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Figure 1: Artist interpretation of Carbon Nanotubes



Abstract

With the current landscape of MOSFETSs in mind, the approaching
limits and shortages of the modern silicon transistor has lead to many
concerns over the future of semiconducting technology. This paper aims
to look through one possible successor to the long-standing Silicon based
MOSFET architecture in the form of Carbon Nanotubes. Although a lot
has been researched about the wonder material graphene, many research
have not yet reached solid conclusions about the potential of graphene
and carbon’s allotropes. One example is the Standford model of a 16-bit
RISC-V architecture microprocessor that sets a precedent for the earliest
prototypes of a CNT based system. A following prototype designed by
MIT engineers also prove the possibility of CNT processors. In the time
of writing this paper, no other substantial project on CNT processor have
been conducted leaving much room for future findings and improvements
to existing models.
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1 Introduction

There is no secret that we are fast approaching both the computational and
physical limits of the long-standing silicon MOSFET designs. Before now, chips
have been steadily increasing in density as transistors shrink in size while becom-
ing more efficient overall as energy consumption remains more or less the same
according to Dennard scaling [1] and hence are more cost-effective. However,
recently Moore’s Law, an observation by Gordon Moore stating that the num-
ber of transistors will double every 18 months, is becoming harder and harder
for engineers to conform to [2] as the production process nears a nanoscopic
scale of bnm. The problem has less to do with Moore’s law but is more in line
with Dennard scaling since the main issue has to do with heat, the limiting
factor in current circuit design. It turns out that the Dennard scaling rule only
applies to transistor sizes above 65nm as chips slowly require more energy to
run the smaller they get due to an exponential increase in energy leakage which
increases in the amount of heat produced.

In response to this, much effort has already been placed in finding other
alternatives in the form of Optical [3] and Quantum based computers that rely
on the properties of light and quantum mechanics, respectively. There are also
other plans set out to replace silicon with Gallium Nitride using a GANFET
architecture[4]. The main problem surrounding these proposed solutions is that
they are still unproven and/or are restricted to non-commercial uses making
them unlikely to hit the consumer market any time soon, thus limiting them to a
very specific audience. Regardless, there is one promising solution that has been
under scientific analysis and experimentation over the last two decades, using
the so-called wonder material graphene in the form of Carbon Nanotubes[5].
Like with all experimental technologies, CNT transistor-based computers are
yet to make an appearance on the market anytime soon and were only recently
proven to be practical under controlled environments in labs at MIT[6] using a
16-bit RISC-V based microprocessor.

However, its substantial increase in energy efficiency over MOSFET and high
thermal conductivity make it a viable investment that can lead to massive leaps
in performance over current processors[7]. The lower voltage draw required to
switch a CNT transistor means that less heat is produced leading to an increase
in the density of these new chips, helping us overcome the Dennard Scaling
problem and follow more closely in line with Moore’s Law. Although at this
point in time, there are a few main concerns surrounding the manufacturing
and variability of the materials used to create these Carbon Nanotubes. The
benefits of such technology will not be limited to just classical computers as it
may also allow for quantum computers to operate outside of their near-absolute
zero temperatures [8].



2 Initial Research

Initially this project started off as a review paper of the current research climate
and developments surrounding Carbon Nanotubes. However, as time passed
my interests shifted to a more hands on based approach. The research started
with looking at existing studies on testing the electrical properties of Carbon
Nanotubes as transistors. This was followed by some further reading on two low
bit CNT-based processors built by researchers from Stanford and MIT. However,
when it came to designing a process of replicating these results there were many
complications that resulted in the project taking a different approach. This
lead to experimenting with the Reduced Instruction Set Computer architecture
(RISC-V) as well as experience in using circuit simulation software such as
LTSpice. Therefore much of focus was placed on operation of the RISC-V
architecture including a few courses on CMOS and MOSFET devices.

2.1 Stanford Model
2.2 MIT Model

3 RISC-V

This was the first part of the project that involved simulating low level code in
order to grasp a better understanding of simple low bit architecture devices. The
software used for this was an online compiler (RISC-V interpreter [9]) provided
by the university of Cornell. A few sample code were used to learn about the
structure of registers, memory addresses and the included instruction mnemon-
ics to the RISC-V architecture. These sample tests ran in the form of basic
logical operations such as calculating the mean of a set of numbers, or basic
addition and memory manipulation using registers.

