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 Low-dimensional electronic materials offer a platform to observe 

biological processes with unprecedented spatial and temporal resolution. Carbon 

nanotubes (CNTs) are the closest physical analog to an ideal 1D system and can 

be scaled and integrated into multiplexed electronic circuitry. The molecular 

structure of a CNT is also biocompatible, making them an ideal platform to 

simultaneously interface and interrogate the biological world at the nanometer 

scale. The major theme of this dissertation is the investigation of the physical 

origins of electronic signals produced in CNT field-effect transistors (FETs) in 

physiological environments.  

Electronic signals measured in CNT FET biosensors are the result of 

electrostatic changes in the environment surrounding the CNT.  Biological 

molecules in close proximity to a CNT can dominate the local electrostatic 

landscape surrounding it. The activity of these biological molecules can in turn 

modulate electronic transport in 1D CNT systems.  

The sensitivity of CNT FETs is ultimately limited by ever-present noise in 

the electrostatic environment. This noise is often due to the stochastic fluctuation 

of charge traps, which are inherent to nanometer scale material interfaces at 

ambient conditions. In order to push the detection limits of CNT FETs and 



 

 

enhance our ability to resolve biological signals, we must first minimize this 

unwanted noise. 

 In order probe the major sources of noise in CNT FETs, we have 

systematically controlled the environment surrounding a CNT. We quantify the  

noise generated by the substrate, surface adsorbates, and biological molecular 

interactions with a CNTs surface. We show that electrostatically induced disorder 

at the CNT interface is a significant source of parasitic noise. By removing the 

substrate interaction and surface adsorbates, we find a 19-fold reduction in the 

power spectrum of electronic noise. To further investigate the microscopic origins 

of noise, we examine a correlation between the protonation state of charged 

biological moieties at the CNT interface and the magnitude of electronic noise. 

 In some cases, the electrostatic perturbation generated by a single charge 

trap in close proximity to a CNT can dominate the noise in a CNT FET. The 

charge trap creates a scattering site in the CNT. When the trap is occupied, device 

conductance can be significantly reduced, leading to random telegraph signals 

(RTS), in constant-bias current. We experimentally and theoretically demonstrate 

that the amplitude of the RTS depends strongly on the Fermi energy and polarity 

of the free carriers. The high signal-to-noise ratio that we observe demonstrates 

that it is possible to detect the fields generated by the fluctuations of a single 

electron charge at room temperature. 
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1.1 Nanoscale biotechnology 

The synthesis, manipulation, and integration of materials at the nanometer 

scale have ushered in a new era of scientific inquiry, one that straddles the 

traditional boundaries of physics, chemistry, and the biological sciences. Control 

of materials at the nanometer scale has opened the doors to observe, probe, and 

interface with the fundamental biological building blocks of life. These 

technological advances are the basis for a new approach to quantitative systems 

biology, offering a platform to investigate the origins of emergent-level biological 

function that arises from the complex interactions of its constituent components.
1,2

  

The development of nanoscale field-effect transistor (nanoFET) 

technologies such as carbon nanotubes (CNTs), silicon nanowires, and graphene 

are an important part of this new paradigm. These nanoFET platforms have 

allowed scientists to detect previously uncharted biological interactions at the 

nanoscale, including probing protein-antibody interactions,
3
 unraveling the 

kinetics of individual DNA-hybridization events,
4
 resolving biochemical reactions 

at the single molecule level
5
 and the observation of real-time protein dynamics.

6
  

These nanotechnology tools provide a platform to interrogate the fundamental 

biological processes at the nanoscale, and can also be scaled and multiplexed to 

explore the origins of emergent biological behavior.  

The scope of the following discussion is to examine electrostatic 

interactions at the nanometer scale, developing a framework to understand 

sensing mechanisms and sources of noise in nanoFET biological sensors.  

1.2 Bioelectronic fields  

The ‘machinery’ of the biological world is governed by dynamic processes 

that involve both the spatial and temporal modulation of electric fields. The 

modulation of these fields is the result of physical charge transfer, or the 

movement of charged molecules. These electrostatic perturbations are the 

underlying mechanisms controlling critical processes ranging from the catalytic 

activity of proteins and enzymes
7
 to the cellular signaling of neuronal networks.

2
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A classic example of dynamic spatial movement at the nanoscale is 

illustrated in the behavior of the protein lysozyme. As a crucial biological 

defender, lysozyme ‘attacks’ invading foreign cell bodies by cleaving structural 

components of the foreign cell wall. The ‘attack’ process is the result of two 

distinct configurations. Each configuration creates a unique electrostatic surface. 

The interconversion between the two configurations enables the catalytic action of 

the protein. The protein structures were first discovered through protein 

crystallography in the 1960s,
8
 and subsequent research has focused on measuring 

the time dynamics of the interconversion process.
6
 Protein structure, function and 

biochemical interactions are responsible for the regulation and welfare of large- 

scale cellular systems.
7
 

 While the above example highlights the importance of electrostatics at the 

single molecule level, electrostatics also plays a critical role at the cellular level. 

Cells communicate with each other through electric potentials that are initiated by 

the physical pumping of Na
+
 and K

+
 ions.

9
 The coordinated effort of these pumps 

forms electric potential spikes known as action potentials, and generates the 

complex electronic signals in the brain and nervous system. Understanding the 

correlation between electronic signals at the single cell level to the mesoscopic 

network scale is a critical step towards understanding and treating degenerative 

diseases in the brain such as Alzhiemers.
10

 

 Deciphering the links between bioelectronic potentials at the microscopic 

level to emergent systems-level biological phenomena would revolutionize the 

field of life sciences. 

1.3 Carbon nanotubes as bioelectronic probes 

Single-walled carbon nanotubes have a typical diameter (d) of 

approximately ~1-2 nm, with an order of magnitude similar to that of the 

‘building blocks of life’, DNA, RNA, and proteins. A pictorial representation of a 

CNT and the protein thrombin (a critical molecule in the formation of blood 

clotting) is shown in Figure 1.1. The size, chemical inertness, and exceptional 
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electronic properties of CNTs make them ideal nanometer-scale bioelectronic 

probes.
11

 

 

Figure 1.1. A single-walled carbon nanotube and the protein thrombin. 

In addition to their small size, CNTs have exceptional electronic 

properties. Semiconducting CNTs can be integrated into the field-effect transistor 

geometry, where the number of carriers can be tuned by an external potential.
12

 

Figure 1.2a depicts a CNT FET device integrated in the traditional back-gate 

configuration. Current (Isd) measured through the device while operating under 

constant source-drain bias is plotted as a function of gate-voltage (Vg), as shown 

in Figure1.2b.  This field-effect response makes the CNT an ideal candidate to 

probe bioelectric fields at the nanometer scale. 

To study biological systems, CNT FETs must be operated and 

characterized in physiological environments. Figure 1.2d shows a transistor curve 

taken in the liquid-gate configuration using 10 mM phosphate buffer (PB). A 

comparison with the back-gate configuration reveals two striking differences 

(Figure.1.2b). The first is a dramatic reduction in hysteresis compared to the back-

gate configuration, and the second is a significant increase in the gate-coupling 

efficiency to the CNT channel in the liquid-gate geometry. These properties, low-
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hysteresis and strong gate coupling, make liquid-gated CNTs well suited to probe 

nanoscale bioelectronic fields (see the work of Heller et al. for an overview of 

CNT biosensing mechanisms
13-15

). 

   

Figure 1.2. (a) Back-gate geometry of a CNT FET. (b) Current vs. back-gate 

voltage measured in a CNT device with a source-drain bias of 25 mV. The Si 

back-gate is separated by 500 nm thermal SiO2. (c) Liquid-gate configuration of a 

CNT FET(d) Current vs. liquid-gate voltage measured in 10 mM PB. The inset 

highlights the subthreshold slope. 

1.4 Liquid-gating and the electric double layer 

The strong gate coupling for liquid gated CNT FETs is the result of 

electrostatic interactions between ions in solution and the CNT channel. At the 

CNT-liquid interface, mobile ions are electrostatically drawn to charged free 

carriers (holes/electrons) of charge, iq , that reside on the CNT surface, as shown 

in Figure 1.3a. The electric potential outside the CNT is a superposition of 

screened Coulomb potentials formed by the collective distribution of iq on its 

surface. The potential generated by each charge is given by the Debye-Hückel 

equation
16

 





i

r
i De

r

q
r

 )( ,                                         (1.1) 
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where D is the Debye screening length. As a consequence of Eq.1.1, the liquid 

potential liquid  (set by Vg) will transition rapidly to the potential of the CNT CNT  

as diagramed to the right of Figure 1.3a. The characteristic screening length is 

given by D, found when )(r  falls off by a factor of 1/e, and given by 

  
 

Mnm
C

D 
3.0

 ,                                         (1.2) 

which depends on the Molar concentration (M) of ions in solution [C], assuming 

monovalent ion species.
16

 For a 10 mM phosphate buffer solution, the bulk liquid 

potential (liquid set by Vg) transitions to the resting CNT potential (CNT) over a 

distance of ~ 3 nm. This is equivalent to the cylindrical gate circuit geometry, as 

illustrated in Figure 1.3b.  

 

Figure 1.3. (a) Cartoon of the electric double layer formed at the CNT-liquid 

interface. Negatively-charged anions (blue circles) are attracted to the positive 

holes in the CNT (red circles in the CNT). (b) Equivalent circuit diagram of (a) 

with a cylindrical gate placed at a D. 

 

The physical structure of the CNT FET gate geometry plays a crucial role 

in the ability both to tune and hold the free carrier concentration at a fixed value. 



7 

 

 

The amount of charge (Q) that can be electrostatically induced in the CNT 

channel follows the simple relation gg VCQ  , where gC is the gate 

capacitance. The major difference between the transistor curves taken in the back-

gate (Figure 1.2b) and liquid-gate (Figure 1.2d) configurations is the high gate 

capacitance achieved in the liquid-gated geometry. 

To calculate gC  for a liquid-gated CNT, we need to consider both the 

geometric capacitance and the potential energy cost required for an electron to 

occupy a new state. The number of states ( n ) available per unit energy ( ) per 

unit length in the 1D CNT system is given by
17

  




Fv
nD




4
/)( ,                                  (1.3) 

where Fv and  are the Fermi velocity of the free carrier and Plank’s constant, 

respectively. Consequently, the potential energy cost required to add a free carrier 

to a CNT is quantized, and gives rise to the quantum capacitance (per unit length) 

Fx
v

ee
C

F

q

10
22

1086.3
4 








,                       (1.4) 

with 5108Fv m/s. The total gate capacitance is then a sum of the quantum and 

geometric capacitors in series 
1)/1/1(  geomqg CCC . For a  back-gated CNT 

(Figure 1.2a), geomC per unit length is given by
18

 

F
RZ

C
CNTgate

rback

geom

110 1093.2
)/2ln(2

4 


,                     (1.5) 

where Zgate ( 500 nm) and RCNT (1 nm) are the gate dielectric ( 4r ) thickness 

and CNT radius, respectively. For the liquid-gated CNT (Figure 1.2c), the 

geometric capacitance per unit length (assuming a cylindrical gate, as shown in 

Figure 1.3b) is  
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F
RZ

C
CNTgate

rliquid

geom

90 1048.2
)/ln(

2 


,                        (1.6) 

with Zgate at a radial distance, D, ( 3 nm for 10 mM PB)  from the CNT sidewall 

and a dielectric constant of 80 for water. In this case, the back-gate 

capacitance is ~10 times smaller than Cq, and the system is therefore governed by 

geometrical capacitance. In the case of the liquid-gate configuration, 

liquid

geomq CC 10 , and the system will be governed by the quantum of capacitance. 

1.5 Subthreshold swing 

 To experimentally measure the gate-coupling efficiency, we can examine 

electron transport in the subthreshold regime of a CNT FET. In this regime, 

thermally-activated carriers (holes/electrons) are dominant.  The chemical 

potential of free carriers is on the order of a few TkB  above the band edge ( b ) 

and is within the band-gap.  The mechanism populating free carriers into the 

valence band is driven by a thermally-activated process, which follows the Fermi-

Dirac distribution function,
17

 

1

1
)(

/)(



 TkBe

f


 ,                                          (1.7) 

where  is the chemical potential of the system, which is set by Vg. The total 

number of free carriers, freen , is given by 




dfDn

b

free )()(


 .                                      (1.8) 

In the limit where TkBb  , we can determine how varying the chemical 

potential from the initial state, ibi   , to the final state, fbf   , 

impacts freen . The ratio of free carriers in these two states is given by 
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where fi   . The change in band energy scales linearly with Vg, such 

that gVe   , where 1/  qg CC  is the gate-coupling efficiency and e 

is the charge of an electron. In the subthreshold, device conductivity scales 

linearly with the number free carriers,
17

 the ratio )(/)(/ i

gsd

f

gsd

i

free

f

free VIVInn  , 

where 
f

gV and
i

gV are the final and initial values of Vg .The magnitude of Vg 

required to change Isd by one decade (factor of ten) is called the subthreshold 

swing, and is given by 

e

Tk
Swing B






)10ln(
,                                        (1.10) 

which yields a room-temperature limit of 60Swing mV/decade, when  = 1. As 

shown in the inset of Figure 1.2d, a liquid-gated CNT FET can approach the room 

temperature limit, with 70Swing  mV/decade. The liquid-gate configuration is 

limited by the quantum capacitance, a result that was first demonstrated by 

Rosenblatt et al.
19

  

Subthreshold swing is a direct measure of the geometric capacitance of a 

FET, since  = Cg/Cq . We can use Swing as a metric to quantify the gate-

coupling enhancement of the liquid-gate to the back-gate configurations (see 

Figure 1.2) by taking the ratio 10//  back

gqliquidback CCSwingSwing . The liquid-

gate geometry offers a 10-fold increase in gate coupling efficiency over the 

traditional back-gate geometry. In Chapter 3 we show that pristine suspended 

CNTs form an ideal cylindrical gate in liquid environments that approach the 

room temperature limit of = 1.
20
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1.6      Sensitivity and noise 

The  trend to shrink transistor technologies to the nanometer scale presents 

an inescapable problem, where the magnitude of electronic noise scales inversely 

to the size of the system.
21

 As a device approaches nanoscale dimensions, surface 

interactions and disorder at this scale can dominate the noise of these systems.
22-24

 

To better understand the performance and limitations of CNTs, we must identify 

the dominant sources of electronic noise. 

