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Next, g-line photoresist (SPR 3612, Microchem) is spun on the wafer (5500 rpm, 30
seconds). After exposure (150 mJ/cm2), the wafers were developed in Microposit MF26A developer for a total develop time of 60s.
After patterning of lithographic stripes, a thin film of Fe was evaporated using e-beam
evaporation. The thickness of the film was monitored using a Quartz Crystal thickness
monitor. The deposition pressure was 10-6 Torr. The rate of deposition was 0.03 nm/sec
with a total nominal thickness of 0.24 nm. We found that thickness of the Fe film could
be between 0.1 nm and 0.32 nm.
Liftoff was used to remove the Fe from all regions other than the catalyst stripe.
Acetone was used to remove the photoresist followed by either Remover-PG
(Microchem) or Microposit MF-26A ((Microchem) to remove the LOL-2000.
For the growth a three-zone CVD furnace was used. The temperature uniformity of the
furnace at a pressure of ~500 mTorr was verified to be < 1ºC across the eight-inch center
zone of the furnace. This enables two wafers of CNTs to be grown simultaneously. A
longer furnace might enable more quartz wafers to be grown in parallel. The low pressure
during the critical phase transformation of the quartz (Sec 3.1) also improves the thermal
uniformity of the furnace.
With the furnace door slightly open and a flow (100 sccm) of O2 (20%) and Argon
(80%), wafers were first heated to 550 ºC. The ramp time for this step was 30 minutes.
The temperature was kept constant at 550 ºC for 10 minutes. After this step, the
temperature set point was decreased to 540 ºC. After the temperature stabilized at 540ºC,
the furnace door was closed and the furnace was pumped down to its base pressure of
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~30 mTorr. The temperature set point was lowered before pumping the furnace because
the pumping step causes the temperature of the furnace to spike by ~10 ºC. Hence to
prevent the temperature of the furnace overshooting past the phase transformation
temperature of the quartz (573 ºC), the temperature was initially lowered before pumping
out the furnace. Next, a flow of 100 sccm of a mixture of O2 (20%) and Argon (80%) was
started. The pressure during this step was ~500 mTorr. At this low pressure, the furnace
was heated to ~620ºC in about 15 minutes. At this point, the flow of O2 (20%) and Argon
(80%) was halted and the furnace was pumped to its base pressure of ~30 mTorr. Then, a
flow of 120 sccm of H2 was started and the pressure set point was fixed to 120 Torr (the
furnace was equipped with a gate valve that could be throttled to adjust the pressure). The
temperature set point was fixed to 865 ºC (the growth temperature can be between 800 ºC
and 900 ºC). After ~8 minutes the pressure stabilized to 120 Torr (at a temperature of
~720 ºC). The total ramp time to the growth temperature was ~20 minutes. After the
temperature ramp, the furnace temperature was held at the growth temperature of 865 ºC
for 10 minutes before commencing CNT growth. Growth was conducted by co-flowing
CH4 (1100 sccm) and H2 (120 sccm) at 315 Torr for 30 minutes. The pressure set point
during CNT growth was 315 Torr (pressure can be between 300 – 350 Torr). After CNT
growth, the flow of CH4 was turned off, while the flow of H2 flow was continued. The
pressure set point was 120 Torr and the temperature of the furnace was lowered, while
keeping the two side zones of the furnace functional so that the thermal uniformity across
the quartz wafer was maintained. Once the temperature of the furnace had cooled to
300 ºC, the flow of H2 was stopped, and the furnace was pumped to its base pressure of
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~30 mTorr. The pump isolation valve was closed and the furnace was vented to
atmosphere by flowing Ar (1000 sccm) for 8 minutes.

A.2 Carbon Nanotube Transfer
Quartz wafers with grown CNTs were coated with 100 nm Au deposited using e-beam
evaporation. The thickness of Au can be between 100 nm and 200 nm. Thermal release
adhesive tape (Nitto Denko, Inc., Part Number: 3198MS) was applied to the quartz wafer
with Au. The Au and tape bilayer was removed from the quartz wafer and then applied to
a silicon wafer. Heating to ~130ºC caused the tape to detach, leaving the gold, along with
the CNTs, on the silicon wafer. This particular type of tape had a release temperature of
120ºC. Other types of thermal release tapes are available, which release at different
temperatures. After the thermal release tape was removed, the surface of the Au (with the
CNTs under the gold), was cleaned with O2 plasma (55W, 25 mTorr, 20 sccm O2, 2
minutes) and Ar plasma (100W, 12.5 mTorr, 15 sccm Ar, 3 minutes). The Argon etching
process etched ~30 nm of gold film. The CNTs were protected from the plasma by the
remaining gold film (~70 nm). The remaining gold film was wet etched using a solution
of 17% NaI and 2% I2 in water (Transcene Corp.), leaving the CNTs on the target
substrate.