One of the harder parts of this exercise was keeping track of when to store
variables into the memory and when to move them into them into the register.
The compiler used a 32-bit register along with 36 bits of memory.

Each code was run at a frequency of 1Hz to see the process step by step,
however for the purposes of demonstration only the final state of the register
and memory will be displayed



3.1 Part

1, Memory and addresses

The first study involved looking at how memory and data is handled through
commands such as sw or Ib by means of addition of two numbers

O oONOVTHWNE

#Program 1. Study data memory
# x5 will be used to point to data memory location @

add x5,x0,x0
addi x11,x0,0x8f5
sw x11,0(x5)

1b x12,1(x5)

Reset Stop CPU:2Hz~

Figure 2: Simple Addition Code

The final memory address and register states are as shown below:

Memory Address
©x00000000
©x00000004
©x00000008
©x0000000C
0x00000010
0x00000014
©x00000018
©x0000001C
0x00000020

©x00000024

Decimal Hex Binary
-1803 oxFFFFfefs 0b11111111111111111111100011110101
e ©x00000000

] ©x00000000

] ©x00000000

e 0x00000000

e 0x00000000

(] ©x00000000

] ©x00000000

e 0x00000000

e ©x00000000

Figure 3: Memory Address



Init Value

Register

X0

x1

X2

X3

x4

x5

X6

X7

X8

x9

x1le

x11

x12

x13

xX14

x15

x16

x27

x28

x29

x3e

x31

(zero)
(ra)
(sp)
(gp)
(tp)
(te)
(t1)
(t2)
(se/fp)
(s1)
(a8)
(al)
(a2)
(a3)
(a4)
(as)
(a6)
(a7)
(s2)
(s3)
(s4)
(s5)
(s6)
(s7)
(s8)
(s9)
(s1@)
(s11)
(t3)
(t4)
(t5)

(t6)

Decimal Hex Binary
2] ox ob
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
-1803 oxfffffafs ©eb111111111111111111111eeellllelel
-8 exfffffff8 ©b11111111111111111111111111111660
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob

Figure 4: Register



3.2 Part 2, Loops

The second study looked at iterating loops, this was done through a fixed num-
ber of iteration

1 | #Program 2. Loop example
2

3| add x11,xe,xe # i=0

4| addi x12,x0,7 # x12=number of times to iterate
5

6 bge x11, x12, 12

7| addi x11, x11, 1 # i++

2| jal xe, -8 # Iterate
9 | add x15,x11,xe
10
11
12
13
14
15
16

Reset _ Run CPU:2Hz ~

Figure 5: Looping Code

Memory Address Decimal Hex Binary
0x00000000 e ©x00000000
02x00000004 e ©x00000000
0x00000008 0 0x00000000
0x0000000C e ©x00000000
0x00000010 e ©x00000000
02x00000014 e ©x00000000
0x00000018 e ©x00000000
0x0000001C e ©x00000000
0x00000020 e ©x00000000
0x00000024 e ©x20000000

Figure 6: Memory Address



Init Value

Register

X0

x1

X2

X3

x4

x5

X6

X7

X8

x9

x1le

x11

x12

x13

xX14

x15

x16

x27

x28

x29

x3e

x31

(zero)
(ra)
(sp)
(gp)
(tp)
(te)
(t1)
(t2)
(se/fp)
(s1)
(a8)
(al)
(a2)
(a3)
(a4)
(as)
(a6)
(a7)
(s2)
(s3)
(s4)
(s5)
(s6)
(s7)
(s8)
(s9)
(s1@)
(s11)
(t3)
(t4)
(t5)

(t6)

Decimal Hex Binary
2] ox ob
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
-1803 oxfffffafs ©eb111111111111111111111eeellllelel
-8 exfffffff8 ©b11111111111111111111111111111660
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob
Q 2x eb
] 8x @b
2] ox eb
2] ox ob

Figure 7: Register



3.3 Part 3, Arrays

Arrays are a common way of storing a fixed number of elements that can be
accessed using the address code of each element. In this example, an array of
12 numbers is created and the average is calculated using a loop/iteration.