Figure 1.4a shows the constant-bias current passing through a CNT FET 

operating in a physiological environment. The power spectrum of current 

fluctuations (SI) is shown in Figure 1.4b as a solid red line. The frequency 

spectrum of current noise is a crucial consideration in determining the viability of 

a device as an electronic sensor. In the case of monitoring biological activity, 

many biological processes involve millivolt scale fluctuations that occur over 

millisecond time scales. Some examples include the activity of proteins and 

enzymes undergoing changes in conformational states,
6
 and the firing of action 

potentials in neurons, nerve, and muscle cells.
2
 Therefore understanding both the 

magnitude and spectral dependence of electronic noise in CNT FETs is a critical 

parameter in the design of bioelectronic sensors. In Chapters 2 and 3 we discuss 

the design principles and measurement techniques required to investigate noise in 

CNT FET biosensors.
25

 

Noise in electrical circuit elements is typically classified as Johnson noise, 

shot noise, or 1/f noise. These types of noise are briefly reviewed in the following 

sections. 
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Figure 1.4. (a) Current measured as a function of time for a CNT operating under 

constant bias, Vsd = 25 mV. (b) Power spectral density of the current noise taken 

from (a), shown as a red solid line. The dotted black and blue lines are the 

respective shot and Johnson noise magnitudes for current and resistances values 

equivalent to (a). 

1.7      Johnson noise 

We first consider the effects of temperature-induced electronic noise 

called ‘Johnson noise’. A circuit element with resistance R at finite temperature T 

will exhibit spontaneous voltage fluctuations Vs. We can derive the essential 

physical principles of this thermally-induced noise by analyzing a model RC 

circuit. First, we consider a series circuit with a voltage source, Vs, capacitor, C, 

and resistor, R, as illustrated in Figure 1.5.  

 

 

 

Our goal is to calculate the magnitude and spectrum of Vs. At a finite 

temperature , the time-averaged potential energy stored in C will be equivalent to 

the time-averaged kinetic energy of thermally-driven carries in R, and given by 

the equipartition theorem,  

2

2

1

2

1
CB VCTk  ,                                         (1.11) 

Figure 1.5. Diagram of an RC-circuit with 

source Vs corresponding to thermally induced 

voltage fluctuations. 
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assuming one normal mode of electric oscillation in the circuit, where 
CV

2
 is the 

mean square voltage across C.
26

 Using the voltage divider equation, we can 

determine the frequency (f) dependent square of the voltage signal across C  

1)2( 2

2
2




CRf

V
V S

C


.                                     (1.12) 

The mean square voltage is simply the integral of Eq. 1.12 over all f, 

CR

S
dfVV V

CC


 


4
0

2
2

,                                     (1.13) 

where 2

sV VS   is the power spectral density of thermally-induced voltage 

fluctuations. Combining Eq.1.13 with Eq. 1.11, we arrive at the expression for the 

thermally-induced voltage noise of a resistor power spectrum 

RTkS B

John

V  4 ,                                           (1.14) 

and the equivalent current noise power spectrum is given by the Thevenin 

equivalent  

R

Tk
S BJohn

I

4
 .                                              (1.15) 

For circuit elements with a resistance R that is frequency independent, Johnson 

noise has a uniform spectral distribution over all frequencies. The CNT shown in 

Figure 1.4b has R = 2.4 M, therefore 27106.6 John

IS  A
2
/Hz, which is lower 

than experimental measurements. Johnson noise corresponding to the resistance 

of the CNT channel is not a significant noise source in the frequency range of 

interest. 

1.8      Shot noise 

 Electrical currents are not composed of a continuous and even distribution 

of charge, but rather come in quantized units. This form of noise is termed ‘shot 
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noise’. The magnitude of noise generated by the flux of electrons through a circuit 

element follows the principles of Poisson statistics. For example, if N electrons 

(on average) pass through a circuit over a given time interval, T, then the 

standard deviation in the number of electrons per unit time is  

e

TI
NN


 0 ,                                    (1.16) 

where I0 and e are the baseline current levels and charge of the electron. The 

variation in current per unit time is given by 

fqI
T

e
I NRMS 


 20 .                          (1.17) 

The measurement window is limited by the Nyquiest frequency, )2/(1 Tf  , 

since both the minima and maxima of a periodic signal are required to gain 

knowledge of f. The power spectrum of current fluctuations for shot noise 

measured over a given bandwidth is  

0

2

2
)(

Iq
f

I
S RMSshot

I 



 .                                 (1.18) 

Shot noise also has flat spectral distribution that only depends on the magnitude 

of the current. The CNT shown in Figure 1.4b has I0 ~ 10 nA, therefore 

27102.3 shot

IS  which is signigicantly lower than experimental measurements. 

The source-drain current used to operate CNT FETs is typically large enough so 

that shot noise is not a significant noise source. 

1.9 1/f noise 

 Current noise in CNT FETs has a power spectrum that scales as 1/f, as 

shown in Figure 1.4b. The amplitude of this noise is several orders of magnitude 

larger than both the Johnson and shot noise calculated above. This 1/f spectrum is 

a ubiquitous property of semiconducting devices and is attributed to the 
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superposition of thermally activated trapping and de-trapping of charged defects 

at the semiconductor-gate dielectric interface.
23

 This process creates fluctuations 

in conductance with the following power spectrum,
21

  

f

IA
SI

2
 ,                                              (1.19) 

where A is a parameter set by the material. Empirical observations have shown 

that for a broad class of semiconducting materials freenA /1 , a result known as 

the Hooge model.
21

  

Low dimensional systems with large scattering lengths such as CNTs are 

dominated by ballistic transport.
12

 Theoretical predictions by Tersoff
22

 have 

shown that in the ballistic CNT system   

2

2

2)(
















g

sd

sd dV

dI

I

V
A


 ,                                     (1.20) 

where V is equivalent to a fluctuating gate-voltage. Combining Eq.1.19 and 

Eq.1.20 yield the simple relationship  

2
















g

sd
VI

dV

dI
SS ,                                          (1.21) 

where fSV /1  and is the power spectrum of voltage fluctuations. Equation 1.21 

is easily interpreted. The current noise is caused by a time varying fluctuation in 

the effective gate voltage, V(t), and produces time-dependent current noise I(t) 

that scales directly with transconductance 

g

sd

dV

dI
tVtI  )()(  .                                         (1.22) 
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This model is coined the ‘charge-noise’ model, and has been experimentally 

confirmed to be the dominant noise source in CNT
27

 and graphene transistors in 

liquid environments.
28

  

Attempts to control 1/f noise in CNT FETs have been previously 

performed by removing substrate and conventional lithography-based 

residues.
24,29

 The interpretation of these results relies on the Hooge model, which 

fails to accurately capture the gate-voltage dependent behavior of CNT noise, and 

therefore remains ambiguous. In Chapter 3, we systematically control the 

environment surrounding a CNT and utilize the ‘charge-noise’ model to quantify 

the contributions of substrate, polymer, and biomolecular interactions to the 

electronic noise floor of a CNT FET.
20

 

1.10 Length dependence of charge noise   

 We next consider how the magnitude of ‘charge-noise’ changes with 

channel length (LCNT). To construct a model for diffusive transport, we first 

decompose the CNT channel into a series sum of short segments of length L as 

shown in Figure 1.5, where L is somewhat longer than the phonon scattering 

length (see Purewal et al. for a discussion on phonon scattering in CNTs.
30

) 

 

Figure 1.6. Equivalent circuit diagram of a CNT composed of the series sum of 

diffusive segments with length L. 

The net resistance of the CNT is a summation of individual segments, and is 

given by 

RRRRR DC

n

i

i

n

i

i  
 11

,                            (1.23) 
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where Ri is the DC resistance of segment length L, and Ri the resistance 

fluctuation due to ‘charge- noise’. The total resistance sums to a DC component 

(RDC) that includes the effects of finite contact resistance and fluctuating 

component R. The channel conductance (G=1/R) can be written in the following 

form 










 




DC

DC
R

R
R

G

1

1 .                                            (1.24) 

Under the condition that 1/  DCRR , we arrive at the following expression 

2

1

DCDC R

R

R
G


 .                                           (1.25) 

The first term of Eq.1.25 is the mean DC conductance, while the second term is 

the fluctuating ‘charge-noise’ component of the channel conductance, G. If the 

resistance fluctuations are uncorrelated and the electrostatic fluctuations for each 

segment of the channel are uniform, nRR i / . The fluctuation in channel 

conductance is given by the following expression, 

L
L

R

Rn

R

R
G

CNT

i

DC

i

DC







22

11
 .                              (1.26) 

In light of the ‘charge noise’ model, the voltage noise ‘felt’ by a CNT channel in 

the diffusive limit is given by 

)(

1

)( gsdCNTg dVdILdVdG

G
V


  ,                          (1.27) 

with )/( 2 LRRV DCisd  . The voltage-noise scales inversely with the square 

root of channel length. This result can be utilized to optimize both the geometry 

and performance of CNT transistors.
27
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1.11 Random telegraph signals 

Stochastic fluctuations of charge traps in the vicinity of a semiconducting 

channel give rise to 1/f noise, as previously discussed. The potential energy 

landscape of a semiconducting channel is distorted as a result of these fluctuating 

charge traps, see Figure 1.6a. These fluctuations modulate the free carrier density 

in the CNT, but do not cause significant scattering. 

If a charge trap is close to the channel, it can cause scattering as well as 

modulate the free carrier density.
23,31-33

 Figure 1.6b illustrates the electrostatic 

potential energy along a CNT as the result of a charge trap in close proximity to 

the sidewall of a CNT. These fields are screened over the nanometer scale, 

leading to an electrostatic barrier that is only a few nanometers wide.
30

 Free 

carriers encountering this electrostatic perturbation have a finite probability of 

scattering.
17

  

The time-dependent occupation of the charge trap is a thermally activated 

process,
31

 and produces time-dependent fluctuation in carrier mobility, which is 

observed as random telegraph signals (RTS) in current noise as shown in the 

lower portion of Figure 1.6b. The amplitude of RTS current noise is intimately 

linked to the Fermi energy of free carriers, and depends strongly on both the 

polarity of the trap state and carrier type.
33

  

Recent work performed by Sorgenfrei et al,
4
 Choi et al,

6,34
 and Simms et 

al.
35

 has demonstrated that a single, biologically active molecule in close 

proximity to a CNT FET will produce RTS current fluctuations. The physical 

mechanism generating biologically-induced RTS fluctuations in CNTs lacks a 

general consensus, and experimental results have been interpreted as both 

doping
34

 and mobility effects.
4
 In Chapter 4, we investigate the amplitude of RTS 

current fluctuations in CNT FETs. Our results demonstrate that these signals 

depend on Vg in a manner that is consistent with the mobility fluctuations 

previously proposed by Wang et al.
33
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Figure 1.7. (a) Band diagram of several charge trap fluctuations in the vicinity of 

a CNT channel.  The fluctuations in current shown below arise from fluctuations 

in the free carrier density, which follows the ‘charge noise’ model. (b) Band 

diagram of a single charge trap in close proximity to a CNT channel. Current 

noise dominated by a single trap is shown below, which is the result of mobility 

fluctuations as described by the Landauer scattering formalism. 

1.12 Graduate work not included in this thesis 

I have been involved in several projects that lie outside the scope of this 

dissertation. Below are brief summaries of the peer-reviewed work to which I 

have contributed as a co-author, along with descriptions of my involvement in 

each project. The work is divided into two subsets: (1) Biosensing and (2) 

Optoelectronics. 

Biosensing  

1) M. R. Leyden, C. Schuman, T. Sharf, J. W. Kevek, 

V. T. Remcho, and E.D. Minot, 'Fabrication and 

Characterization of Carbon Nanotube Field-Effect 

Transistor Biosensors', Proc. of SPIE, 7779 (2010)  

Developing ‘label-free’ electronic biosensing technologes offer a 

platform for cheap and afforbable point of care medical diagnostics. Here, the 
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fabrication, preparation and development of sensing protocols are  described 

for CNT biosensors. My contribution to this work was the development of a 

microfluidic interface used to control and deliver biomolucles in solution to a 

CNT circuit. 

2) M. R. Leyden, R. J. Messinger, C. 

Schuman, T. Sharf, V. T. Remcho, T. 

M. Squires, and E. D. Minot, 'Increasing 

the Detection Speed of an All-Electronic 

Real-Time Biosensor', Lab on a Chip, 

12 (2012)   

In this work we studied biosensor response time, which is strongly 

dependent on the binding rate of biomeolecules to the surface of a sensor. We 

utilyze protein repellent coatings to limit the non-specific binding of proteins 

to undesired region of the sensors surface. We observe over a  2.5-fold 

increase in the protrin flux to the active sensing area when the upstream 

binding sites are blocked. Our results demonstrate a new methodology for 

characterizing nanoelectronic biosensor performance, and demonstrate a mass 

transport optimization strategy that is applicable to a wide range of 

microfluidic based biosensors. I developed the microfluidic delivery system 

for these experiments, which allowed for the precise control of fluid flow rates 

over the sensors surface. 

3) G. Saltzgaber, P. Wojcik, T. Sharf, M. 

R. Leyden, J. L. Wardini, C.A. Heist, 

A.A. Adenuga, V. T. Remcho, and E.D. 

Minot, 'Scalable Graphene Field-Effect 

Sensors for Specific Protein Detection', 

Nanotechnology, 24  (2013) 

We demonstrate that micron-scale graphene field-effect transistor 

biosensors can be fabricated in a scalable fashion from large-area chemical 

vapor deposition derived graphene. We electrically detect the real-time 

binding and unbinding of a protein biomarker, thrombin, to and from aptamer-

coated graphene surfaces. Our sensors have low background noise and high 

transconductance, comparable to exfoliated graphene devices. The devices are 
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reusable and have a shelf-life greater than one week. I designed and fabricated 

a pneumatic fluid devlivery system that eliminated parasitic electronic noise 

associtated with comercial electronic syringe pumps. 

