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Fabrication and characterization of junctionless carbon nanotube field effect
transistor for cholesterol detection
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We have reported fabrication and characterization of polyaniline (PANI)/zinc oxide (ZnO)

membrane-based junctionless carbon nanotube field effect transistor deposited on indium tin oxide

glass plate for the detection of cholesterol (0.5–22.2 mM). Cholesterol oxidase (ChOx) has been

immobilized on the PANI/ZnO membrane by physical adsorption technique. Electrical response

has been recorded using digital multimeter (Agilent 3458A) in the presence of phosphate buffer sa-

line of 50 mM, pH 7.0, and 0.9% NaCl contained in a glass pot. The results of response studies for

cholesterol reveal linearity as 0.5–16.6 mM and improved sensitivity of 60 mV/decade in good

agreement with Nernstian limit �59.2 mV/decade. The life time of this sensor has been found up to

5 months and response time of 1 s. The limit of detection with regression coefficient (r) � 0.998

and Michaelis-Menten constant (Km) were found to be �0.25 and 1.4 mM, respectively, indicating

high affinity of ChOx to cholesterol. The results obtained in this work show negligible interference

with glucose and urea. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892469]

Cholesterol is a waxy steroid metabolite that plays a piv-

otal role in biomedical and clinical applications. The impor-

tance of cholesterol in human metabolism is well known that

the defects in cholesterol level leads to complications of

heart that may cause hypertension and hypotension.1 Thus,

there is always an increasing demand for the development of

new methodologies for simple, rapid, and reliable quantifica-

tion of cholesterol. Development of highly sensitive, selec-

tive, and portable cholesterol biosensor is desirable for

identification of hypertension and hypotension in medical di-

agnosis. Since the development of the first biosensor by

Clark in 1962, a variety of concepts and different types of

biosensors have been proposed in the past.2 Among these,

the integration of enzyme with an ion sensitive field effect

transistor (ISFET) is one of the most attractive approaches.

Such a device is known as enzyme modified field effect tran-

sistor (EnFET), first proposed by Janata and Moss in 1976

and realized by Caras and Janata in 1980 with penicillin sen-

sitive bioreceptor onto the gate insulator of an ISFET.3 In

the last decade, many such traditional EnFETs have been

reported in literatures for the measurement of biomole-

cules.4,5 These devices have lot of potential advantages such

as small size and weight, fast response, high reliability, low

output impedance, on-chip integration, low cost, and mass

production.6–9 Nevertheless, these devices have lot of draw-

backs such as high threshold voltage, large internal contact

resistance, small ON–OFF current ratio, and complicated

fabrication process.10

Junctionless field effect transistor (JLFET) is a new con-

cept that can overcome the drawbacks of traditional FET

devices. A JLFET has no pn, nþ n, and pþ p junction in the

source-channel-drain path. It is a uniform resistor having ei-

ther n-type or p-type material through which mobile charge

carriers can be modulated by gate voltage. In the OFF state

(at zero gate bias), channel is depleted due to the difference

of workfunction between semiconductor and gate electrode.

In the ON state (positive gate bias for n-type channel), there

is large drain current due to heavily doped charge carriers.

The gate modulates the resistance of the heavily doped semi-

conductor, hence the device behaves like a gated single resis-

tor.11 JLFETs offer several advantages such as simple

fabrication process, low electric field in the ON state, and

sharp subthreshold slope.11,12 But traditional JLFET devices

have scaling limitation, viz., if the dimension of the device is

reduced by a scale factor k, then the channel resistance is

increased by square of k.13 They also suffer from low electri-

cal carrier transport mechanism (diffusion mechanism).

These drawbacks can be overcome by carbon nanotube

(CNT)-based JLFETs due to the advantages of CNTs such as

better scalability (gate length < 20 nm is possible) and high

electrical carrier transport property (ballistic transport).14–17

This Letter reports the fabrication of junctionless carbon

nanotube field effect transistor for detection of cholesterol.

