
  

 

Abstract-One of the major limitations in the development of 
ultrasensitive electrochemical biosensors based on one 
dimensional nanostructure is the difficulty involved with 
reliably fabricating, testing and characterizing nanoelectrode 
arrays (NEAs). In this work, to ensure nanoelectrode behavior 
and higher sensitivity, Vertically Aligned Carbon Nano Fibers 
(VACNFs) are precisely grown on 100 nm Ni dots with 1μm 
spacing on each micro pad. However, in order to grow 
nanofibers uniformly, a detailed study on etchant effect and 
temperature is required. In this paper, we study temperature 
effect on unetched and etched VACNFs and measure these 
nanoscale features with Atomic Force Microscope (AFM). With 
this method, both the 2-D and 3-D images of sample surface are 
generated and the effect of temperature on carbon nanofiber 
dimensions (diameter and height) is statistically analyzed.  

I. INTRODUCTION 
T has been known for over a century that filamentous 

carbon can be grown by catalytic decomposition of a 
carbon source onto a metal surface. In a US patent 

published in 1889 [1], it is narrated that carbon filaments are 
grown from carbon containing gases using an iron crucible. 
Despite of the high probability that this early material is a 
carbon nanofiber and due to the lack of appropriate tools to 
verify this observation, scientists waited until the invention 
of high resolution microscope to verify the observation. 
Research works through the 1950s have shown that 
filamentous carbon can be grown onto a heated metal 
surface using a variety of hydrocarbons, other gases and 
metals the most effective of which were the iron, cobalt and 
nickel. In 1985, Buckminster fullerene C60 was discovered 
by team headed by Kroto [2] followed by the illustration of 
IIjima [3] that carbon nanotubes are formed during arc 
discharge synthesis of C60. Throughout the evolution, 
detection of diseases and their causing pathogens have 
become a big challenge for the researchers. Initially, 
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researchers used to rely on indicator organisms for 
predicting the disease. But with the increase in awareness of 
the diversity exhibited by microbes, researchers have 
concluded that use of indicator organism is no more a safe 
practice for quantification [4]. Thus the need for fast, 
reliable, ultrasensitive, portable and automated devices has 
increased. Newer methods involving immunofluorescence 
techniques and nucleic acid analysis provide valuable 
opportunities for rapid and more specific analytical methods. 
Particularly, electrochemical (EC) biosensors are attractive 
for detecting a wide range of species, including proteins, 
nucleic acids, small molecules and viruses because of their 
relative simplicity, portability, low cost and low power 
requirement. EC biosensors consist of two primary 
components: a recognition layer containing a biomolecule 
and an electrochemical signal transducer. They make use of 
electrochemical reactions or the surface property changes 
upon target binding. Advances in microfabrication 
technology have provided electrode configurations such as 
microelectrode arrays [5] and interdigitated arrays (IDA) [6], 
but their performance can be further enhanced by 
miniaturizing to nanoscale. Recent progress in 
nanofabrication technologies like electron beam lithography 
and nanoimprinting enable fabrication of one-dimensional 
nanostructure electrodes, like carbon nanofibers [7-9], 
carbon nanotube bundles [10-11], nanoscale IDA [12], 
silicon nanowires [13] and diamond nanowires [14], which 
are capable of high spatial and temporal resolutions, possibly 
yielding sufficient sensitivity to single molecule detection. 
Among various types of one-dimensional nanoscale 
electrodes, vertically aligned carbon nanofibers (VACNFs) 
have received tremendous attention because of their 
attractive properties such as high electrical and thermal 
conductivities, superior mechanical strength, a wide 
electrochemical potential window, flexible surface chemistry 
and biocompatibility [15-16]. Compared to other carbon 
materials such as glassy carbon, carbon black, carbon 
microfibers, and pyrolytic graphite, the open-ended VACNF 
arrays present well-defined edgeplane structure suitable for 
selective covalent functionalization of primary amine-
terminated oligonucleotide probes. One hindrance in 
miniaturization of devices based on VACNFs is their 
inability to grow uniformly. After the first successful 
development of carbon nanofibers, many researchers have 
proposed and grown the fibers using different techniques. Of 
these, catalyst enhanced Plasma Enhanced Chemical Vapor 
Deposition (PECVD) is the most common. Even though we 
know the carbon nanofibers for more than a century, yet the 
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methods of developing them need refinement in order to 
develop fibers of uniform size and shape. From closer look 
into the fabrication approaches, temperature and etching are 
the processes which might hinder the uniform growth of 
fibers. Hence a study in these relevant fields is of prime 
importance.  With an increase in the number of ways that are 
available for the fabrication of Vertically Aligned Carbon 
Nanofibers (VACNFs), the need for the advanced 
microscopic analysis tools has increased. From a close look 
into the fabrication methodologies, it can be inferred that as 
a part of end operations, substrate chip including fibers is 
treated with several etchants which can either react or leach 
the substances that are present over the surface of the 
substrate or the substrate itself. Hence end operations like 
etching might play a predominant role in the development of 
fibers with uniform characteristics. 