Optoelectronics 

4) T.Deborde, J.W. Kevek, T.Sharf and E.D. Minot, A 

Spectrally-Tunable Photocurrent Microscope for 

Characterizing Nanoelectronic Devices', 

Nanotechnology (IEEE-NANO), 11 (2011) 

Scanning photocurrent microscopy is a unique tool that facilitates both 

device characterization and the study of fundamental properties of 

optoelectronic nanomaterials. We have built a scanning photocurrent 

microscope that incorporates a super continuum laser as the light source. The 

microscope illuminates nanoelectronic devices with a micron scale light spot 

and a photon energy that is tunable from 0.67 eV to 2.7 eV. We describe the 

design of our microscope and present measurements of carbon nanotube 

transistor devices. These measurements highlight the features of our 

microscope, particularly the advantages of combining spatial and spectral 

resolution when characterizing nanoelectronic devices. I contributed to the 

device design and fabrication of suspended CNT devices for this project. 

 

5) M. J. Paul, N. A. Kuhta, J. L. Tomaino, A. D. 

Jameson, L. P. Maizy, T. Sharf, N. L. 

Rupesinghe, K. B. K. Teo, S. Inampudi, V. 

A. Podolskiy, E. D. Minot, and Y. S. Lee, 

'Terahertz Transmission Ellipsometry of 

Vertically Aligned Multi-Walled Carbon 

Nanotubes', Applied Physics Letters, 101 

(2012)  

We demonstrate time-resolved terahertz transmission ellipsometry of 

vertically aligned multi-walled carbon nanotubes. The angle-resolved 

transmission measurements reveal anisotropic characteristics of the terahertz 

electrodynamics in multi-walled carbon nanotubes. The anisotropy is, 

however, unexpectedly weak: the ratio of the tube-axis conductivity to the 
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transverse conductivity, σz/σxy≅2.3, is nearly constant over the broad spectral 

range of 0.4–1.6 THz. The relatively weak anisotropy and the strong 

transverse electrical conduction indicate that THz fields readily induce 

electron transport between adjacent shells within multi-walled carbon 

nanotubes. I performed measurements using scanning electron microscope to 

determine the length of the vertically aligned CNT films. These measurements 

were a critical parameter in determining the transmission of the terahertz 

radiation as a function of sample thickness. 

6) T.DeBorde, L. Aspitarte, T.Sharf,  J.W. 

Kevek, and E.D. Minot’ Photothermoelectric 

effect in suspended semiconducting carbon 

nanotubes’, ACS Nano, 8 (2014)  

We have performed scanning photocurrent microscopy measurements 

of field-effect transistors (FETs) made from individual ultraclean suspended 

carbon nanotubes (CNTs). We investigate the spatial-dependence, 

polarization-dependence, and gate-dependence of photocurrent and 

photovoltage in this system. While previous studies of surface-bound CNT 

FET devices have identified the photovoltaic effect as the primary mechanism 

of photocurrent generation, our measurements show that photothermoelectric 

phenomena play a critical role in the optoelectronic properties of suspended 

CNT FETs. We have quantified the photothermoelectric mechanisms and 

identified regimes where they overwhelm the photovoltaic mechanism. I 

contributed to the device design and fabrication of suspended CNT devices for 

this project. 

 

7) T.DeBorde, L. Aspitarte, T.Sharf,  J.W. 

Kevek, and E.D. Minot ’Determining the 

chiral index of semiconducting carbon 

nanotubes using photoconductivity 

resonances’, Journal of Physical 

Chemistry C, (2014) 
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We utilize photoconductivity spectroscopy to identify the unique chiral 

structure of individual carbon nanotubes (CNTs). Peaks in photoconductivity 

are measured throughout the visible and near-IR wavelength ranges. 

Photoconductivity peaks associated with individual CNTs are referenced 

against existing Rayleigh scattering measurements to uniquely identify chiral 

indices. We find close agreement between our assigned exciton resonances 

and the previously published exciton resonances. The typical net energy 

mismatch is ≤ 20 meV. By enabling chiral identification of CNTs after the 

completion of device fabrication, the technique offers a facile method for 

investigating relationships between CNT structure and 

electronic/optoelectronic properties. I contributed to the device design and 

fabrication of suspended CNT devices for this project. 
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Fabrication of Low-Noise Carbon Nanotube Field-Effect Transistor 

Biosensors 
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125 

The fabrication of suspended carbon nanotube field effect transistors (CNT FETs) 

designed for biological sensing applications is discussed. We compare the 

electrical properties of our suspended CNT FET design to standard surface based 

CNT FETs. In particular, we show a reduction in environmental noise, suggesting 

that the new sensor design is a promising candidate for low-noise sensing 

applications.  
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2.1      Introduction 

The two-terminal resistance of a semiconducting carbon nanotube (CNT) 

device is sensitive to the binding of biomolecules onto the CNT surface. Several 

groups have demonstrated this effect using CNTs lying on substrates 
1
, however, 

there are compelling reasons to perform biosensor experiments using suspended 

CNT devices.  Suspended CNTs are a significant distance away from charge traps 

in the dielectric substrate. These charge traps introduce environmental noise and 

limit the sensitivity of CNT-based electronic sensors 
2-4

. Suspended CNT devices 

also allow measurements of the interactions between biomolecules and CNTs 

without interference from the substrate. 

Here we describe the development of suspended carbon nanotube field effect 

transistors (CNT FETs) that are specifically designed for biological sensing 

applications. Our fabrication process produces suspended CNTs with clean 

surfaces and minimal environmental noise. The electrode layout is compatible 

with a microfluidic system for delivering biological molecules to the sensor. 

 2.2     Biosensor Fabrication 

  Our suspended CNT FET biosensors satisfy the following design 

constraints: 

(i) Transistor channels consist of a single semiconducting CNT that does not 

touch the underlying dielectric substrate. 

(ii) The CNT surface is free of contaminates such as photoresist residue. 

(iii) The electrode geometry is compatible with fluid delivery. 

(iv) The fabrication process is time/cost effective.   

  The key fabrication steps are based on previous work by Kong et al.
5
 and Cao 

et al.
6
 These steps are illustrated in Figure 1. An important modification to 

previous recipes is the introduction of a reactive ion etch (Fig. 1c) which 

streamlines the process.  
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 Our starting substrate is a 6 inch Si3N4/SiO2/Si wafer. The top layer consists 

of CVD grown Si3N4 (100 nm thickness) on top of thermally grown SiO2 (1 m 

thickness). For future devices we plan to omit the Si3N4 layer because it is not 

necessary. 

 

Figure 2.1. Fabrication process to produce ultra-clean suspended CNTs. (a) Metal 

electrodes were formed by depositing a 1nm Ti sticking layer followed by 100nm 

Pt, forming a 1m electrode gap. (b-c) A 20 m wide photoresist window was 

patterned to serve as a mask for a 1 m deep reactive ion etch. (d) Alumina 

supported catalyst was patterned on the Pt followed by a CVD fast heat growth, 

producing an ultra-clean suspended CNT device. 

Platinum electrodes are patterned using standard photolithography and 

metal deposition techniques (Shipley 1813, image reversal, electron beam 

evaporation of a Ti sticking layer of 1 nm thickness, and a Pt layer of 100 nm 

thickness). The gap between the electrodes is 1 m. It has been previously 

established that suspended CNTs can withstand the forces associated with liquid 

wetting if the suspended length is 3 m or less.
7
 The Pt electrodes extend a 

distance of approximately 1 cm away from the gap. The long electrode length 

makes it possible to clamp microfluidic channels onto the device while still 

performing electrical characterization. 



29 

 

 

A second patterning step is used to etch the SiO2 substrate. A  20 m  

window is created in a photoresist layer (Shipley 1813) and reactive ion etching 

(RIE) is used to remove the 100 nm Si3N4 layer and 900 nm of SiO2 (Fig. 2b-c). 

The dielectric is masked by both the photoresist and the Pt electrodes, creating an 

etch pattern that is self-aligned to the electrodes. The RIE is an anisotropic 

process that produces a trench with vertical side walls. 

A third patterning step is used to place CNT catalyst on the Pt electrodes 

(Fig 1d). Windows with dimension 4 m x 14 m are patterned in the photoresist 

layer. The windows are positioned on the Pt electrode and are set back 2 m from 

the edge. After patterning the photoresist, the wafer is diced into 30 individual 

pieces and stored until the final processing step. 

The final processing step is CNT growth. Directly before CNT growth, a 

catalyst is deposited on the chip (3.3 mM Iron(iii) nitrate nonahydrate, 1 mM 

Molybdenum(vi) dioxide bis(acetyl-acetonate), 9.8 mM Alumina prepared in DI 

H2O solution). The liquid suspension catalyst is drop cast onto the surface, 

allowed to sit for 5 minutes and followed promptly by a N2 blow dry. The chip 

was then rinsed with a DI H2O squirt and followed by PR removal by a sequential 

rinse with acetone, IPA, DI H2O and followed by an N2 blow dry. 

 Fast-heat chemical vapor deposition (CVD) growth was utilized to 

produce pristine CNTs on top of the Pt electrodes 
5
. The fast-heat method 

minimizes the time that Pt electrodes are exposed to high temperature conditions. 

Figure 2 shows scanning electron micrographs of the Pt surface after being 

exposed to different high temperature conditions either with or without the fast-

heat method. Figure 2a shows a severely damaged Pt surface after a standard 

CVD growth. Temperature was ramped to Tgrowth  = 850 C° in H2 (0.45 SLM), 

followed by a 5 minute growth (0.45 SLM H2 and 1.8 SLM CH4), and cooling in 

Ar (1 SLM); during all steps the chip remained in the active heat zone of the 

furnace. Clearly, this standard CVD growth method does not preserve the 
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integrity of the Pt electrodes. Moreover, the alumina supported catalyst becomes 

encapsulated in Pt and no CNT growth is observed. 

The fast heat method reduces the time that the chip is exposed to the hot 

zone of the growth furnace. A quartz shuttle inside the one inch growth tube is 

used to rapidly load the substrate in and out of the hot zone. A steel washer on the 

cool end of the shuttle allows the operator to move the shuttle by sliding a small 

permanent magnet along the outside of the quartz tube. With the chip outside the 

hot zone, the furnace is ramped up to Tgrowth, then the chip is slid inside the hot 

zone for 5 minutes. Figure 2b shows the Pt surface after a fast heat growth at 

Tgrowth = 850°C. There is a clear improvement compared to standard growth, 

however, to fully preserve the integrity of the Pt we found that fast heating at 

Tgrowth = 820°C is preferable (Fig. 2c). This growth temperature is still high 

enough to produce a good yield of CNT devices. 
7
 

For higher density growth of CNTs, it is possible to deposit more catalyst 

on the Pt electrode. To increase the amount of catalyst, we drop cast the liquid 

suspension catalyst on the chip and then evaporate all water by placing the chip 

on a 90°C hotplate. The resulting “mountain” of catalyst is seen in Fig. 2d. We 

also find that substituting CH4-based growth with an alcohol vapor growth 

increases growth density. The growth conditions in Fig. 2d are Tgrowth = 820°C, 

0.45 SLM H2, 0.3 SLM Ar bubbled in ice cold ethanol and 0.15 SLM Ar bubbled 

in ice cold methanol. Several CNTs are visible in the top of Fig. 2d.  

When using optimized CNT growth parameters we obtain 1 or 2 devices 

per chip that show electrical characteristics that are consistent with an individual 

semiconducting CNT bridging the gap between electrodes. 
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Fig. 2.2. SEM scans (5 m scale bars) showing the Pt electrodes after various 

CVD growth time and durations. (a)  Ramp up and cool in the active heat zone of 

furnace at 850C, CH4 growth. (b) Fast heat CH4 growth at 850C for 5 minutes (c) 

Fast heat growth CH4 820C for 5 minutes (d) Fast heat alcohol growth with 

increased catalyst density, 820C for 5 minutes.   
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Figure 2.3. SEM image (3 m scale bar) of a single CNT bridging a gap between 

two gold electrodes. The CNT was placed over the trench by means of a PMMA 

assisted transfer, using a technique described by Jiao et al.
8
 Due to time 

constraints the authors were unable to attain an SEM scan of the current devices 

under investigation. 

2.3      Electronic Properties of a Suspended CNT 

 Suspending a CNT above a dielectric surface (rather than touching the 

dielectric surface) can dramatically reduce the environmental noise associated 

with charge fluctuations at dielectric surfaces 
2,9,10

. An SEM image of a suspended 

CNT device is shown in Fig. 3 illustrating the structure of our suspended CNT 

sensors. The CNT is well above the underlying oxide as it hangs between the two 

metal electrodes.  

Figure 5a shows transistor characteristics of a suspended semiconducting 

CNT device that was produced following the fabrication process described in 

Section II. The characteristics were obtained in ambient conditions (room 

temperature, exposed to air) with a source-drain bias Vsd = 25 mV. For 

comparison, Fig. 4b shows a typical transistor characteristic of a non-suspended 
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CNT device. As observed by previous authors, the suspended CNT device has 

substantially less hysteresis 
2,9,10

.  

 

Figure 2.4. Source-Drain current as a function of gate voltage (sweep rate dVg/dt 

= 1 V/sec). (a) Suspended CNT grown on Pt shows very little hysteresis. (b) 

Surface based CNT exhibits a comparatively larger hysteresis offset.  

To quantify the capacitive coupling between the global backgate and the 

suspended CNT, Cg/Ctotal, we have measured I(Vg) in the subthreshold regime 

where current drops exponentially over several decades (Fig. 5a) 
11

. The 

subthreshold slope is 300 mV/dec, differing by a factor 5 from the room 

temperature limit of 60 mV/dec. The subthreshold slope suggests a capacitive 

coupling Cg/Ctotal = 0.2.  
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The goal of our work is to produce sensitive transistor devices with very 

low levels of background noise. To investigate noise levels in a suspended CNT 

FET we have measured current fluctuations over a range of different gate 

voltages. Figure 5b shows the power spectral density of current fluctuations, SI(f), 

at five different values of Vg. Similar power spectral densities (SI ~ 1/f) have been 

previously reported for CNT devices 
12

. 