Our device fabrication has started with indium tin oxide

(ITO) coated glass plate (sheet resistance � 15 X/cm2) as a

substrate. Prior to being used, ITO glass plate has been

cleaned with a solution comprising water, hydrogen perox-

ide, and ammonium hydroxide (5:2:2) and then rinsed thor-

oughly with de-ionized water.18 On the top of the ITO, a

layer of zirconium dioxide (ZrO2) has been deposited using

electrochemical deposition (ECD) technique to prevent leak-

age current from channel to ITO.18 The deposition technique

can be described as follows: 5.0 mg solid zirconium tetra-

chloride (ZrCl4) has been hydrolyzed in 5 ml water (H2O)

and sonicated for several minutes.19 Three electrode system

consisting of platinum (Pt) wire as counter electrode, silver

(Ag)/silver chloride (AgCl) as reference electrode, and ITO

as working electrode has been used for deposition and heated

at a temperature of 190 �C.18,19 On the top of the ZrO2 layer,
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potassium (K)-doped multiwall CNT (MWCNT) having car-

bon purity � 98% has been deposited using ECD tech-

nique.18 This layer that acts as source (S), drain (D), and

channel regions of FET device has been prepared as follows:

CNTs (tube length � 30 lm and diameter � 100–150 nm)

have been prepared using catalytic chemical vapor deposi-

tion (CVD) technique and functionalized using boiling acid

treatment technique before use.20,21 5.0 mg CNT has been

dispersed in 5 ml acetonitrile and sonicated for 10 min. Since

potassium is very reactive with water, that is why, solid po-

tassium hydroxide (KOH) has been dissolved in pure water

(5.0 mg/5 ml) using magnetic stirrer. KOH solution forms

Kþ, OH�, and releases heat. At the cathode, Kþ ions attach

to carbon atoms forming compound bond and behave as

charge carrier and thus, electrical conductivity of CNTs can

increase.17,22–25 On the channel region of CNT, a thin layer

of ZrO2 (thickness � 10 nm has been measured by gravimet-

ric technique) has been deposited as gate insulator of FET

using ECD technique as mentioned earlier. The high j-

dielectric (ZrO2� 25) increases gate oxide capacitance and

thus enhances drain current and reduces direct tunneling

leakage current.15 A sensing membrane consisting of polya-

niline (PANI) with zinc oxide (ZnO) nanocomposite has

been deposited on the top of the gate insulator (ZrO2) using

ECD technique.18 Nanostructured ZnO has been used due to

its unique properties including large surface area, high cata-

lytic efficiency, strong adsorption ability, and chemically sta-

bility.26–31 For preparation of ZnO solution, 10 mg zinc

acetate (Zn (CH3COO)2) has been dissolved in 10 ml dis-

tilled water and 2 ml ammonium hydroxide (NH4OH) has

been added and stirred at room temperature for several

minutes. Biocompatibility of ZnO has been increased by

adding 10 ll PANI (1M) in 10 ml ZnO solution.18,32–34 For

the simplicity of immobilization of biomolecule, the channel

length (L) and width (W) have been chosen equal to 1 and

2 mm, respectively. Due to low resistivity, low melting point,

and excellent adhesion to dielectrics, ease of deposition and

no contamination, aluminum (Al) has been used as contacts

for source and drain with CNT. The contact has been made

quasi-ohmic using depinning technique, where work function

of Al is less than that of CNT (n-type). CNT has been heav-

ily doped with potassium that raises the Fermi level towards

conduction band. Thus, Fermi level of CNT can match with

the Fermi level of aluminium.35 Polydimethylsilaxane

(PDMS) has been coated on the whole FET except channel

region for passivation purpose at the time of cholesterol mea-

surement.36 Fig. 1 shows the complete schematic of

JLCNTFET device structure.

Prior to being immobilized Cholesterol oxidase (ChOx),

intrinsic voltage gain (AV) has been calculated from the dc

characteristics curves of JLCNTFET and has been found to

be �16 using the relation AV¼ gm/gds, where, gm is called

transconductance � 25 000 lS (¼dIDS/dVGS at constant VDS)

and gds� 1600 lS (¼ dIDS/dVDS at constant gate voltage,

VGS). The ratio of on-off state drain current (ION/IOFF)

was found to be �16� 106 and sub-threshold swing (SS)

� 62.5 mV/decade (data and graph are not shown).