The relationship between the nanoparticle diameter to its 
surface and bulk temperature is given by Guiliber [17] as 
follow:  
 

  (1) 

 
Where, Tx is surface temperature, Tx,∞ is bulk temperature, 

α is height, D is diameter and S is spin number. A regression 
line equation is developed from the lab experiments using 
Taguchi’s approach [18] and then compared with Guiliber’s 
equation to see if the experimental results are in accordance 
with theory.  
 

II. ATOMIC FORCE MICROSCOPY 
Atomic Force Microscope (AFM) is a very high 

resolution type of scanning probe microscope that has 
resolution of fractions of a nanometer. The AFM was 
created specifically to generate a three-dimensional view of 
a scanned object, unlike the Scanning Electron Microscope 
(SEM) that can only produce two dimensional views. With 
the ability to scan almost any type of surface, the AFM is 
used in many types of research. Surfaces include polymers, 
ceramics, composites, glass, and biological samples. The 
AFM also has a variety of operation modes including contact 
mode, lateral force microscopy, noncontact mode, tapping 
mode, and phase imaging. This feature induces the stunning 
capabilities of this microscope by only applying a simple set 
of modifications. The microscope uses a micro scale 
cantilever with a probe at the end that is used to scan a 
surface. A beam deflection system consisting of a laser and 
photo detector is built into the microscope to measure the 
position of the beam and ultimately the position of the 
cantilever tip. To calculate the force, Hooke’s Law, F= -kz 
where F is the force, k is the spring constant of the 
cantilever, and z is the displacement of the cantilever, is 
used. The laser beam is placed on the cantilever tip and the 
beam deflection measures the displacement the sample 

exerts on the cantilever. The spring constant is known based 
on what type of scanning probe is used. With its three 
dimensional capabilities and ability to operate in air rather 
than a vacuum sealed environment, the Atomic Force 
Microscope aids many studies in biological macromolecules, 
tribiology, optical and imaging sciences. The microscope has 
the capabilities of scanning living organisms through the 
study of measurements of protein-ligand interactions on 
living cells and many other research applications. The 
atomic force microscope has been used as the primary 
microscope in the direct measurement of inter atomic force 
gradients, detection and localization of single molecular 
recognition events, single molecule experiments at the solid-
liquid interface and fractured polymer/silica fiber surface 
research. Owing to the advantages stated above, AFM is 
capable enough to complete the size measurement of the 
nanofibers. 

III. FABRICATION OF NANO ELECTRODE ARRAY CHIPS 

The intensively sensitive fabrication process of vertically 
aligned carbon nanofibers (VACNFs) nano electrode arrays 
(NEAs) includes six major steps done on a four inch silicon 
(100) wafer that is previously coated with 500 nm of silicon 
dioxide. The steps of the fabrication process of both 
Unetched and etched are shown in Fig. 1. The steps include 
A) metal deposition; (B) Nano-patterning of Ni catalyst dots; 
(C) directional growth of CNFs; (D) silicon dioxide 
deposition for electrical isolation and mechanical support; 
(E) chemical mechanical polishing (CMP) to expose CNF 
tips and (F) a wet etch with 7:1 HF. 

A. Deposition of Metal 
Electron beam evaporation is used to deposit a 200 nm 

thick Cr film and then the wafer is immersed in acetone for 
one hour. Once removed from the acetone, the wafer is 
sprayed with methanol and isopropyl alcohol and blown dry 
with N2. 
 