 

Figure 2.5. (a) Semi-log plot of source-drain current as a function of gate voltage 

(gate sweep 10mV/sec). (b) Visualization of the Power Spectral Density for 5 

different gating values, clearly showing 1/f dependence.    

We analyze the current fluctuations using the charge noise model that was 

first introduced by Tersoff  
13

 and later experimentally verified by Mannik et al.
12
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The charge noise model assumes that fluctuations in current are caused by 

fluctuations in the electrostatic environment such that  



SI ( f )  Sinput( f )
dI

dVg











2

,                    (2.1) 

where Sinput(f) has units of V
2
/Hz. Equation (1) is equivalent to the statement that 

I = (dI/dVg)Vg where I is a fluctuation in current caused by a fluctuation in 

effective gate voltage Vg. 

 We fit Eq. 2.1 to our measured data using one free parameter. Figure 6 

shows measured values of SI at f = 10 Hz compared to the line Sinput(10 

Hz)·(dI/dVg)
2
 . The best fit value of Sinput(10 Hz) is 0.005 mV

2
/Hz. This is 

equivalent to an rms environmental noise of 0.75 mV when measured over a 

bandwidth of 0.1 – 100 Hz. 

Previous experimental measurements of charge noise by Mannik et al. 

yielded Sinput = 0.05 mV
2
/Hz at 10 Hz for surface-bound CNT devices with a 

channel length of 1 m. This previous report of Sinput is 10 times larger than our 

current measurement. 

The measurements of Mannik et al. were performed in electrolyte solution, 

therefore, it is possible that the electrolyte solution dominates environmental 

noise rather than charge noise in the dielectric substrate. To test this possibility, 

we are currently measuring our suspended CNT devices in electrolyte solutions. 
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Figure 2.6. Measured power spectral density SI (10Hz) shown as red dots. The 

black line is the square of the numerical derivative of the source-drain current 

with respect to Vg multiplied by the fitting parameter Sinput(10 Hz). 

 

2.4      Summary and Conclusion 

We have fabricated suspended carbon nanotube field effect transistors that 

have electrode geometries suitable for integration in biological environments. We 

observe evidence that electrostatic fluctuations in the environment of the 

suspended CNT are minimized. We determine an rms electrostatic noise 

(stochastic modulation of the effective gate voltage) of 0.75 mV when measured 

over a bandwidth of 0.1 – 100 Hz. This environmental noise is significantly less 

than the electrostatic signals that are expected from charged proteins 
14

. 

Therefore, suspended CNTs are a promising platform for high sensitivity 

biosensing applications. 
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Determining the major noise sources in nanoscale field-effect transistor 

(nanoFET) biosensors is critical for improving bio-electronic interfaces. We use 

the carbon nanotube (CNT) FET biosensor platform to examine the noise 

generated by substrate interactions and surface adsorbates, both of which are 

present in current nanoFET biosensors. The charge noise model is used as a 

quantitative framework to show that insulating substrates and surface adsorbates 

are both significant contributors to the noise floor of CNT FET biosensors. 

Removing substrate interactions and surface adsorbates reduces the power 

spectral density of background voltage fluctuations by 19-fold.  
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3.1      Introduction 

Low-dimensional nanoscale field-effect transistors (nanoFETs) based on 

carbon nanotubes (CNTs), silicon nanowires (SiNWs) and graphene have 

demonstrated exceptional potential as biological sensors.  NanoFETs have 

enabled electronic detection of single molecule dynamics,
1-3

 highly localized 

measurements of intracellular electrophysiology
4-7

, and all-electronic label-free 

detection of disease-related biomarkers.
8
 In all these biosensing examples, the 

nanoFET devices are used to detect millivolt-scale changes in electrostatic 

potential. Such measurements are ultimately limited by a background of millivolt-

scale fluctuations. Uncovering the major sources of this background noise is a 

crucial step in pushing the detection limits of nanoelectronic devices. 

In this work we investigate the origins of electronic noise in CNT FETs 

operating in liquid. We build upon the theoretical work of Tersoff
9
 and 

experimental work of Mannik et al.
10

 which established a clear framework, the 

charge noise model, for quantifying the electrostatic background fluctuations felt 

by nanoFETs. By systematically controlling the environment in contact with the 

CNT, we quantify the noise contributions from substrate interactions and surface 

adsorbates. Neither factor has been previously investigated in the framework of 

the charge noise model.  

Our experiments are performed with ultra-clean suspended CNT devices. 

Similar devices have been used by other researchers to demonstrate fundamental 

phenomena such as the Mott-Insulator transition in one-dimension,
11

 electron-

phonon coupling,
12

 Klein tunneling
13

 and one-dimensional phase transitions.
14

  

Our results show that these devices can also be used in biological sensing 

experiments where they offer significantly improved signal-to-noise ratios. 

3.2      Suspended CNT device architecture 

Figure 3.1a shows a scanning electron micrograph (SEM) of a typical 

device consisting of a single suspended CNT bridging a trench between two metal 

electrodes. Suspended CNTs were grown at the final stage of fabrication using 

“fast-heat” chemical vapor deposition (CVD).
15

 Because the CNT is grown last, 
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the CNT surface is free from any fabrication residues such as photoresist (PR) 

residue. This is a significant advantage over fabrication methods in which HF 

etching is used to remove SiO2 from underneath a surface-bound CNT.
16

 Device 

fabrication is described in detail elsewhere.
17

  Briefly, metal electrodes (1 nm Ti, 

100 nm Pt) were patterned on Si/SiO2 substrates, or Si/SiO2/Si3N4 substrates. The 

chip was then exposed to a reactive ion etch (RIE) to create a 1 m deep trench 

between the electrodes (Fig. 1b). The electrodes serve as the RIE mask. The 

electrodes were then capped by e-gun deposited SiO2. An 80 nm layer of SiO2 

reliably blocked the electrochemical currents that can occur during liquid gating. 

Exposed metal was left only at the probing pads and the tips of the source and 

drain electrodes. Alumina supported Fe catalyst was then patterned on the tips of 

the source and drain electrodes, followed by fast-heat CVD to produce a pristine 

suspended CNT device. For control experiments on surface-bound CNTs, the RIE 

step was foregone.
  
 

 

Figure 3.1. (a) SEM image of a suspended CNT bridging the gap between two Pt 

electrodes, the scale bar is 1 m. (b) Diagram of suspended CNT device with 

channel length of 1 m and trench depth of 1 m. (c) Raman spectra from a 

suspended CNT grown by fast heat CVD. (d) Transistor curve of a suspended 

device operating in air under ambient conditions with no hysteresis, source-drain 

bias Vsd = 25 mV. The inset of (d) is photocurrent response used to identify single 

CNT devices. The colored dots are the photocurrent response superposed on top 

of the reflectance image. 
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3.3     Suspended CNT characterization 

Raman spectroscopy was used to quantify disorder in the suspended CNT 

lattice. Figure 3.1c shows the Raman spectra from a suspended CNT. We observe 

no defect peak at 1350 cm
-1

, which indicates that the CNT is free of lattice defects 

and impurities.
18

 Transistor curves measured in ambient conditions show little to 

no hysteresis. Figure 3.1d shows a typical transistor curve of a suspended, 

adsorbant-free and defect-free semiconducting CNT.
19-21

 The yield for such 

devices is 2 – 4 devices per chip (each chip has 24 electrode gaps). 

To pre-screen devices prior to experiments in liquid, scanning 

photocurrent microscopy was used as a non-invasive method to identify devices 

with single CNTs.
22

 The inset of Figure 3.1d shows a typical photo-generated 

current at the metal-CNT interfaces of a device containing a single electrically-

connected CNT. 

3.4      Electronic measurements in a liquid environment 

For measurements in liquid, devices were interfaced with a PDMS liquid 

reservoir containing solution of 5 mM phosphate buffer (PB), unless mentioned 

otherwise. Some measurements were repeated in a home-built flow cell and 

equivalent results were obtained. The solution potential was set by a liquid-gate 

voltage (Vlg) applied to an Ag/AgCl reference electrode,
23

 as shown in the inset of 

Figure 3.2a. Faradaic currents between Vlg and the CNT-electrode interface were 

kept to a small fraction of the source-drain current. The power spectral density 

fluctuations in the Faradaic current were of order 10
-27

 A
2
/Hz, which is a 

negligible contribution compared to the CNT intrinsic noise levels.  

Figure 3.2a shows the measured current Isd as a function of liquid gate 

potential Vlg for a suspended CNT (L = 1 m) operating in 5 mM PB with an 

applied source-drain bias Vsd of 25 mV. The device exhibits near-ideal gating 

efficiency with a 66 mV/dec subthreshold slope, just shy of the 60 mV/decade 

room temperature limit.
24

 We measured current fluctuations (Isd(t) at constant Vlg) 

at a number of points along the transistor curve (marked as dots on Fig. 2a). The 
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power spectral density of these current fluctuations (SI) is plotted in Figure 3.2b. 

As previously reported, SI follows a 1/f dependence. 
25-27

 

 

Figure 3.2. (a) Transistor curve for a liquid gated suspended CNT FET operating 

in 5 mM PB, the circles show where the noise measurements were conducted. (b) 

Power spectral density of current fluctuations measured at the colored circles 

from (a). (c) Circles are the Power spectral density of current fluctuation at 10 Hz 

plotted as a function of liquid gate voltage. The solid line is a fit to the charge 

noise model. 

3.5      The charge noise model 

The noise data shown in Figure 3.2 is consistent with the charge noise 

model developed by Tersoff.
9
 The charge noise model predicts that environmental 

charge fluctuations are the dominant source of electronic noise in CNT FETs 

when operating in the subthreshold regime. The environmental charge 
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fluctuations are equivalent to a fluctuating liquid-gate voltage V. The resulting 

fluctuations in the current Isd(t) are given by  

)()(
lg

sd
sd tV

dV

dI
tI   ,                                         (3.1) 

and the power spectral density of  Isd(t)  is SI(f) Sinput(f)•dIsd/dVlg)
2 

,where 

Sinput(f) is the power spectral density of V(t). Experimentally measured values of 

SI (10 Hz) are shown in Figure 3.2c (circles) with a fit to the charge noise model 

(solid line). The quantity dIsd/dVlg was attained by numerical differentiation of the 

transistor curve shown in Figure 3.2a. A single parameter Sinput(10 Hz), was used 

to fit the noise in the subthreshold regime. 

The charge noise model accurately describes current fluctuations for all 16 

suspended CNT FETs we have measured in the subthreshold regime. This agrees 

with the previous work of Mannik et al. who verified the charge noise model for 

surface-bound CNTs.
10

 Compared to the work of Mannik et al., the noise 

magnitude is much less for our ultra-clean suspended CNTs. The fluctuations 

shown in Fig. 2 are consistent with Sinput(1 Hz) = 0.028 ± 0.003 mV
2
/Hz. (Note 

that Sinput(1 Hz)   10Sinput(10 Hz)).  Our result is 19 times smaller than previous 

measurements of Sinput(1 Hz) from surface-bound CNTs with a similar channel 

length of 1 m.
10

 

To translate Sinput(f) into a meaningful detection limit one must integrate 

Sinput(f) over the measurement bandwidth to find the rms gate-voltage noise that is 

picked up by the CNT sensor. For the device shown in Figure 3.2, integrating 

over a bandwidth of 0.1 – 100 Hz and taking the square root yields Vrms = 0.44 ± 

0.14 mV. Previous measurements of surface-bound CNT FET biosensors yielded 

Vrms = 1.9 mV for this same bandwidth.
10

 The signal-to-noise ratio for a 

nanoFET biosensor is typically determined by the ratio of the signal voltage (the 

change in electrostatic potential induced by a coating of biological molecules) to 

Vrms. Comparing our ultraclean CNT device to standard surface-based CNT FET 

biosensors we find a 4.4-fold improvement in signal-to-noise ratio. 
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We observe device-to-device variability in Vrms. The lowest value we 

have observed is Vrms = 0.44 mV, while other devices show Vrms = 0.5 – 1.2 

mV. A likely source of variability is the Pt electrode geometry. The Pt electrodes 

are sharply defined before the CNT growth process, however, the high 

temperature CVD process softens the metal and rearranges the structure. Scanning 

electron microscopy imaging reveals that the Pt often creeps back from the edge 

of the trench and leaves exposed insulator (see supporting information Figure 

3.6). Contact between the CNT and the exposed insulator could significantly 

affect charge noise.  

Regardless of device-to-device variability, our suspended CNT devices are 

significantly quieter than standard CNT FET biosensors. Therefore, the suspended 

CNT biosensor platform allows us to search for the noise sources in traditional 

CNT FET biosensors. In particular, we have investigated electrostatic noise 

associated with substrate interactions and surface absorbates, both of which are 

present in standard CNT FET biosensors.  

In the experiments described below we determine Vrms directly from 

transconductance measurements andIsd(t). Using Eq. 1,V(t) is calculated from 

Isd(t) and dIsd/dVlg. Given V(t), it is straightforward to find Vrms. As a 

consistency check, Vrms is measured at several values of dIsd/dVlg. As predicted 

by the charge noise model, we find that our measured values of Vrms are invariant 

(within experimental uncertainty) across the subthreshold regime.  

We first discuss measurements of Vrms before and after exposing ultra-

clean suspended CNTs to adsorbate molecules. A pristine suspended device with 

initial Vrms = 0.79 ± 0.04 mV was exposed to a 1 M concentration of horse heart 

cytochrome-c (HHCC) purchased from Sigma-Aldrich. Horse heart cytochrome-c 

is a globular protein which has been shown previously to bind to CNTs.
28,29

 After 

introducing 1 M HHCC and observing a shift in the transistor curve (Supporting 

Information figure 3.7), the device was returned to the original buffer system 

where charge noise measurements showed Vrms = 1.26 ± 0.15 mV (Figure 3.3c). 