ChOx with �24 U/mg activity and cholesterol were pur-

chased from Sigma Aldrich (USA). ChOx solution (1 mg/ml)

has been prepared using phosphate buffer saline (PBS)

(50 mM, pH 7.0). Cholesterol stock solution with 25 mM

concentration has been prepared using Triton X-100 as sur-

factant and kept at temperature of 4 �C. PBS having 50 mM,

pH 7.0 has been prepared using sodium monophosphate

(Na2HPO4) and sodium diphosphate (NaH2PO4) with 0.9%

NaCl and used as mediator. All solutions were prepared

using de-ionized water (Milli Q 10 TS) and glassware has

been autoclaved prior to use. 1.0 ll of ChOx (1.0 mg/ml, in

PB, 50 mM, pH 7.0) has been immobilized onto PANI/ZnO

membrane of JLCNTFET using physical adsorption tech-

nique, then dried overnight under desiccated conditions and

washed with PBS to remove any unbound ChOx and stored

at 4 �C when not in use.

For measurement of cholesterol, ChOx immobilized on

the device (PANI/ZnO/JLCNTFET) with reference electrode

(Ag/AgCl) has been inserted in a glass pot containing 20 ml

PBS (50 mM, pH 7.0). Supply voltage (0–0.5 V) in step

0.1 V has been applied between source and drain where posi-

tive and negative supply has been connected to drain and

source, respectively. Reference electrode voltage (0.5–0.9 V)

in step 0.2 V has been applied between reference electrode

and source, where positive and negative supplies have been

connected to reference electrode and source, respectively. A

digital multimeter (Agilent 3458A) has been connected to

measure drain current (IDS) as shown in Fig. 2. 10 ll stock

solution of cholesterol (0.5–22.2 mM) has been added by

micropipette to PBS in the pot each time and corresponding

drain current against each cholesterol concentration has been

recorded by the digital multimeter. Equation (1) shows the

basic principle operation of an EnFET that describes how

biocatalytic transformation occurs and stimulated by enzyme

that alters pH at the gate surface by generating protons.

Here, oxidation of cholesterol with ChOx transforms to cho-

lest-4-en-3-one and H2O2 releasing proton (Hþ) to the

electrolyte solution. These protons affect the potential of the

gate interface and consequently affect the potential

FIG. 1. Schematic of junctionless CNT-based FET for detection of

cholesterol.
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difference between the gate and the source and modulate the

channel current37

Cholesterolþ O2 �!ChOx
Cholest-4-en-3-oneþ H2O2;

H2O2 �!Electrode
O2 þ 2Hþ þ 2e�: (1)

Using setup as shown in Fig. 2, drain current (IDS) has

been plotted against drain voltage (VDS) for cholesterol con-

centration (0.5–22.2 mM) at a fixed reference voltage of 0.6 V

at which maximum response obtained as shown in Fig. 3. It

has been found that up to drain voltage of 0.3 V, drain current

is linear and then saturation occurs just like in characteristics

curve of a FET. Therefore, for further experiment, VDS was

kept constant at 0.3 V. The different cholesterol concentra-

tions and corresponding drain current has been plotted as

shown in Fig. 4. This graph reveals that the device has linear-

ity for cholesterol concentration from 0.5 to 16.6 mM. The

Michaelis-Menten constant (Km) has been calculated from the

Linweaver Burk plot (plot of inverse of cholesterol concentra-

tion vs. IDS) and was found to be 1.4 mM revealing high affin-

ity immobilization of ChOx with sensing membrane of

enzyme JLFET resulting in enhanced biochemical reaction.

The interfacial potential (DVin) developed at the interface

between electrolyte solution and oxide layer of the FET can

be calculated using the following equation:7

DVin ¼ �2:3� RT

F
� log M½ �; (2)

where R is the gas constant and is equal to 8.314 J/K mol, T

is the temperature in Kelvin scale at which experiment was

performed, F is the Faraday constant and is equal to

9.6� 104 C/mol, and M is the concentration of electrolyte so-

lution in mol. The interfacial potential developed between

solid–liquid phases at room temperature can be calculated

using Eq. (2). The sensitivity of an EnFET can be determined

by measuring the shift in the interfacial potential of the de-

vice. At constant drain current and drain voltage, variation of

the interfacial potential was induced by the variation of con-

centration of electrolyte solution. Thus, sensitivity (S) of an

EnFET can be defined mathematically as38

S ¼ DVin

DCin
; (3)

where DVin is the potential between liquid and solid interface

and DCin is the pH or concentration of electrolytic solution.