Fig. 1.  Schematic showing the steps involved in unetch and etch fabrication 
of VACNFs 
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B. Growth of CNFs 
The next step is growing the VACNFs on the nickel dots 

that were created in step B. The growth is DC-biased 
PECVD growth. At a processing pressure of 6.3 mbar, 
plasma power of 180W and 700 degrees Celsius, 125sccm 
C2H2 feedstock and 444sccm NH3 diluents were initiated. 
Then a five minute thermal annealing at 600 degrees Celsius 
is carried out following with 250 sccm NH3. To attain the 
growth temperatures and thermal anneal needed, a 60 degree 
Celsius per minute incline was used. Each individual CNF 
vertically arranged to freely stand on the surface with Ni 
catalyst on each tip. To check and affirm the process was 
done correctly, a fifteen minute deposition was conducted. 
The average results included a height of 1.5 microns, 100 
nanometer base diameter and 70 nanometer tip diameter. 
The uniformity of the growth was then checked by SEM.  

C. Deposition of Silicon Dioxide 
PECVD of silicon dioxide is managed next. To passivate 

the sidewalls of each individual fiber, a 3 micron SiO2 layer 
was deposited onto the wafers using a pressure of 3Torr, 
temperature of 400 degrees Celsius and RF power of 
1000W. The process included a parallel plate, dual RF, 
PECVD using a mixture of 6000 sccm of O2 and 2-3 ml/min 
of tetraethlyorthosilicate (TEOS). A highly conformal 
coating of SiO2 was created on the newly created fibers and 
interconnects. 

D. Chemical Mechanical Polishing 
By CMP, existing of stock removal and final polish, the 

overrun oxide and a portion of the VACNF’s are removed. 
This process involved removing the existing material with 
0.5 m alumina (pH 4) at 10 ml/min, 60-rpm platen, 15-rpm 
carrier, and 15 psig down force at 150nm/min. A 0.1 μm 
alumina (pH 4) at 10 ml/min, 60-rpm platen, 15-rpm carrier, 
and 25 psig down force was operated for final polish at 
20nm/min. The wafer was cleaned by immersing it into a 
solution composed of water, hydrogen peroxide, and 
ammonium hydroxide at a ratio of 80:2:1 respectively and 
then spin-dried. The aim to re-expose the VACNF tips was 
carried out as well as planarization of the surface. 

IV. EXPERIMENTAL SETUP 
Fabricated chips are now subjected to variable 

temperatures at a constant humidity and changes in the 
dimensions of the fiber are recorded. Taguchi’s method of 
statistical analysis is used for the evaluation of the nanofiber 
dimensional changes with temperature. In this method, a 
chip is taken and placed in the Environmental chamber 
(Manufactured by Cincinnati Sub Zero model No. MCBH 
1.3) after attaining the required temperature and Constant 
relative humidity of 10%. They are held there for 30 minutes 
then cooled down back to the room temperature of 23oC.  
The chips are then treated in the dry box to bring down the 
humidity to less than 1% and the dimensions are measured 
using the AFM. 

In order to accurately determine the height and diameter 
of the VACNFs before and after treating in the 
environmental chamber, an Atomic Force Microscope is 
employed. The AFM used in the experiment is the Agilent 
5500-ILM highly sensitive microscope shown in Fig. 2. The 
scanning and characterization is done under Acoustic AC 
(tapping) imaging mode as shown in Fig. 3. The AFM probe 
utilized during imaging has a resonant frequency of 190 kHz 
and a spring constant of 48 N/m. As introduced in the AFM 
specification, during intermittent contact, the tip is brought 
close to the sample so that it lightly contacts the surface at 
the bottom of its travel, causing the oscillation amplitude to 
drop. Hence, we may completely ignore the influence of the 
cantilever tip during the size measurement as it cannot 
change anything of the target shape without contacting. It is 
important to note that the VACNFs are not 
electrochemically treated. 

As shown in Fig. 2, the sample chip containing nine 
electrode arrays after treating in the environmental chamber 
will be placed over the target holder and is placed in the 
microscope for scanning. By using a light microscope, we 
tried to see the surface over the unetched and etched 
substrate. The surface looks like as shown inset of Fig. 2. 

As shown in the Fig. 3, as the tip touches the surface, 
there will be a change in the frequency of the wave. 
Computer software records the changes in wavelength and 
converts it to real time surface topography. 

 
Fig. 2.  AFM-based experimental setup showing the sample holder and 
chips for scanning and characterization. 
 