This HHCC coating experiment was performed on 5 more suspended devices, in 
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all cases Vrms increased (Supporting Information Table S1). Additional 

molecular-coating experiments were performed using 25 kDa poly-L-lysine (PLL) 

purchased from NANOCS. Similar increases in Vrms were observed after 

adsorption of PLL on the suspended CNTs (Supporting Information Table S1). In 

all cases the noise spectrum retained a 1/f dependence. 

 

Figure 3.3. Environmental charge noise of single CNT devices operating in 

solution of 5 mM PB. (a) Pristine suspended CNT. (b) Pristine surface-bound 

CNT. (c) HHCC coated suspended CNT. (d) Photoresist processed surface-bound 

CNT.  

We also performed measurements of Vrms on surface-bound CNTs before 

and after exposure to adsorbate molecules. The surface-bound CNTs were 

produced by the fast-heat CVD method to ensure they were initially adsorbate 

free. Initial charge noise measurements in PB showed Vrms = 1.19 ± 0.18 mV 

(channel length L = 1.6 m) (Figure 3.3b). The device was then covered in PR 

(Shipley S1813) and baked at 115 °C for 90 seconds. The PR was removed with 

hot acetone and charge noise measurements were repeated, showing Vrms = 1.83 

± 0.27 mV (Figure 3.3d). The charge noise measured from this ‘doubly dirty’ 

device (both substrate interactions and adsorbates) is in close agreement with the 

previous results of Mannik et al.
10
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By comparing Vrms between different environments (as illustrated in Fig. 

3) we can estimate the relative contributions of different noise sources. 

Differences in channel length can be accounted for by noting that Vrms ~ L
-1/2

.
10

  

We assume that “intrinsic noise”, substrate noise and adsorbate noise are 

uncorrelated such that: 

2substrate
rms

2adsorbate
rms

2intrinsic
rms

2
rms )()()()( VVVV   . (2) 

For measurements taken before and after the addition of adsorbates, we assume 

that the noise increase is due to adsorbate
rmsV . Using Eq.2, we find an average value 

for adsorbate
rmsV (L = 1 m) = 1.1 mV for a HHCC and PLL coatings. The PR 

experiment that was performed with a surface-bound CNT with L = 1.6 m, 

suggests that adsorbate
rmsV (L = 1 m) = 1.8 mV for a PR coating. Lastly, comparing 

the adsorbate-free surface-bound CNT to our lowest-noise suspended CNT 

suggests substrate
rmsV (L = 1 m) = 1.4 mV. We conclude that substrate interactions 

and molecular coatings contribute similar levels of electrostatic noise. The 

quietest devices are suspended and free of protein or polymer adsorbates. 

3.6      Microscopic origins of noise 

We finish by considering the microscopic origins of charge noise in 

nanoFET biosensor systems. Previous authors have discussed how the 

trapping/detrapping of charge inside oxides and on oxide surfaces can lead to 1/f 

noise in nanoFETs (see for example Ref. 16). However, charge traps in oxides 

cannot explain our observations of suspended CNTs and the effect of adsorbates. 

Surface adsorbates likely introduce new types of charge traps. One possibility is 

weak acid/base groups that trap protons from aqueous solution. Following this 

reasoning, we speculate that a source of charge noise in our biosensor system is 

the protonation/deprotonation of chemical moieties such as silanol groups on a 

SiO2 substrate, and carboxy or amine groups on proteins/polymers. It is already 

known that such acid/base groups are responsible for the pH sensitivity of 
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nanoFET biosensors,
30

 and that increasing the surface density of acid/base groups 

will increase the sensor’s response to a pH change. Therefore, we predict a 

positive correlation between charge noise and the sensor’s response to a pH 

change. 

We tested this prediction by measuring the pH-induced shift in threshold 

voltage Vth of suspended CNTs before and after exposure to PLL and HHCC. As 

shown in Figure 3.4a, before the PLL coating, we measure Vth = 5 mV 

(measured in 5 mM MES at pH = 7 versus pH = 6). This intrinsic pH sensitivity 

of the clean suspended CNT may be due to protonation of the CNT surface.
31

 The 

same device after the PLL coating shows a measurable increase in Vth as shown 

in Figure 3.4c. Increased pH-sensitivity of Vth was also observed after pristine 

suspended CNTs were exposed to HHCC. In all measurements of suspended 

CNTs, increased pH-sensitivity was correlated with larger Vrms. Additional 

measurements were conducted on surface-bound CNTs. The pH sensitivity of a 

clean CNT on a SiO2 surface is shown in Fig 4b. Both the Vrms and Vth are 

larger than compared to the pristine suspended CNT. However, upon addition of 

PR residue to the clean surface-bound CNT, Vth decreased (Fig. 4d).  

 

Figure 3.4. Transistor curves taken in 5 mM MES at pH 6 (dashed line) and pH 7 

(solid line). (a) Pristine suspended CNT. (b) Pristine surface-bound CNT. (c) PLL 

coated suspended CNT. (d) Photoresist processed surface-bound CNT. 
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 Figure 3.4 shows that Vth > 5 mV is a clear indication that a CNT is in 

contact with proteins/polymers or a SiO2 surface. The data also demonstrates that 

CNT conductance is coupled to the protonation/deprotonation state of nearby 

surfaces. While Vrms and Vth both increase when a clean CNT comes into 

contact with proteins/polymers or a SiO2 Vth alone as a 

simple predictor of Vrms. As shown in Fig. 3d and Fig. 4d, the combination of PR 

residue and a SiO2 surface leads to smaller Vth, yet larger Vrms. One possible 

explanation is that PR residue slows down the time scales of 

protonation/deportation of silanol groups, leading to a larger power spectral 

density in our measurement bandwidth. Alternatively, PR residue might create an 

additional type of interface charge trap that is not pH sensitive. Further 

experiments and simulations will be necessary verify which type of charge trap 

dominates the charge noise in a particular situation.   

3.7      Conclusion 

In conclusion, we have demonstrated that contact with substrates and 

adsorbates significantly increases the charge noise in CNT FET biosensors. For a 

1 m channel length, and a measurement bandwidth of 0.1-100Hz, the effective 

gate voltage fluctuations are approximately 0.5 mV (pristine suspended), 1.1 mV 

(with PLL or HHCC), 1.8 mV (with substrate interactions), 2.3 mV (with 

substrate interactions and PR residue). We speculate that the fluctuating 

protonation state of chemical moieties near the CNT can account for this noise. 

Our results bring to light new design considerations for nanoFETs that are used to 

interface biological systems with electronics.  
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3.9      Supporting Information 

A. Supporting information for Figure 3.6: Variability of Platinum electrode at the 

trench interface 

 

Figure 3.5. SEM images illustrating device variability at the CNT-trench 

interface occurring after the fast-heat CVD CNT growth process, scale bars are 1 

m. (a) Ideal electrode geometry with Pt electrodes extending to the edge of the 

trench. (b) Non-ideal electrode geometry. The Pt has receded from the edge of the 

trench. The CNT can touch the exposed insulating surface before crossing the 

trench. (c) Schematic of the ideal electrode geometry. (d) Schematic of the non-

ideal electrode geometry. 

B. Supporting information for Figure 3.7: Pristine suspended device exposed to 1 

M HHCC 

 

Figure 3.6. Horse heart cytochrome-c (HHCC) binding to the surface of a clean 

suspended CNT. (a) Current vs. time as a 1 M concentraion of HHCC is 

introduced. Vsd = 25 mV and Vlg = -200 mV. (b) Current vs. Vlg before and after 

exposure to HHCC. Vsd = 25 mV. 



51 

 

 

 

C. Supporting information for Figure 3.8: Pristine suspended device exposed to 

200 nM PLL 

 

Figure 3.7. Poly-L-lysine (PLL) binding to the surface of a clean suspended 

CNT. (a) Current vs. time as a 200 nM concentraion of PLL is introduced. Vsd = 

25 mV and Vlg = -250 mV. (b) Current vs. Vlg before and after exposure to PLL. 

Vsd = 25 mV. 

D. Supporting information for Table 3.1: Suspended CNT noise increase after 

protein coating 

Protein  mVV before

rms   mVV after

rms   mVV adsorbate

rms  

HHCC 0.79 
 

1.26 0.98 

HHCC 1.14 1.44 0.88 

HHCC 1.18 1.41 0.77 

HHCC 0.85 2.86 2.73 

HHCC 0.63 0.83 0.54 

PLL 0.87 1.67 1.42 

PLL 1.12 1.46 0.94 

PLL 0.65 0.91 0.64 

   71.011.1 adsorbate

rmsV  

 

Table 3.1 shows a large spread in adsorbate
rmsV  values. The source of this variance is 

currently unknown and warrants further study. It is possible that the variance 

reflects the way that adsorbates pack on the CNT surface. 
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Random telegraph signals corresponding to activated charge traps were observed 

with liquid-gated CNT FETs. The high signal-to-noise ratio that we observe 

demonstrates that single electron charge sensing is possible with CNT FETs in 

liquids at room temperature. We have characterized the gate-voltage dependence 

of the random telegraph signals and compared to theoretical predictions. The gate-

voltage dependence clearly identifies the sign of the activated trapped charge. 
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4.1      Introduction 

The pursuit to miniaturize transistor technologies down to nanometer scale 

dimensions has been driven by a demand for low power, high performance and 

high sensitivity electronic applications. Carbon nanotube field-effect transistors 

(CNT FETs) are promising candidates to satisfy these demands. Technological 

advances in device designs have paved the way for scalable CNT based digital 

switches,
1,2

 which combined with recent advances in CNT synthesis offer an 

alternate route to silicon based technologies.
3,4

 Additionally, the remarkable 

sensitivity of CNT FET sensors has recently been used to measure single-

molecule processes such as DNA hybridization,
5
 single chemical reactions

6
 and 

single enzyme activity.
7
 These measurements are sensitive to molecules carrying 

a handful of charges, suggesting that CNTs can reach single electron charge 

sensitivity in liquids at room temperature. 

The high sensitivity of CNT FETs comes at the price of ever-present 

charge noise. Charge noise is typically manifested as stochastic current 

fluctuations with a power spectral density that scales inversely with frequency (f). 

In typical CNT devices this 1/f noise spectrum is attributed to a large number of 

charge traps near the CNT channel. The charge noise model developed by Tersoff 

assumes a capacitive coupling between these fluctuating charge traps and the 

CNT channel.
8
 Tersoff’s model has been experimentally verified for both liquid-

gated CNT FETs and graphene FETs. 
9,10

 

In small devices, such as CNT FETs, a single charge trap can have a 

disproportionately large influence, leading to the observation of a random 

telegraph signal (RTS) when measuring conductance vs. time.
11-18

 For example, 

one charge trap might be located a few Angstroms from the CNT channel, while 

all other traps are more distant. Random telegraph signals in CNT FETs have 

been studied extensively at low temperature,
13-18

 and two studies have reported 

RTS at room temperature, demonstrating that single charge sensitivity is possible 
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in air and vacuum.
11,12

 This previous work has also verified the gate-dependent 

capture time and emission time can be understood in a framework developed for 

RTS in metal-oxide-semiconductor FET devices.
19

 

In this work we explore RTS at room temperature in electrolyte-gated 

CNT FETs. The electrolyte gate ensures almost perfect coupling between the gate 

voltage and the Fermi level in the CNT, allowing clear comparisons between 

experiment and theory. The elevated temperature ensures that charge hopping 

between the CNT and the trap state occurs over a wide range of gate voltages. 

While previous experiments have characterized RTS switching dynamics (capture 

times and emission times), we focus on the gate-dependent amplitude of the RTS 

signal. We compare our results to non-equilibrium Green’s function (NEGF) 

calculations of scattering from a Coulomb potential created by a point charge. Our 

measurements confirm theoretical predictions for the gate voltage dependence of 

the RTS amplitude.
20

 Our results are a key test of the NEGF modeling approach 

and open a path to rational design of single molecule electronic detectors. 

4.2     Device architecture  

Carbon nanotube devices were fabricated using standard photolithography 

and metal deposition techniques (see Methods). Figure 4.1a shows a schematic 

diagram of the device geometry utilized for performing measurements on surface-

bound CNT FETs while operating in liquid environments. The CNTs were grown 

as a final processing step using ‘fast heat’ chemical vapor deposition which yields 

ultra-clean devices.
21

 Devices with single CNTs were verified by AFM 

characterization as shown in Figure 4.1c. Semiconducting CNT devices were 

chosen for electronic measurements with a diameter range of 1-2 nm. For 

measurements on suspended CNT devices, a reactive ion etch was used to remove 

the SiO2/Si3N4 between a 1 m source-drain electrode gap, producing an ideal 

geometry to grow ultra-clean suspended CNT devices (Figure 4.1b,d).
22

  A home-

built laminar flow cell was used to interface the CNT devices with 10 mM 

phosphate buffer (PB). The Debye screening length of this electrolyte solution is 



58 

 

 

~3 nm. The solution potential Vg was set by a Ag/AgCl reference electrode
23

 or 

on-chip Pt electrode. Electrochemical currents between the liquid and the CNT 

device never exceeded 100 pA. 

 

Figure 4.1. (a) Schematic diagram of a single CNT device operating in liquid. (b) 

Diagram of a suspended CNT device (c) Surface topology map of a single CNT 

device measured by AFM. (d) Scanning electron micrograph of a single 

suspended CNT device. 

4.3      Substrate induced RTS noise in CNT FETs. 

 Figure 4.2a shows current versus time, I(t),  measured from a single 

surface-bound CNT operating in a solution of 10 mM PB. Switching events occur 

between two well-defined levels of current, which are defined by a high-current 

state Ihigh  and a low-current state  Ilow. Random telegraph signals such as Figure 

4.2a were observed in 8 out of 24 surface-bound devices (see Supporting Info part 

A for CNT and charge trap spatial overlap probabilities). The other 16 surface-

bound devices exhibited fluctuating I(t) about a single current level. The power 

spectral density of these I(t) fluctuations exhibited a 1/f spectrum as previously 

reported by Mannik et al.
9
 Figure 4.2b shows an equivalent measurement 

performed on an ultra-clean suspended device in similar conditions. We measured 
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a total of 16 suspended CNTs and none showed RTS. For these suspended CNTs, 

the power spectral density of I(t) fluctuations was also significantly less.
22

  

 

Figure 4.2. (a) Two-level current noise exhibited by a single surface-bound CNT 

device operating in 10 mM PB. (b) Current measured through a suspended device 

operating in the same conditions as (a). 