#Program 3. Sum the elements of an array

#x8 holds pointer to the array A
addi x8,x0,0x00 #starting array at data memory location ©

#fill array with data

xor x7,x7,x7 #clear x7 register

addi x7,x0,4 #load x7 with data

9| sw x7,0(x8) #store data pointed x8+offset
10 | xor x7,x7,x7 #clear x7 register

11 | addi x7,x0,5 #load x7 with data

12 | sw x7,4(x8) #store data pointed x8+offset
13 | xor x7,x7,x7 #clear x7 register

14 | addi x7,x0,3 #load x7 with data

15 | sw x7,8(x8) #store data pointed x8+offset
16 | xor x7,x7,x7 #clear x7 register -

Reset _ Run CPU:2Hz ~

Figure 8: Arrays Code

CONO VA WNBRE

16 | xor x7,x7,x7 #clear x7 register -~
17 | addi x7,x0,2 #load x7 with data
18 | sw x7,12(x8) #store data pointed x8+offset

20 | #Assign x1@=sum, x11=i

21 | add x1@, x0, x0@ # sum=0

22 | add x11, x0, xo # i=0

23| addi x12,x0,4 # x12=number of elements in array

25| bge x11, x12, 28

26| s1li x13, x11, 2 #1i * 4

27 | add x13, x13, x8 # & of A + 1

28 | 1w x13, 0(x13) # *(A + 1)

22 | add x10, x10, x13 # increment sum

36 | addi x11, x11, 1 # i++

31| jal xe, -24 # Iterate <

10



Memory Address
x00000000
exe0000004
000000008
ex0008000C
x00000010
@x00000014
x00000018
exe000001c
x00000020

©0x00600024

Decimal

Init Value

?I?@

Binary

Figure 9: Memory Address

Register Decimal

x@ (zero)
X1 (ra)

x2 (sp)

x3 (gp)

x4 (tp)

x5 (te)

x6 (t1)

X7 (t2)

X8 (s0/fp.
x9 (s1)

x10@ (a0)
X11 (a1)
x12 (a2)
x13 (a3)
x14 (ad)
x15 (a5)
x16 (a6)
x17 (a7)
x18 (s2)
x19 (s3)
x20 (s4)
x21 (s5)
x22 (s8)
x23 (s7)
x24 (s8)
x25 (s9)
x26 (s10)
x27 (s11)
x28 (t3)
x29 (t4)
x30 (t5)

x31 (t8)

)

°

°

o

) e

)

-1803

)
°

0

)
°
)
0

)

)
)
)

o

Hex

Binary

exFFFFFafs

0b11111111111111111111160011110101

ob11111

Figure 10: Register
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4 MOSFET

A MOSFET, Metal Oxide Semiconductor Field Effect Transistor, is a gate op-
erated switch or amplifier that is controlled using voltages. There are three
terminals to be aware of: the source, drain and gate. Depending on whether an
NMOS or PMOS device is used, the source and drain are both heavily doped
as n-type or p-type regions respectively.

VS VG VD
's iG;Gate(G) 'p .
Source (S) Drain (D)
[ \V// /] |
nt Channel region nt

—

p-type substrate

Body (B)

Figure 11: NMOS diagram|3]

From the previous section, a depletion region forms between the p-type substrate
and n-type source and drain regions. Above the substrate is a layer of oxide
acting as an insulator with an additional layer of metal on top. This acts as
the gate and completes the MOS part of MOSFET. There are two modes that
determine the voltage characteristics of the gate [4]:

1. Enhancement-mode - Requires a gate voltage above a voltage threshold
to turn 'ON’ (Vy >V, + Vi)

2. Depletion-mode - Requires a gate voltage below a voltage threshold to
turn 'OFF’ (V, <V, — Vi)

For the purposes of the investigation the paper will focus only on enhancement-
mode NMOS devices.

4.1 Field Effect and Operation of EM NMOS

The FET, Field Effect Transistor, is controlled by the gate using voltages. At
0V the MOSFET is in a cutoff region (Vs < Vi,') meaning no charge carriers
can flow through the channel region (Igs = 0)[5].

Wes =V — Vs

12



Figure 12: MOSFET when Vg, = 0[5]

4.1.1 Saturation Region

When a positive voltage is applied, both a depletion region and inversion layer
are created around the channel region. The inversion layer expands from the
source to drain and connects both regions when when Vg4 > V4. However, if
Vgs < Vi, then it operates at the saturation region since the charge carriers are
not fully connected to the drain.