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A.3 CNFET Circuit Fabrication
Aligned CNTs grown in quartz wafers were transferred onto silicon wafers with
115 nm thermally grown oxide. Next, inter-digitated VMR (see Chapter 4, 5) electrodes
were defined using photolithography and liftoff. Both the width of the electrodes and the
spacing between the electrodes was 1 µm. The electrodes were defined a bi-layer lift-off
process. First a layer of LOL-2000 (Microchem) was spun on the annealed quartz wafer
(3000 rpm, 60 seconds). Photoresist exhibits poor adhesion to silicon dioxide and needs
an adhesion promoter (e.g. HMDS – hexamethyldisilazane). With LOL-2000, no
adhesion promoter is needed. After coating the wafer with LOL-2000, the wafer is then
baked at ~250C for 30 minutes. The temperature and duration of the LOL-2000 baking
determines the rate of dissolution of LOL-2000 in developer, which in turn determines
the amount of undercut. Next, g-line photoresist (SPR 3612, Microchem) is spun on the
wafer (5500 rpm, 30 seconds). After exposure (55 mJ/cm2), the wafers were developed in
Microposit MF-26A (Microchem) developer for a total develop time of 50s. The bake
time, bake temperature, and the develop time together determine the smallest resolvable
feature using a bi-layer liftoff process. The metal used for the VMR electrodes was either
only palladium (50 nm thick) or a bi-layer of titanium (1.5 nm thick) and palladium (50
nm thick), deposited using e-beam evaporation at a pressure of ~5 x 10-7 Torr. The
presence of titanium improves the adhesion of palladium to the oxide surface. We also
observed that palladium-only electrodes tend to delaminate, if the wafer is immersed in
developer (MF-26A) for > 1 minute. This problem can be resolved by using a thin
titanium adhesion layer for the palladium electrodes.
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CNTs outside the VMR electrode regions were removed using a low intensity O2
plasma (30W, 150 mTorr, 20 sccm O2, 90s) using photoresist as a mask. For this step, no
LOL-2000 was used (hence, an adhesion promoter (HMDS) was applied in the gas phase
to improve the adhesion of the photoresist). Electrical breakdown of metallic CNTs was
conducted using a parameter analyzer (Agilent 4155A) and a source meter (Keithley
2420) controlled using LabVIEW over GPIB.
After electrical breakdown of metallic CNTs, unneeded sections of the VMR
electrodes were removed using wet etching of Pd in dilute aqua regia (3:1:4
HCl:HNO3:H20, ~60s) and using photoresist as a mask. The etching was carried out ~5
minutes after the aqua regia solution was prepared. The titanium adhesion layer, if used
was then removed in 2% HF (45s). For these steps, no LOL-2000 was used (hence, an
adhesion promoter (HMDS) was applied in the gas phase to improve the adhesion of the
photoresist). Before wet etching the unneeded sections of the VMR electrodes, the
photoresist surface was made hydrophilic by a brief exposure to a low intensity O2
plasma (30W, 150 mTorr, 20 sccm O2, 180s).
Metal interconnects were defined using photolithography of a bi-layer of 10 nm
Ti and 25 nm Pt deposited using e-beam evaporation (deposition pressure = ~5 x 10-7
Torr). Next, top-gate oxide (8 nm hafnium oxide (HfO2), deposited by Atomic Layer
Deposition (ALD), Atomicity Inc, Redwood City, CA), and top-gate metal (bilayer of 2
nm Ti and 40 nm Pt using e-beam evaporation) were subsequently defined using
photolithography and liftoff. Since the gate oxide regions were defined liftoff, the ALD
deposition temperature was kept at 110ºC to avoid photoresist reflow at higher
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temperatures. ALD aluminum oxide (Al2O3) can also be used as gate-oxide. However,
aluminum oxide dissolves in developer (MF-26A, etch-rate = 0.1-0.3 nm/s depending
upon the quality of the film). Hence, the gate stack should not be exposed to developer
for extended periods to avoid undercutting the oxide under the gate metal. Connections
between the metal interconnect and the gate metal (so that the output of one CNFET logic
gate can be connected to the input of the next CNFET logic gate) were done through
photolithography and liftoff of 26 nm Cr and 200 nm Au deposited using an RF
sputtering system.
All CNFET circuit measurements were performed in room ambient using a
semiconductor parameter analyzer (Agilent 4155A).
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