Based on the comparison of surface-bound and suspended CNTs (Fig. 2) 

we conclude that the dielectric substrate is responsible for the observed RTS. 

When the chemical potential for electrons in the CNT coincides with the energy 

level of trap state, the occupancy of the trap can fluctuate. Following previous 

work, we attribute Ilow and Ihigh to the fluctuating occupancy of such a trap.  
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Figure 4.3. (a) Transistor curve of a surface-bound CNT FET exhibiting RTS 

current noise in 10 mM PB. The solid circles show where current was collected. 

The inset shows the exponential subthreshold regime. (b) Current noise measured 

as at fixed values of Vg shown as solid circles in (a). (c) Fractional change in 

current (ARTS) plotted as a function of gate voltage. (d) Fractional change in 

current predicted by doping mechanism for fixed jump in potential of V = 5 mV.  

4.4      Gate-dependence of trap occupation  

We first examine the relative probability of finding the device in the Ihigh 

state versus the Ilow state. Figure 4.3 shows RTS measured from a surface-bound 

CNT at a variety of gate voltages, Vg. The I(Vg) characteristic of the device is 

shown in Figure 4.3a. At Vg < ~ -0.3 V the CNT is p-doped and has relatively 

high conductance. For Vg > ~ -0.3 V, the conductance begins to follow an 

exponential decay (see inset of Figure 4.3a), indicative of the subthreshold regime 

where the Fermi level enters the bandgap. Figure 4.3b shows time traces, I(t), 

obtained at different values of Vg. The time-averaged current drops as Vg is 

increased from -0.7 to -0.2 V.  At negative gate voltages, the high-current state is 

favored. At positive gate voltages, the low-current state is favored. Following the 

interpretation of Ralls et al.
19

 we conclude that a negative scattering center turns 
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on by electron capture. i.e. at negative gate voltages the trap state is neutral, at 

positive gate voltages an electron spills out of the CNT into the trap state, at 

intermediate gate voltages the trap fluctuates between filled and empty (see 

Supporting Info part B).  

Two out of 8 devices showed gate-dependent trap occupation that was 

consistent with electron capture by a neutral trap state. In other devices, the liquid 

gate voltage had no effect on emission and capture times. A possible explanation 

for unperturbed emission and capture times is an extreme proximity between the 

trap and the CNT. If the capacitive coupling between the trap and the CNT is 

extremely strong, the liquid gate voltage will not change the relative energy 

difference.  

4.5      Doping effect vs. mobility effect  

When a trap state captures a charge, both the doping level and the 

effective mobility of the CNT are affected. NEGF simulations give insight into 

distinguishing these two effects. A distant charge will cause a smooth variation in 

potential and effectively change the doping level in the CNT. If the charge is 

more than ~ 3 nm away from the CNT, NEGF simulations predict that the change 

in current is simply proportional dIsd/dVg.
20

 Experiments that measure 

conductance fluctuations in CNT FETs (the collective result of many charge 

traps) support this model.
9,22

 In contrast, when the charge is closer than ~ 3 nm, 

NEGF simulations predict that electron scattering becomes significant and the 

change in current is not simply proportional to dIsd/dVg. 

 To determine whether our RTS measurements can be described by doping, 

we plot the prediction for ARTS (ARTS = (Ihigh – Ilow)/Ihigh) caused by a distant 

charge trap (Fig. 3d). The slope of the transistor curve, dIsd/dVg, has been 

multiplied by a fitting parameter, 5 mV, and divided by Isd, yielding a peak ARTS = 

0.2. The maximal value of ARTS occurs in the subthreshold, and stays constant 

throughout the subthreshold. In contrast, our measured values of ARTS peak in the 

on-state, before the subthreshold, and decay in the subthreshold (Fig. 3c). We 
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carried out detailed ARTS(Vg) measurements on 3 other devices that exhibited RTS 

current noise and observed similar trends. We conclude that carrier scattering 

must be considered to describe the measured RTS.   

4.6      Theoretical modeling of RTS amplitude 

Wang et al. previously calculated ARTS for a ballistic CNT FETs 

interacting with a fluctuating single charge (either positive or negative).
20

 We first 

discuss the qualitative conclusions from these simulations. For a positive charge 

trap interacting with a p-type device, ARTS(Vg) increases monotonically as Vg is 

tuned from the p-doping to the subthreshold. For a negative charge trap, there is a 

peak in ARTS(Vg) when Vg is near the transition between p-doping and the 

subthreshold regime. Based on these qualitative results, we conclude that our 

measured ARTS(Vg) is consistent with the coming and going of a negative charge 

near the CNT. 

We have extended the previous work of Wang et al. to give a more 

quantitative understanding of our particular experimental system. Our new 

calculations take into account non-Ohmic contacts between the CNT and the 

metal electrodes, inelastic scattering in the CNT and the liquid gate geometry. We 

begin with NEGF simulations of an Ohmically-contacted (13, 0) CNT (diameter 

1.04 nm) with a channel length of 200 nm, surrounded by a dielectric of either  = 

4 or 10, a cylindrical gate of radius 16 nm, and a negative charge (or no charge) 

near the sidewall of the CNT (separation distance d = 0.5 nm or 1.5 nm). The 

source-drain voltage is 50 mV and T = 300 K. Current is calculated at different 

gate voltages, both with and without the single electron charge next to the CNT.  

First, the parameters used in the NEGF simulation should be consistent 

with the liquid gated environment. Free ions diffusing in the water lead to an 

electrostatic screening length of ~ 3 nm, but the simulations only account for 

screening by free carriers in the CNT. However, the simulated free-carrier 

screening lengths were 3 nm and shorter when the CNT was p-doped (higher hole 

concentration at negative gate voltages leads to shorter screening lengths, see 
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Supporting Info part C), therefore, screening by free ions in the water can be 

neglected to first order. Similarly, electrolyte gating is not explicitly modeled. 

Instead, the model uses a perfect cylindrical gate (see Figure 4.4b inset), which 

allows us to obtain comparable turn-on characteristics to the experimental device. 

Lastly, the experimental geometry includes two dielectrics, water ( = 80) and 

SiO2 ( = 4), but the simulations are performed with a single dielectric constant. 

Since the charge trap is in the SiO2, initial calculations were performed with  = 4. 

Additional calculations with a higher effective epsilon ( = 10) yielded ARTS 

values that were a factor 2 smaller. If the effective dielectric constant is indeed 10 

or higher, the proximity of the charge trap to the CNT, d, must be reduced to 

obtain agreement between experiment/theory values of ARTS. Our current 

experiments cannot resolve this uncertainty in  and d. 

To translate the results of the NEGF simulations (ballistic transport, 

Ohmic contacts) into predictions for a diffusive 1d system with non-Ohmic 

contacts, we make use of the Landauer formalism for addition of incoherent 

barriers.
24

  In a diffusive 1d system, the Coulomb barrier associated with a charge 

trap adds a fixed amount of resistance R to the overall system. R is independent 

of channel length and contact resistance (see Supporting Info part D for more 

details). Results from the NEFG simulations allow us to approximate R by 

calculating R
sim

 = R0
sim

 – RQ
sim

, where R0
sim

 is the simulated resistance with no 

charge, and RQ
sim

 is the simulated resistance with a single charge. The simulated 

value R
sim

 includes interference effects caused by coherent multiple reflections. 

These effects are not present in the diffusive transport regime of our experiment, 

however, multiple reflections are a small correction in the situations studied here 

(ARTS < 0.2).  

Figure 4.4a shows CNT device resistance plotted as a function of gate 

voltage R(Vg) for both experimental and NEGF simulated results. Our 

experimental devices have channel lengths of 2 m (see Fig 1c), which is ~3 

times larger than the phonon scattering length at room temperature.
25

 Therefore, 
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we expect the experimentally measured channel resistance to be 3x more resistive 

than simulated NEGF data (channel resistance scales linearly with channel length 

in the diffusive limit
25

). This insight allows us to map the experimental values of 

Vg onto the simulated values of Vg (differences between experimental and 

simulated Vg values are caused by factors such as the choice of liquid gate 

electrode and surface charges on the SiO2). The experimentally measured R(Vg) 

curve has been translated on the Vg access so that the experimental subthreshold 

resistance is 3 times the subthreshold resistance of the simulation. 

Figure 4.4b shows a comparison between R
sim

 and our experimental 

measurements. The R extracted from the RTS measurements varies from ~7 k 

in the on-state to ~ 60 knear the subthreshold regime (see Supporting Info part 

E for R data from additional devices). The NEGF simulation results follow a 

similar trend. In Fig. 4c, the R values have been divided by R0
expt

 to show the 

fractional change in resistance. Both NEGF and experiments show that the 

fractional change is maximized as the device transitions from the on-state to 

subthreshold regimes.  
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Figure 4.4. (a) Experimentally measured (red line) and NEGF simulated (black 

line) CNT resistance vs. gate voltage. (b) Change in CNT resistance produced by 

RTS noise measured as a function gate voltage. Red circles are experimental 

results extracted from Fig. 3b. Blue diamonds and black squares are NEGF 

predictions for scattering from a -1e charge placed a distance of 0.5 nm and 1.5 

nm from the CNT sidewall respectively. (c) Fractional resistance change where 

data from (b) is normalized by the baseline experimental resistance R0
expt

. 

Figure 4.4c highlights the influence of R0
expt

 on RTS amplitude (note that 

R/R0
expt

 equals ARTS to within a correction factor of order unity; R/R0
expt

 = ARTS 

• I0/IQ. Large values of the baseline resistance R0
expt

 will suppress ARTS, therefore, 

small R0
expt

 is desirable for sensor applications. Previous work has shown R0
expt

 = 

L + Rc, when L > in; is 1-D resistivity, Rc is contact resistance, L is the 

channel length, and in is the inelastic scattering length.
25

 Optimal R/R0
expt

 is 

expected when L ~ in. Smaller L will not reduce R0
expt

, but smaller L will increase 

background noise (1/f noise) which scales as 1/√ L.
9
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4.7      Dependence of RTS amplitude on carrier type  

As a final test of our model, we have measured RTS in n-type CNT FETs. 

By changing the sign of charge carriers in the CNT channel, we expect a dramatic 

change in the gate-dependent scattering probability.  

Figure 4.5 shows a side-by-side comparison of ARTS in a p-type channel 

and an n-type channel (measurements from two different devices). The overall 

ARTS magnitude is similar for the two devices, but the Vg dependence is strikingly 

different. As discussed above, all p-type devices in our study exhibited maximal 

ARTS in the on-state. In contrast, the n-type device exhibits maximal ARTS in the 

subthreshold (blue shaded region), with ARTS remaining approximately constant 

within the subthreshold. We have observed this behavior for a total of 3 n-type 

devices.  

 

Figure 4.5. Comparison between p-type and n-type CNT FETs that exhibit RTS. 

(a) Transistor curve for a p-type CNT circuit exhibiting RTS. Fractional change in 

current is shown in the lower graph. (b) Transistor curve for an n-type CNT 

circuit exhibiting RTS. Fractional change in current is shown in the lower graph.   

 

 

The ARTS(Vg) signature shown in Fig. 5b is consistent with predictions for 

n-type carriers scattering from a negative charge trap.
20

 For a trap charge and 

carrier charge of similar polarity, R
sim

/R0
sim

 reaches a maximal plateau in the 

subthreshold regime. The height of this plateau depends strongly on separation 

distance d and baseline resistance R0
expt

. The data shown in Fig. 5b are consistent 
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with a separation distance of a few nanometers. From the Vg dependence shown in 

Fig. 5b we conclude that the relative sign of the trap charge and carrier charge is 

indeed a critical parameter in determining ARTS(Vg).  

4.8      Conclusion  

In a room-temperature liquid environment, CNT FETs are capable of 

detecting signals generated by the coming and going of a single electron charge. 

The sign of the charge can be determined by measuring the gate-sensitivity of the 

RTS magnitude. We find good agreement between our measurements and the 

predictions of NEGF simulations, opening a path to optimizing the design of 

single-molecule bioelectronic sensors. Our measurements highlight the need to 

eliminate charge traps in the dielectrics of high-fidelity nanoelectronic devices, 

and confirm the exciting possibility of detecting single charges in room-

temperature biological environments. 

4.9      Methods  

Device fabrication. Metal electrodes (1 nm Ti, 50 nm Pt) were patterned on top 

of Si/SiO2 (600 m /1m) substrates or Si/SiO2/Si3N4 (600 m/1m/100 nm). The 

metal electrode leads were passivated with 80 nm of e-gun deposited SiO2 

(excluding the source-drain electrode tips and probe contacts) to prevent Faradaic 

currents that occur during liquid gating. Catalyst islands ( 1 nm Ti, 40 nm SiO2, 1 

nm Fe) of dimension 10 m x 5 m were patterned on the electrode tips a 

distance of 4 m from the edge of the source-drain electrode gap (2 m). The 

devices were then diced into 2 mm chips. To prevent electrode degradation during 

the high temperature CNT growth process, it was crucial to limit chip exposure 

time to high temperatures. This was accomplished by implementing a quartz 

loading shuttle attached to a steel ball bearing and shuttling the chips in and out of 

the hot-zone of a 1” quartz tube furnace with an external magnet. The shuttle 

growth recipe is as follows: (1) Chips were first shuttle annealed in open air at 

600 °C for 5 minutes. (2) The furnace was sealed and allowed to cool below 300 

°C, purged for 2 minutes flowing the CNT growth gases (Argon bubbled 

methanol at 0.3 slm, Argon bubbled ethanol at 0.15 slm and H2 at 0.45 slm), then 
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flushed with Ar (1 slm) for 2 minutes to clear the growth gases from the chamber. 