Figure 13: MOSFET when V,, < Vi [5]

4.1.2 Triode Region

When V,; > Vi, electrons will move from source and drain to complete the
inversion layer, fully connecting it between both regions. Although if the Vi,
is too high the MOSFET may operate in the saturation region again since
Vys < Vas? to remain in the saturation region [6].

2V, - voltage across drain and source

13



Figure 14: MOSFET when Vs > Vi, [5]

4.2 IV Characteristics

As expected, increasing the value of Vs increases the current from drain to
source, Ig4s, since there is a higher negative-charge carrier density making the
inversion layer more conductive. In the cutoff region there is no inversion layer,
so Igs = 0. Plotting the 15 against V4 allows us to see the various dependencies
on the values of Vy, and V.

4.2.1 Triode Region and Ideal IV Characteristics

In the triode region, the MOSFET exhibits properties of an ohmic device as I
is proportional to Vgs. The IV relation for this can be derived as follows [7]:

Given Q(x) as the charge per unit length along the channel length:
Q) = WCou{(Vgs — Vin) = V(2)}
Where V(x)? = 0 at the edge point of the source, simplifying to:
Q(.T) = Wcoz(Vgs - V;&h)
Velocity of electrons in the inversion layers is given by:
U= _Hn4E b= _Mn%
Current in the inversion layer is given by:

—IDSG = UQ(I)

3V (x) is the voltage at distance x on the channel from the drain

4Recall that e is the electron mobility
5E can be rewritten as %

6Negative because drain current is opposite conventional flow

14



Combining these equations:

*IDS = —un% X Wooz{(vgs - ‘/th) - V(I)}

IDS = ,unWCox{(Vgs - ‘/th) - V(x) %

This gives us a differential equation solved using separation of variables:

Ipsdx = M’I’LWCOI{(VQS - ‘/th) - V(x)}dV
Integrating using the defined boundaries of = (07, L®) and V(x) = (0, Vps):
L Vbs
Ins / dz = WG, / (Voo — Vin) — V(@)}V ()
0 0

Ips [x]é = unWCsq [(Vgs - % - Vth)v}(‘)/DS

IpsL = pn,WCo;y [(Vgs — Y22 — Vi) - Vips]

Rearrange to give us the final equation:

wWcC,
LLW [(Vgs — Vin) Vs — 3Vps?]

Note: Worst point, x = L and V(x) = Vpg. Equation valid when V,, — V(z) >
Vi at every x, so Vpg < Vs — Vi (Vog/overdrive voltage)|8].

Ips =

Ideal IV Characteristics in Linear Region

Drain Current Ip (in mA)

0o o5 10 15 2.0 255
Drain to Source Voltage Vps (in Volts)

Figure 15: IV graph when Vpg is below overdrive voltage[9]

"Lower boundary defined as the value at source
8Upper boundary defined as the value at drain

15



Therefore by taking Vpg as close to zero we can ignore %VDS2 and get:

,LLnWCom

17 [(Vys — Vin) V5]

Ips =

This shows that the current varies proportionally to Vpg and is linear when the
condition Vpg << Vyg — Vi, is fulfilled.

Ideal IV Characteristics in Linear Region

Drain Current Ip (in mA)

0.0 01 02 03 04 05
Drain to Source Voltage Vps (in Volts)

Figure 16: IV graph when Vg << Vs — Vi [10]

4.2.2 Saturation Region

The equation for an inversion layer in saturation can be done by making changes
to the differential equation. At the point x = L'?, V(L) = Vpgsar = Vgs — Vin
substituting that into the equation gives us a new equation:

L, Vgs_‘/th
Ips / dx = WG, / ((Vys — Vin) — V(@)}V ()
0 0

Then:

MnWCoa:

o [(Vos = Vin)?)

Ipssat =

4.2.3 Final IV Characteristics

The final IV characteristics is summarised by the graph below. When Vpg
exceeds Vo4 the Ipg reaches a constant value when the transistor is saturated.

9L’ is the length of the pinch-off point

16



Ohmic Saturation Region
' Vs = +5V
Vs = +4V
Vs = +3V
Ves = +2V
Vos = +1V
Vs =0V Cut-off

0 2 4 6 8 10 12 (+ve)
Vos

Figure 17: Final IV Characteristic[11]

5 Simulation

By far the most ambitious and challenging part of this paper is the real time
simulations of CMOS circuitry in order to recreate the results from the Stanford
and MIT models. Unfortunately, the inability to access HSPice for personal use
meant that I had to use an alternative.