V. EXPERIMENTAL RESULTS 

A. Environmental Chamber Treatment 
Both Unetched and etched chips are treated in the CSZ 

(Cincinnati Sub Zero) Microclimate environmental chamber 
at a fixed relative humidity of 10% and varying the 
temperature in the range of -90oC – 120oC with 5oC 
increment. The chips are treated for 30 minutes and then 
dried in dry box until the relative humidity falls below 5%. 
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The carbon nanofibers dimensions are then measured using 
the Atomic Force Microscopy. 

B. Scanning and Measurement 
Before measuring the size of VACNFs and cavities their 

location should be found out. Thus, we scan a 5 μm x 5μm 
square area in the middle of the chip. After locating the 
fibers in the scanned area, we zoom into a 2μm square area, 
which encloses the identified nanofiber tips and cavities in 
order to obtain clear scan image and guarantee a better and 
more accurate measurement. When a fiber appears clear in a 
scan topography image, a straight line is drawn in any 
direction in the 2-D topography image to cross the target. At 
the same time, we obtain the vertical information along the 
line to complete a measurement. This procedure is repeated 
until adequate amount of data is collected before starting on 
another array.  

 
Fig.  3. AFM probe motion under Acoustic AC Mode: a. (1) AC applied to 
the nose cone; (2) the base body of the cantilever beam; (3) the cantilever 
bean with its tip; b. & c. the cantilever driven to oscillate in sinusoidal 
motion. 

 
A 2-D cross section image of roughly 5 μm square area is 

shown in Fig. 4. Patterned carbon nanofibers are clearly 
visible in the figure. After having a clear view of the fibers, 
we zoom in the scan area to get a better view of the fibers by 
zooming into a scan area of approximately 2μm square as 
shown in Fig. 5.  For the measurement of dimensions (height 
and diameter) of each fiber is carried out by drawing a linear 
line across the fiber to get a graphical 2-D image Figures 6 
and 7 shows the graphical representation of the nanofibers 
over the unetched and etched surfaces respectively. These 
figures are obtained by drawing a line across the fiber in Fig. 
5. This line gives a profile of the height. The peak is clearly 
seen in the figure and it corresponds to the VACNF. The 
distance between the base points gives the diameter while 
the distance from the base line to peak is the height. The 
fiber dimensions are independent of the tip width. 

 
Fig. 8 shows a clear 3-D image from the 2-D image. It 

provides a better understanding of the material 
characteristics. 

 
Fig. 4.  A 2-D cross section image from the AFM showing the patterned 
CNF. Cross section area is 5μm × 5μm. 

 
Fig. 5.  A 2-D cross section image from the AFM showing the patterned 
CNFs. Cross section area is 1.2μm × 1.4μm. 
 
 

 
Fig. 6. Cross section information for measurement based on line crossing 
(unetched) 
 

To ensure the accuracy, ten readings are recorded for each 
of the nine nanoelectrode array and then the average of 90 
readings is calculated. In this way, the results are precise and 
accurate. Tables containing the average values of diameter 
and height of nanofibers for unetched and etched chips at 
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each different temperature and constant humidity are shown 
in Table I and Table II respectively. 
 

 
Fig. 7. Cross section information for measurement based on line crossing 

(etched) 

 
Fig. 7.  A 3-D cross section image from the AFM showing the patterned 
CNFs. Cross section area is 1.2μm × 1.4μm. 
 

C. Result Discussion 
The experimental results clearly illustrate the effect of 

etchant and temperature on the fiber dimensions (height and 
diameter). The average diameter has fallen down by 15 nm 
roughly in each case while there is no significant change in 
the average height from unetched to etched chips after the 
temperature treatment.  Regarding the theory, materials 
expand upon heating and contract upon cooling. This can be 
clearly observed from the tables as there is an increase in the 
diameter with increase in temperature while there is decrease 
in height with increase in temperature. Thus the results are in 
accordance with the theoretical predictions. Looking at the 
Tables I and II, it can be inferred that the height is almost the 
same after the temperature treatment for both unetched and 
etched chips while there is a similar difference in diameter 
throughout the treated temperature range.  

 
D. Statistical Analysis 
For the experiments like these with high data acquisition, 

statistical analysis is of pivotal importance. In statistics, a 
confidence interval (CI) is an interval estimate of the overall 
population. It would help us define the population more 
accurately by defining them by a range which includes the 
mean of the population. This in general is calculated based 
on the mean and standard deviation of the population.  The 
range varies based on the percent of the population that 
should be included. In general for a huge data, 95% 
population inclusion will be a very good estimate. Hence we 

calculate the confidence interval for 95% population 
following equation (2) for calculating the confidence 
intervals.  
 