(3) Chips were then shuttle annealed in H2 (0.45 slm) for 1 minute at 800 °C. (4) 

The furnace was ramped to 900 °C in H2 (0.45 slm), switched over to CNT 

growth gases and chips were shuttled into the furnace for a 5 minute CNT growth. 

The chips were cooled outside of the heat-zone under Argon (1 slm) until the 

heat-zone reached 200 °C, then furnace seals were opened to atmosphere. These 

growth parameters produced ~10% single CNT connections on surface-based 

devices with a 2 m source-drain electrode gap. To achieve similar yields on 

suspended devices with a 1 m source-drain channel gap, the growth parameters 

of step (4) were reduced to 800 °C. 

Electrical measurements. Single CNT devices were interfaced with a liquid 

environment (10 mM PB) using a home-built laminar flow cell. Current was 

measured through the devices using a Stanford Research Systems model SRS570 

current preamplifier (sensitivity 100 nA/V, High bandwidth mode, no filters 

applied). The source-drain bias (25 mV) was supplied by the bias offset of the 

SRS570 current preamplifier, which was powered by an internal lead-acid battery. 

The liquid-gate voltage was applied to Ag/AgCl reference electrode (BASi RE-6) 

interfaced downstream of the flow cell using a Yokogawa GS210 DC voltage 

source. Equivalent results were obtained using a lithographically defined on-chip 

Pt electrode of dimensions 200 m x 1mm. The electrochemical currents between 

the liquid-gate and source-drain electrodes never exceeded 100 pA. To gain 

access to n-type regime of semiconducting CNT devices a tungsten electrode was 

used to control the solution potential. 
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4.11    Supporting Information 

A. Trap density of SiO2 

High quality thermal oxides contain a charge trap density of ~10
10 

traps/cm
2 

(100 traps/m
2
).

26
 A CNT with a diameter of ~ 1.5 nm and channel 

length of 2 m has a ~30% chance of spatially overlaping with a charge trap on 

such a surface. 

B. Relative probability of high-current and low-current states as a function 

of Vg 

 

Figure 4.6. (a) Source-drain current measured through a single CNT device with 

fixed bias (Vsd = 25 mV) for increasingly negative liquid-gate voltage: Vg = -0.370 

V (black), -0.384 V (red), -0.398 V (green) , -0.446 V (purple),  -0.550 V (green). 

(b-e) Histograms of current vs. time shown in (a). Blue solid line is a fit to a 

double Gaussian function. (c) Relative ratio of time spent in the high-state current 

high) to low- low)  vs. Vg. Black solid line is an exponential fit. 

C. Simulated free-carrier screening lengths 
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Figure 4.7. (a) Simulated potential along CNT for low (Vg = -0.18 V) to high 

doping (Vg = -1.5 V) levels with a charge of Q = 0 (dotted lines) and Q = -1e 

(solid lines) at a distance d = 0.5 nm. The source-drain bias is 50 mV. (b) Barrier 

width (full width half max) the Coulomb potential from (a) as a function of Vg. 

The inset is the simulated transistor curve for Q = 0. 

D. The addition of incoherent barriers using the Landauer formalism  

In the ballistic limit, the length dependence of ARTS was previously 

investigated by NEGF simulations.
27

 In the diffusive limit, which is relevant for 

describing our current experiments, length dependence can be approximated by 

considering the Landauer formalism for incoherent addition of barriers in a 1d 

channel.
24

 If the electron phase information is destroyed by inelastic scattering 

from phonons, device resistance is given by 














 

i i

i

t

r

e

h
R 1

4 2
.                                          (4.1) 

Where ri and ti are refection and transmission probabilities due to interactions 

with either static barriers or phonons. If an additional static barrier is added, for 

example, a charged trap with reflection and transmission probabilities rQ and tQ, 

we find 
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The baseline resistance, R0, can vary widely depending on CNT channel length 

and contact resistance. However, R is independent of these factors. Therefore, 

the length dependence of R/R0 is only due to the length dependence of R0.  

E. Measurements of R  

The magnitude of R was determined for a total of 4 p-type devices (Fig. 

4.8). All devices followed the trend reported in the manuscript (ARTS peaks in the 

on-state and decays in the subthreshold). Comparing experimental R values with 

NEGF simulations suggests d < 0.5 nm in all cases, i.e. the distance between the 

CNT and the charge trap is less than 0.5 nm. These small values of d are not 

surprising; if d was much larger, the RTS would be lost in background noise.  

 

Figure 4.8. (a) Resistance vs. gate-voltage for 4 devices studied experimentally in 

detail (colored lines). Circles joined by a solid line are the NEGF simulation data 

for an Ohmically-contacted (13,0) CNT. (b) The change in resistance, R, 

associated with the RTS. Back diamonds and squares are NEGF predictions for 

scattering from a -1e charge placed a distance of 0.5 nm and 1.5 nm from the 

CNT sidewall respectively. (c) Fractional resistance change where data from (b) is 

normalized by the baseline experimental resistance R0
exp 

(note that R/R0
expt

 

equals ARTS to within a correction factor of order unity; R/R0
exp

 = ARTS • I0/IQ). 
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Concluding discussion  
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The unifying theme of this work is the physical origins of electronic noise 

in carbon nanotube field-effect transistors (CNT FETs) operating in liquid 

environments. To probe electronic noise sources, we utilized the micro-

fabrication techniques described in Chapter 2 to control the environment of single, 

individual semiconducting CNTs. The fabrication geometries include both free- 

standing suspended CNT circuits and substrate-bound CNT circuits. Whereas 

conventional fabrication techniques produce CNT circuits that are coated with 

polymer and chemical processing residues, we have created CNTs with pristine 

surfaces. We also implemented a microfluidic ‘lab-on-a-chip’ interface to control 

the interaction of biological and biochemical molecules to CNTs. These 

techniques provide a methodology to determine the dominant electronic noise 

sources observed in CNT FETs, as describes in Chapter 3.  

Suspended CNT FETs provide an ideal platform to study the intrinsic 

electronic noise present in physiological environments. In Chapter 3, we utilize 

the charge noise model as a framework to quantify the intrinsic electronic noise 

generated by CNT FETs in various physiological environments. Pristine CNT 

devices were characterized using non-contact scanning photocurrent microscopy, 

which identified single CNT circuits and avoided surface contamination that is 

commonly associated with scanning electron microscopy techniques. The pristine 

structure of these devices was verified by the absence of the defect peak in the 

Raman response. Measurements of baseline ‘intrinsic’ electronic noise of pristine 

suspended CNT FETs were performed in liquid environments. Subsequent 

measurements were performed to systematically control the material interface of 

CNT FETs. These include the individual and combined effects of the insulating 

substrate and surface adsorbate interactions with the CNT sidewall. These 

experimental results reveal that insulating substrates and surface adsorbates 

generate significant contributions to the electronic noise floor of CNT FETs, 

which are critical parameters in the design consideration of biosensing platforms.  
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The microscopic origins of charge noise have been empirically linked to 

fluctuating charge traps at the CNT-dielectric interface that produce the 

ubiquitous 1/f electronic noise. However, the 1/f noise observed in suspended 

CNTs operating in liquid cannot be explained by charge traps in the dielectric, 

since the semiconducting channel does not come in contact with an insulating 

substrate. Therefore, measurements were performed to further investigate the 

microscopic origins of noise by docking biomolecules to the sidewall of a CNT.  

Biomolecular adsorbates were shown to significantly impact the electronic 

noise floor of pristine CNT FETs. The magnitude of this noise was found to be 

comparable to the noise generated by substrate interactions with a CNT. These 

results reveal that biological molecules and polymer adsorbates form a new class 

of interface charge traps with the CNT. 

Both insulating substrates and biomolecules contain weak acid/base 

groups on their surfaces that capture protons from solution. The charge density of 

their surfaces is pH dependent. The sensing response of a pristine CNT FET to a 

change in solution pH showed a dramatic increase after the adsorption of 

biomolecules to its surface. Similar pH sensitivities were observed with CNTs 

bound to silanol containing substrates. Both of these effects were linked to larger 

electronic noise. Polymer residues from photoresist were shown to increase the 

electronic noise, but reduce the CNT’s sensing response to a pH change. We 

speculate that there may be a link to the fluctuating protonation state of chemical 

moieties near the CNT. 

In Chapter 4, we studied individual charge traps interacting with CNT 

FETs, in contrast to earlier chapters in which ensembles of electrostatic 

fluctuators were investigated. We present experimental and theoretical results for 

charge fluctuations that occur less than ~3 nm from the sidewall of a CNT FET in 

a liquid environment. These electrostatic fluctuations produce random telegraph 

signals (RTS) in the constant-bias current. Measurements performed on both 

suspended and substrate-bound CNTs showed that the dielectric substrate is 
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responsible for the observed RTS. The magnitude of the RTS fluctuations are not 

consistent with doping effects, but are instead governed by scattering 

probabilities. Theoretical simulations show that signals generated by a fluctuating 

charge approaching less than ~3 nm from the sidewall of a CNT result in 

significant scattering of free carriers. The electrostatic fluctuations produce 

current fluctuations that are not proportional to the transconductance as predicted 

by the doping mechanism. The experimental and theoretical work discussed in 

this section present a path to designing optimal single-molecule bioelectronic 

sensors, eliminating charge traps for high performance switching applications, 

and offering a platform upon which to study the dynamics of single-charge 

fluctuations at room temperature.     

 In summary, the experiments discussed in this work map out the 

sensitivity limits for CNT FETs functioning as biological probes. This new 

technology is a promising platform to aid in the investigation of a wide range of 

biological questions, ranging from the interactions of single molecules to the 

behavior of cells. Nanometer-scale field effect transistors, such as the CNT, have 

the potential to transition from the ‘proof-of-concept’ demonstrations highlighted 

in this work and a large body of additional scientific literature, to a broadly 

accessible ‘biological-tool-kit’ that can contribute to the life sciences and 

biomedical community at large.  
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Appendix A. PMMA transfer of aligned CNTs 

 Figure A.1 illustrates how aligned CNTs can be transferred from one 

substrate to another using the poly(methyl methacrylate) (PMMA) assisted 

technique.  

 

Figure A.1. (a) ST-cut quartz substrate (Hoffman materials) with Fe catalyst 

deposited perpendicular to the X-crystal axis. (b) CNT growth aligned to the ST-

cur quartz. The CNTs grow parallel to the X-axis of the ST cut quartz. (c) PMMA 

film applied the quartz wafer with aligned CNTs. (d) chip submerged in 50 

mg/mL solution of KOH (99.99% purity from Alpha Aesar) at 80 C. (e) The 

PMMA film will separate from the underlying quartz wafer when submerged into 

a DI H2O water bath at an angle ~ 45 degrees with respect to the water surface. 

(f) The PMMA film containing the aligned CNTs is shown floating on the water. 

(g) A Si/SiO2 wafer is used to scoop up the PMMA film. (h) Aligned carbon 

nanotubes are left behind after removing the PMMA film with acetone vapor. 
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Preparation of ST-cut quartz substrate 

First ~ 1 nm  e-gun deposited Fe was patterned perpendicular to the X-axis 

of  3” ST-cut quartz wafers (Hoffman materials, wafer flat specified to be parallel 

to X-axis). The chips were diced (~0.5” x 0.7” rectangles work well) so they 

could be loaded into a 1” tube furnace (see Figure A.1.a). It is important to coat 

the quartz wafer in photoresist (S1813) prior to dicing to keep the surfaces clean. 

After dicing the chips, the photorisist should be stripped in PG remover at 70 C 

for ~ 12 hours.   

Growth of aligned CNTs 

The CNT aligned growth process is illustrated in Figure A.1.b. (see Xiao 

et al.
1
 for details about the aligned growth of CNTs on ST-cut quartz) After dicing 

and stripping the protective photoresist layer, the quartz chips containing Fe 

catalyst were loaded into a 1” tube furnace with the quartz X-axis parallel to the 

direction of gas flow and annealed in open air at 900 C for 60 minutes. The chip 

was then cooled to room temperature. The furnace tube was then sealed, and 

purged for ~ 2 minutes flowing the CNT growth gases (0.45 slm H2, 0.3 slm Ar 

bubbled methanol, 0.15 slm Ar bubbled ethanol). The tube was then flushed with 

with 1 slm Ar for ~ 2 minutes to clear the growth gases from the chamber. The 

furnace was then ramped to and held at 800 C and for 15 minutes flowing 0.45 

slm of H2 to reduce the Fe catalyst on the substrate. The furnace was then ramped 

to 900 C in 0.45 slm H2. The furnace was then held at 900 C for 15 minutes 

flowing CNT growth gases. The chip was then cooled under flowing Ar at 1 slm, 

and opened to atmosphere once the tube furnace reached below 200 C. This recipe 

produces density ~ 1 CNT per micron with Fe catalyst stripes 10 m wide spaced 

at a 50 m pitch.  

PMMA CNT transfer process 

Quartz chips containing aligned CNTs were then coated with a PMMA 

(4% 950 MW PMMA in anisole supplied by Microchem) using a spin coater 
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(4000 RPM for 60 seconds). PMMA covered CNTs on quartz are shown in Figure 

A.1.c. The PMMA film must be cut along the border of the substrate to allow it to 

easily detach from the quartz substrate in the next step. It is best to use a surgical 

scalpel and cut lines around the parameter of the chip (~ 1 mm in from the edge of 

the quartz substrate). Also, cutting an additional diagonal notch on one of the 

corners helps to keep track of the orientation of the aligned CNTs. Next, place the 

PMMA coated chip in a bath of KOH (5 mg/mL) at 80 C for ~ 15 minutes as 

shown in Figure A.1.d. Remove the chip from the KOH bath and transfer it into a 

water bath at an angle of 45 degrees as shown in Figure A.1.e. The PMMA should 

separate easily from the underlying quartz substrate and float on the surface water 

(Figure A.1.f). The PMMA separation process is finicky. Gaining control of this 

technique requires practice and experience to gain a physical sense of what the 

PMMA film can handle. The PMMA film may not initially separate when 

entering the water bath, and will need to soak longer in the KOH solution; in 

some cases a 30 minute soak is required. Once the PMMA film is floating in the 

water bath, a piece of silicon can be used to transfer the PMMA film to a next 

water bath. Placing an extra pair of tweezers in the liquid near the floating PMMA 

film can help guide the PMMA using surface tension to a desire spot on the chip. 