Fig. 5 shows the plot of logarithm of cholesterol concentra-

tion and interfacial potential at 25 �C. The slope of the graph

gives the sensitivity and has been found to 60 mV/decade

which is in good agreement with Nernstian response

(59.2 mV/decade) at room temperature. The sensitivity also

depends on the variation of the interfacial potential of the de-

vice due to charge variation on the membrane-solution inter-

face explained by Guoy–Chapman–Stern theory.37 Limit of

detection (LoD) is the lowest quantity of a substance, which

FIG. 2. A system for measurement of electrical response of cholesterol using

digital multimeter (Agilent 3458A).

FIG. 3. Electrical responses of different cholesterol concentrations at tem-

perature of 25 �C.

FIG. 4. Variation of electrical response with different cholesterol concentra-

tion at drain voltage of 0.3 V and temperature of 25 �C.
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can be detected and it is an important parameter for biosen-

sors. Mathematically, limit of detection can be defined as fol-

lows and has been found to be 0.2 mM:39

LoD ¼ 3� r
S

; (4)

where r is called standard deviation and S is the slope of the

curve drawn between substrate concentration and their

responses. r has been calculated using the following equa-

tion and has been found to7.7 mM:40

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x� �xð Þ2

n� 1

s
; (5)

where x and �x are the sample value and average value of the

samples, respectively, and n is number of samples to be

detected. The regression coefficient (r) is a statistical param-

eter that correlate linearity and mathematically can be calcu-

lated as in the following equation41 and has been found to be

�0.998:

r ¼
P

dxidyiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
dx2

i

P
dy2

i

p : (6)

The effect of temperature on PANI/ZnO/JLCNTFET

has been investigated by measuring drain current using same

procedure as mentioned earlier for 13.3 mM of cholesterol

solution in PBS (50 mM, pH 7.0) and varying temperature

from 20 to 40 �C. The maximum response has been found in

the temperature range of 30–35 �C as shown in Fig. 6.

The interference on cholesterol (13.3 mM) solution due

to the presence of uric acid (11.1 mM), glucose (13.3 mM),

and urea (16.6 mM) has been studied at the same environ-

mental conditions. The results shown in Fig. 7 reveal that

there is no significance change in the measured response.

The percentage of interference can be calculated using the

following equation:42

%Interference ¼ Ichol � Iint

Ichol
� 100; (7)

where Ichol is the drain current for cholesterol only and Iint is

the drain current for mixtures. It has been found that average

percentage of interference of cholesterol with other solution

is �2%. The experiment has been performed at the same

environmental conditions (data not shown) in every week for

5 months and has been found that the device has �98% ac-

tivity for cholesterol detection at normal condition. Two cho-

lesterol samples of 5.5 and 16.6 mM were studied using

same procedure and condition as mentioned above for about

10 times and only 2% variation of the response has been

observed (data not shown). Table I shows comparison of this

work with other FET based biosensors reported in literatures.

From the table, it is observed that this device has

improved sensitivity, fast response, long stability, and good

linearity as compared to other works.

The present study has addressed the fabrication and

characterization of CNT based JLFET using electrochemi-

cal deposition technique for detection of cholesterol. This

integrated device shows improved sensitivity of 60 mV/dec-

ade which is in good agreement with Nernstian response

of 59.2 mV/decade. This miniaturized device requires

minimal instrumentation and can be rapidly fabricated.

FIG. 5. Effect on interfacial potential due to different cholesterol concentra-

tion at drain voltage of 0.3 V and temperature of 25 �C.

FIG. 6. Effect of temperature on cholesterol responses at drain voltage of

0.3 V and cholesterol concentration of 13.3 mM.

FIG. 7. Effect of interference on cholesterol response with various mixtures

at temperature of 25 �C and drain voltage of 0.3 V.

053509-4 Md. A. Barik and J. Ch. Dutta Appl. Phys. Lett. 105, 053509 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

14.139.219.242 On: Mon, 26 Oct 2015 05:35:02



Reproducibility, repeatability, and insignificant interference

are major factors observed in this work. The efforts are

being made to utilize this nano-structured FET based sensor

in the field of nano bioelectronics for estimation of other

clinical parameters such as glucose, urea, and

acetylcholine.
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