  (2) 
 

TABLE I: AVERAGE DIAMETER AND HEIGHT OF NANOFIBERS 
ON UNETCHED SURFACE AT DIFFERENT TEMPERATURE AND 

CONSTANT HUMIDITY 

Temperature 
(oC) 

Humidity 
(%) 

Average diameter 
(nm) 

Average 
height(nm) 

25 10 144.36 8.9 

30 10 115.76 7.15 

35 10 136.14 7.38 

40 10 144.79 5.52 

45 10 142.27 8.72 

50 10 154.48 6.83 

55 10 129.26 5.69 

60 10 147.32 4.65 

65 10 133.74 5.77 

70 10 140.34 8.79 
 

TABLE II: AVERAGE DIAMETER AND HEIGHT OF NANOFIBERS 
ON ETCHED SURFACE AT DIFFERENT TEMPERATURE AND 

CONSTANT HUMIDITY 

Temperature 
(oC) 

Humidity 
(%) 

Average diameter 
(nm) 

Average 
height(nm) 

25 10 135.19 9.9 

30 10 127.51 10.88 

35 10 124.31 9.98 

40 10 134.22 8.74 

45 10 186.16 6.68 

50 10 123.27 8.25 

55 10 134.74 7.94 

60 10 105.45 7.05 

65 10 132.82 7.94 

70 10 120.32 9.57 

 
Where,  is the mean values of the samples; Z, the critical 

value, is equal to 1.96 in a 95% CI; σ is the standard 
deviation and N is the number of the samples which is equal 
to 90 in this case. Detailed confidence interval for each 
temperature is given in Tables III and IV.  A sample 
calculation is shown below. For instance at temperature of -
35oC, the average diameter is 136.14 nm while the average 
height is 7.38nm. And their standard deviations are 9.95nm 
and 1.39nm respectively. Now using the Z-value of 1.96, we 
can calculate substituting the values in equation (2). Thus 
the confidence interval will be {136.14 – 1.96 × 9.95/ 900.5, 
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136.14 + 1.96 × 9.95/ 900.5}. Thus we attain the confidence 
interval for the inclusion of 95% population.  
 
TABLE III: CONFIDENCE INTERVALS OF DIAMETER AND HEIGHT 

FOR UNETCHED CHIP AT DIFFERENT TEMPERATURES 

Temp (oC) 

Diameter CI Height CI 

LB UB LB UB 

25 142.77 145.95 8.67 9.13 

30 115.06 116.46 7.01 7.29 

35 135 137.28 7.23 7.53 

40 143.95 145.62 5.39 5.66 

45 141.04 143.51 8.51 8.93 

50 153.47 155.49 6.67 7 

55 127.26 131.26 5.6 5.77 

60 146.16 148.49 4.52 4.77 

65 130.29 137.19 5.55 5.98 

70 138.71 141.96 8.59 8.99 
CI indicates confidence Interval. LB, UB indicates Lower and Upper 
Boundaries respectively. All dimensions are in nm. 
 
TABLE IV: CONFIDENCE INTERVALS OF DIAMETER AND HEIGHT 

FOR ETCHED CHIP AT DIFFERENT TEMPERATURES. 

Temp (oC) 

Diameter CI Height CI 

LB UB LB UB 

25 129.54 140.83 9.11 10.61 

30 120.33 134.69 9.97 11.78 

35 117.88 130.74 9.23 10.73 

40 124.45 144 7.98 9.51 

45 179.78 192.55 6.2 7.16 

50 116.87 129.68 7.89 9.8 

55 126.56 143.53 7.15 8.74 

60 99.31 111.59 6.42 7.69 

65 126.31 139.34 7.3 8.58 

70 114.18 126.46 8.87 10.27 
CI indicates confidence Interval. LB, UB indicates Lower and Upper 
Boundaries respectively. All dimensions are in nm. 
 
There is a broader confidence interval for the etched chip 
because of the higher standard deviation. This clearly 
indicates that the etchant has a severe effect on the size of 
the nanofiber.  

VI. CONCLUSION 
Present study concludes that there is a definitive effect of 

etchant and temperature on the nanofiber dimensions. The 
use of HF as the etchant is highly affecting the nanofiber 
dimensions and should be considered while fabricating 
fibers on the chip. Temperature is also an important 
parameter that needs to be taken care while fabricating the 
VACNFs on the chip. 
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