Finally, scoop up the PMMA film with the final target substrate (Figure A.1.g) 

and N2 blow dry all the water off the surface of the PMMA. This step should help 

smooth the film surface as the underlying water is displaced from the PMMA-

substrate interface. The film should form a nice even color due to thin film 

interference effects 

PMMA removal with acetone vapor 

To remove the PMMA, bring acetone to a light boil over a hot plate (300 

C works well) using a small beaker (slightly larger than the substrate). Gently 

lower your chip over the beaker (PMMA side facing the acetone) so that acetone 

vapor begins to condense on the chip surface. Gently increase the condensation 

rate so that the PMMA is completely dissolved from the substrate. If the vapor 
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condenses too rapidly, the film will dissolve too rapidly and the CNTs will not 

stick to your substrate. Once the PMMA is gone, lower the chip face side up into 

the acetone. Remove the chip from the acetone (do not let acetone dry on the 

chip) and spray with IPA and blow dry promptly with N2. This process preserves 

the initial CNT alignment as shown in Figure A.1.h.  

Fabricating a CNT top-gate using the PMMA transfer process 

 Figure A.2.a shows a diagram of a top-gate CNT device fabricated using 

the PMMA transfer process outlined above. First, ~2 nm of e-gun deposited Fe 

was patterned on Si/SiO2 substrates with 500 nm of thermal oxide (Nova 

Electronics), with an area of 5 m by 10 m. Carbon nanotubes were then grown 

by chemical vapor deposition (1” tube furnace) using the following recipe. (1) 

600 C open air anneal. (2) 5 minute H2 (0.45 slm) anneal at 800 C. 5  minute CNT 

growth at 900 C flowing 0.45 slm H2, 0.3 slm Ar bubbled methanol, 0.15 slm Ar 

bubbled ethanol. Electrodes were then patterned with 10 m x 15 m source-

drain contacts (1 nm Cr / 30 nm Au) with a channel separation of 4 m. This 

recipe produced ~ 10 % single CNT devices as measured by AFM.  

 

Figure A.2. (a) Diagram of a CNT top-gate placed over a CNT FET buried in 

Y2O3. (b) Image of a CNT top-gate device measured by AFM using EFM mode. 

The conductive Au electrodes are shown in yellow. The PMMA transferred CNTs 

are shown as red horizontal lines. The Y2O3 (~ 5 nm) buried CNT FET is shown 

as the vertical red line in between the source-drain contacts. The insulating oxide 

is shown as blue. 
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Single CNT circuits were then coated with ~ 3 nm of e-gun deposited 

yttrium (Y) and allowed to oxidize on a hot plate at 180 C for 10 minutes, 

forming ~ 5nm of Y2O3 (see Wang et al.
2
 for gate dielectric properties of Y2O3 

coated CNTs). Aligned CNTs were transferred perpendicular to the source-drain 

electrodes using the method outlined above. Top-gate electrodes were then 

pattered (~ 2 nm Cr / 30 nm Au). A protective photoresist layer was patterned 

over the top-gate CNTs and source-drain electrode leads, stray CNTs were then 

burned off using an O2 plasma (50 W at 150 mTorr). Figure A.2.b shows a 

completed CNT-top gate device measured by the AFM using EFM mode. Small 

source-drain probe pads and CNT top-gate pads make for easy chip design (see 

Tsai et al.
3
 for top-gate CNT design example). Insulated tungsten probe needles 

(MicroProbes part # WE30033.0B10) make it possible to directly probe small 

source-drain and gate electrode pads  (~40m x 40 m) in liquid environments. 

Electrochemical currents between the liquid gate and insulated MicroProbe 

needles remain less than 1 nA for liquid-gate voltages required to characterize 

CNT FETs in liquid. 
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Appendix B. Lysozyme conjugation to a CNT 

 Immobilizing proteins to the sidewall of a CNT, while preserving the 

electronic properties of the CNT is important for high performance biosensing 

applications. Chen et al.
4
 demonstrated that - stacking between the sidewall of 

a CNT and pyrene is strong enough to immobilize proteins to a CNT surface. 

Besteman et al.
5
 demonstrated that the collective activity of proteins 

functionalized to a CNT sidewall generate a doping effect CNT FETs. Choi et al.
6
 

showed that by using this method, the catalytic activity of a single enzyme 

tethered to a CNT side could be observed electronically.
3
 Below is a protocol for 

conjugating T4 lysozyme to the sidewall of a CNT adapted from the work of Choi 

et al. and diagramed in Figure B.1.a. 

 

Figure B.1. (a) Diagram of T4 lysozyme conjugated to a CNT using pyrene 

maleimide linker molecule. (b) Image of a silicon chip containing CNT circuits. 
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The red dotted lines highlight the parafilm window placed on the chip. The blue 

square indicated where an active CNT circuit is located. (c) Surface topology map 

of a CNT taken by AFM after T4 lysozyme conjugation. (d) Zoomed in view of 

T4 lysozyme with a diameter ~ 9 nm attached to the side wall of a CNT with a 

diameter ~ 2 nm.  

The protocol for conjugating T4 lysozyme to a CNT circuit is listed below. 

(1) Cut out a parafim window using a surgical scalpel and place over the 

desired conjugation site as shown in Figure B.1.b. Tweezers work well 

to press smooth the film down. Place on a hot plate at 115 C for 2 

minutes to seat the film. This will create a water reservoir that holds ~ 

100 l required for the protein incubation step. 

(2) Incubate chip in 1 mM pyrene maleimide in ethanol for 30 minutes 

without agitation. (3 mg pyrene maleimide / 10 ml ethanol in a 10 ml 

petri dish) 

(3) Transfer chip to bath (0.1% tween in ethanol) on an orbital shaker for 

30 minutes at 110 RPM in 10 ml petri dish. To prepare the tween 20 

solution in ethanol, add 40 l tween 20 (tween is a viscous liquid) to 

40 ml ethanol in a 50 ml centrifuge tube. Place a Teflon coated stir rod 

in the centrifuge tube and stir at 500 rpm for 5 minutes. 

(4) Transfer chip to bath of 5 ml 0.1% tween in ethanol + 5 ml of 20 mM 

phosphate buffer (PB) at pH=7.2 on orbital shaker at 100 RPM in 10 

ml petri dish 

(5) Transfer chip to water bath (10 ml 18.2 -cm DI H2O) shaking at 

110 RPM in 10 ml petri dish for 2.5 minutes. Transfer to new water 

bath and repeat once more. 

(6) Pipette ~ 100 l of lysozyme (54 mM in 20 mM PB at pH = 7.2) into 

parafilm reservoir on chip for a 60 minute incubation. (see p.98 for 

protein purification protocols) 
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(7) Transfer chip to a bath of 10 ml 20 mM PB (pH=7) shaking at 110 

RPM in 10 ml petri dish for 2.5 minutes. Transfer to a fresh PB bath 

and repeat once more. 

(8) Transfer chip to a 10 ml 18.2 -cm DI H2O bath shaking at 110 

RPM in 10 ml petri dish for 5 minutes. N2 blow dry to AFM in air. For 

liquid measurements, exchange the solution in the parafilm reservoir to 

PB with a pipette. 

Protein expression and purity 

 The Mehl lab at OSU synthesiszed the s90c lyzozyme variant required to 

tether the protein to pyrene maleimide coated CNTs. The free thiol of the cystein 

sidechain forms a stable thiolether bond with the mielimide group.
4
 The lysozyme 

variant was expressed in E-coli following the recipe of Choi et al.,
6
 using the 

following amnio acid sequence, the s90c mutation is highlighted red. 

MNIFEMLRIDEGLRLKIYKDTEGYYTIGIGHLLTKSPSLNAAKSELDKAIGRNTN

GVITKDEAEKLFNQDVDAAVRGILRNAKLKPVYDCLDAVRRAALINMVFQMG

ETGVAGFTNSLRMLQQKRWDEAAVNLAKSRWYNQTPNRAKRVITTFRTGTWD

AYKNLSHHHHHH 

 

Figure B.2 shows the results of a 15% SDS page gel on the T4 lysozme s90c 

variant. The protein was purified in two stages upon extraction from E-coli. First 

stage used a 5 ml HisTrap column followed by filtration through a superdex 75 

column. The gel results show a narrow T4 lyzozyme band around the molecular 

known molecular weight of lyzozyme at 18.6 kDa. 
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Figure B.2. 15% SDS-PAGE gel run at 180V, stained with Coomassie Blue stain.  

T4 lysozyme protein is 18.6 kDa. Column 1 shows the thermo pageruler plus 

molecular weight markers. Column 2 shows the results of the T4 elate after 

HisTrap and Superdex column purification runs. T4 lysozyme protein has a 

molecular weight of 18.6 kDa. 

Additional protein filtration  

Figure B.3 shows conjugation of lysozyme to a CNT chip using standard 

protein extraction and purification protocol outlined above (p.96). The CNT 

circuit is shown in Figure B.3.a prior to conjugation, and has a diameter of ~ 1.5 

nm as measured by AFM. Figure B.3.b shows an AFM scan of the same after 

protein conjugation using HisTrap and Superdex column purified lyzozyme. The 

CNT is no longer visible. Figure B.3.c shows an AFM scan taken after the AFM 

tip was dragged across the surface near the CNT with ~ 70 nN of force using 40 

N/m silicon AFM tip (Budget sensors).  

 

Figure B.3. (a) AFM scan of a CNT before lysozyme conjugation. (b) AFM scan 

of lysozyme conjugation following Choi et al.
3
 (recipe listed on p.96). Protein has 

completely coated the CNT. (c) AFM litho scratch (see arrow) near the CNT 

reveals ~ 1.5-2 nm film coating the SiO2 substrate. 
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The AFM scan reveals that the SiO2 substrate was coated in ~1.5 – 2 nm 

film that has buried the CNT.  These results suggest that low molecular weight 

contaminants ( ~10 kDa and below) remain after both the HisTrap and Superdex 

column purification steps. These low molecular weight impurities do not show up 

in the standard SDS- PAGE gel runs (see Figure B.2), and appear to be a major 

problem for protein conjugation to a CNT. To eliminate the low molecular weight 

contaminants,  lyszoyme stock solution (~ 1 ml volume at 2.1 mM lysozyme 

concentration in 20 mM PB at pH = 7.2) was filtered through a 10 kDa cutoff 

membrane filter using a centrifuge operating at 7830 RPM. When ~1/2 the 

volume has been pushed through the filter, PB was added to restore initial 

volume.  Repeat this process atleast 3 times. Do not let all the buffer flush through 

the filter, otherwise the lysozyme may denature on the membrane surface. After 

the filtering, reconstitute the solution with PB back to the original volume. This 

filtering protocol will produce the lysozyme conjugation results shown in Figure 

B.1.d, and eliminate the non-specific binding of low molecular weight 

contaminants shown in Figure B.3.c. 
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Appendix C. Thermolysin conjugation to a CNT 

The protocol for conjugating thermolysin to a CNT circuit is listed below. 

(1) Cut out a parafim window using a surgical scalpel and place over the 

desired conjugation site as shown in Figure B.1.b. Tweezers work well 

to press smooth the film down. Place on a hot plate at 115 C for 2 

minutes to seat the film. This will create a water reservoir that hold ~ 

100 l required for the protein incubation step. 

(2) Incubate chip in 1 mM pyrene maleimide in acetonitrile for 30 minutes 

without agitation. (3mg pyrene maleimide / 10 ml acetonitrile in a 10 

ml pyrex petri dish) 

(3) Dunk chip into a new acetonitrile bath. 

(4) Transfer chip to fresh acetonitrile bath (~10 ml) on orbital shaker at 

110 RPM for 2 minutes. 

(5) Transfer chip to water bath (10 ml 18.2 -cm DI H2O) shaking at 

110 RPM in 10 ml petri dish for 2 minutes.  

(6) Pipette ~ 100 l of 400 nM thermolysin prepared in incubation buffer 

(incubation buffer: 10 mM MOPS pH = 7, 5 mM CaCl2, 500 mM 

HPLC grade IPA) into parafilm reservoir on chip for a 30 minutes 

incubation.  

(7) Dunk chip in two separate DI H2O baths. N2 blow dry to AFM in air. 

For liquid measurements, exchange the protein solution in the parafilm 

reservoir to desired measurement buffer. 

Figure C.1 (a-c) shows the results of thermolysin conjugation (p.100 

recipe) to a CNT circuit as measured by AFM. Figure C.1.(d-e) show thermolysin 

binding to the CNT surface using the p.100 recipe, but omitting the addition of 
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pyrene maleimide in step 2. These results indicate that thermolysin binds non-

specifically to the CNT sidewall. 

 

Figure C.1. AFM scans of thermolysin conjugation to a CNT circuit. (a) Clean 

CNT circuit prior to conjugation. (b) CNT circuit after thermolysin conjugation 

(recipe p.100), same circuit as (a). (c) Zoomed in scan of CNT decorated with ~9 

nm diameter thermolysin proteins. (d) Pristine CNT circuit. (e) CNT after 

thermolysin conjugation (recipe p.100) omitting the pyrene incubation. Protein 

blobs on the CNT are ~ 9 nm in diameter. 

Figure C.2 (a-c) shows the results of thermolysin conjugation (p.100 

recipe using 4 M thermolysin concentration for step 6) to a CNT circuit as 

measured by AFM. The CNT surface and neighboring SiO2 substrate is coated in 

a ~2 nm film (see Figure C.2.c for an AFM scratch on the contaminating film 

surface). These results indicate that high concentration protein solutions contain 

low molecular weight impurities that can contaminate a CNT surface and 

surrounding substrate. 
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Figure C.2. AFM scans of thermolysin conjugation (p.100 recipe) to a CNT 

circuit using a 4 M protein concentration. (a) Clean CNT circuit prior to 

conjugation. (b) CNT circuit after 4 M thermolysin incubation. (c) AFM litho 

scratch (see arrow) near the CNT reveals ~ 2 nm film coating the SiO2 substrate. 
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