17



5.1 CMOS/Spice

LTSpice was used for the simulations and had a built in library of basic PFET
and NFET gates so building each circuit was relatively easy. A series of basic
logic gates were used to run some basic analysis: NAND, NOR and XOR.!?

The parameters used in these initial tests are as follows: 45V signaled a
digital on, and Ov signaled a digital off, the rise and fall times for each gate were
set to bns, the cycle was either 5ms and 10ms for input A and input B and the
total transient time was 20ms.

The schematics and results of each gate are summarised below:

5.1.1 Inverter

The simplest circuit composed of only a single P-FET and N-FET gate. Using
inverse logic, the inverter converts an input of logical 1 (also referred to as a
HIGH) to an output of logical 0 (LOW) and vice-versa. This can be displayed
through a truth-table!!:

Input Output
0 1
1 0

-tran 20m

Figure 18: Inverter gate

10Figures 2, 3, 4 and 5 show the respective logic gates in LTSpice
11 A table showing all the combinations of outputs from a logic circuit

18



5.1.2 NAND Device

A NAND gate outputs a HIGH when either of both inputs are a LOW. The
opposite is true when both inputs are a logical 1 or a HIGH, in which case the
outputs produces a logical 0 or a LOW. The following truth table for this gate
is displayed below:

Input A Input B Output
0 0 1
1 0 1
0 1 1
1 1 0

VIN
o

VIN

M3 ma_
A | PMOS _ PMOS B
vout >
M1
[,
q_{@ ~|NMOs

PULSE(0 5 0 5n 5n 10m 20m)

—
vi M2
=
/\H‘/\pj;‘,, NMoS
\_/

PULSE(0 5 0 5n 5n 5m 10m)

tran20m

Figure 19: NAND gate

5.1.3 NOR Device

A NOR gate outputs a HIGH only when both inputs are a LOW, otherwise the
output remains a LOW irrespective of inputs. Again the truth table for this
logic gate is shown below:

Input A Input B Output
0 0 1
1 0 0
0 1 0
1 1 0

19



v "o
= !
40 L omos

PULSE(0 5 05m 5m 10 20)
w s
S W v
409 pmoS
PULSE(0 5 0'5m 5m 5 10), oo

e = -
® nos _wmos & V(out)

tran 205

Figure 20: NOR gate

5.1.4 XOR Device

This is a slightly more complex gate requiring the use of multiple NAND and
inverter gates. The final design included a more streamlined circuit shown in
Figure 13

Input A Input B Output
0 0 1
1 0 1
0 1 1
1 1 0

Figure 21: XOR gate
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Figure 22: Simplified XOR gate

5.1.5 Full Adder
5.2 IV-Characteristics

6 Analysis

6.1 Issues

Initial tests with single logic gates proved straightforward as I did not need
to keep a strict control over the rise and fall times for each gate. However as
inputs became more varied and more gates were used to create more complex
schematics such as full adders, I needed to do more tweaking on each parameter
in order to reduce the run time for each iteration. Without making necessary
adjustments, the voltages produced at the end of the circuit would be split into
multiple steps instead of clearly defined boundaries. This was in part due to
the length of the run time being too long for the program to simulate causing
the program to run short

Although the creation of each schematic was simple, there were a few prob-
lems when implementing each logic gate in LT'Spice. One main issue was syncing
each voltage source so that the final output would be in phase instead of being
split up into steps as shown below. This was resolved by using a set variable
so that each cycle would be a multiple of 5, therefore ensuring that each input
was at least half a phase apart.

6.2 Results

The basic single logic gates all produced expected values from inputs A and B,
although the results varied when combining multiple logic gates together
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7 Future Investigations

Although many of the initial goals of this paper have been achieved in some
capacity, there is still areas where I'd like to spend more time delving through.

7.1 World of Quantum

As stated in the introduction, however due to the restraint in time, I was unable
to explore the potential use of CNTs in quantum computing mainly to reduce
the operating temperatures which these systems relied on in order to function

7.2 Micro Devices

8 Conclusion
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