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ABSTRACT

In this paper we discuss a new technique to image
the surfaces of metallic substrates using field emission
from a pointed array of carbon nanotubes (CNTs). We
consider a pointed height distribution of the CNT array
under a diode configuration with two side gates main-
tained at a negative potential to obtain a highly intense
beam of electrons localized at the center of the array.
The CNT array on a metallic substrate is considered as
the cathode and the test substrate as the anode. Scan-
ning the test substrate with the cathode reveals that
the field emission current is highly sensitive to the sur-
face features with nanometer resolution. Surface fea-
tures of semi-circular, triangular and rectangular geome-
tries (projections and grooves) are considered for simu-
lation. This surface scanning/mapping technique can be
applied for surface roughness measurements with nano-
scale accuracy, micro/nano damage detection, high pre-
cision displacement sensors, vibrometers and accelerom-
eters, among other applications.

Keywords: carbon nanotube, field emission, surface
imaging, pointed height distribution, array, sensor.

1 INTRODUCTION

Field emission from Carbon Nanotubes (CNTs) was
first reported in 1995 by three research groups [1]-[3].
With significant research attention, CNTs are currently
ranked among the best field emitters. CNTs grown on
substrates are used as electron sources in field emission
applications. One such application of significant interest
is the use of CNT based field emission in imaging devices
like electron microscopes [4]-[6]. However, fluctuation of
field emission current from CNTs poses certain difficul-
ties in their use in imaging probes and X-ray devices.
This problem arises due to deformation of the CNTs
due to electrodynamic force field and electron-phonon
interaction. It is of great importance to have precise
control of emitted electron beams right near the CNT
tips.

Field emission from CNTs is difficult to character-
ize using simple formulae or data fitting, which is due
to (1) electron-phonon interaction; (2) electromechan-
ical force field leading to stretching of CNTs; and (3)

ballistic transport induced thermal spikes, coupled with
high dynamic stress, resulting in degradation of emis-
sion performance at the device scale. Fairly detailed
physics-based models of CNTs considering the aspects
(1) and (2) above have already been developed by the
authors [7]-[11]. A new array configuration with stacked
array of CNTs with pointed height distribution of the
CNTs was analyzed by the authors [12]- [13] and it was
shown that the current density distribution is greatly lo-
calized at the middle of the array, the scatter due to elec-
trodynamic force field was minimized and the tempera-
ture transients were much smaller compared to those in
an array with random height distribution.

In the present paper, the proposed pointed array con-
figuration of the CNTs on a metallic cathode substrate
is used to image the surfaces of metallic substrates. This
is done my making the test substrate as the anode and
scanning the surface by moving the cathode over it in
controlled paths (for e.g. a Raster scan). Since, the
new configuration with additional side gates provides a
highly intense beam of electrons localized at the center
of the array (diameter of the electron beam is compara-
ble to the diameter of a CNT), surface features of the
order of a few nano meters are imaged with high degree
of accuracy. We perform simulations on assumed surface
features of semi-circular, triangular and rectangular ge-
ometries (projections and grooves) and prove that the
discussed method is highly sensitive and equally accu-
rate in reproducing minute surface features.

2 MODELING APPROACH

Let NT be the total number of carbon atoms (in
CNTs and in cluster form) in a representative volume
element (Vcell = ∆Ad), where ∆A is the cell surface
interfacing the anode and d is distance between the in-
ner surfaces of cathode substrate and the anode. Let
N be the number of CNTs in the cell, and NCNT be
the total number of carbon atoms present in the CNTs.
We assume that during field emission some CNTs are
decomposed and form clusters. Such degradation and
fragmentation of CNTs can be treated as the reverse
process of CVD or a similar growth process used for
producing the CNTs on a substrate. Hence,

NT = NNCNT + Ncluster , (1)
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where Ncluster is the total number of carbon atoms in
the clusters in a cell at time t and is given by

Ncluster = Vcell

∫ t

0

dn1(t) , (2)

where n1 is the concentration of carbon clusters in the
cell. By combining Eqs. (1) and (2), one has

N =
1

NCNT

[

NT − Vcell

∫ t

0

dn1(t)

]

. (3)

The number of carbon atoms in a CNT is proportional
to its length. Let the length of a CNT be a function of
time, denoted as L(t). Therefore, one can write

NCNT = NringL(t) , (4)

where Nring is the number of carbon atoms per unit
length of a CNT and can be determined from the geom-
etry of the hexagonal arrangement of carbon atoms in
the CNT. By combining Eqs. (3) and (4), one can write

N =
1

NringL(t)

[

NT − Vcell

∫ t

0

dn1(t)

]

. (5)

In order to determine n1(t) phenomenologically, we em-
ploy a nucleation coupled model developed by us previ-
ously [7]. Based on the model, the rate of degradation
of CNTs (vburn) is defined as

vburn = Vcell

dn1(t)

dt

[

s(s − a1)(s − a2)(s − a3)

n2a2
1 + m2a2

2 + nm(a2
1 + a2

2 − a2
3)

]1/2

,

(6)
where a1, a2, a3 are lattice constants, s = 1

2
(a1+a2+a3),

n and m are integers (n ≥ |m| ≥ 0). The pair (n,m)
defines the chirality of the CNT. Therefore, at a given
time, the length of a CNT can be expressed as h(t) =
h0 − vburnt, where h0 is the initial average height of
the CNTs and d is the distance between the cathode
substrate and the anode.

In the absence of electronic transport within a CNT
and field emission from its tip, the background electric
field is simply E0 = −V0/d, where V0 = Vd − Vs is the
applied bias voltage, Vs is the constant source potential
on the substrate side, Vd is the drain potential on the
anode side and d, as before, is the clearance between
the electrodes. The total electrostatic energy consists
of a linear drop due to the uniform background electric
field and the potential energy due to the charges on the
CNTs. Therefore, the total electrostatic energy can be
expressed as

V(x, z) = −eVs−e(Vd−Vs)
z

d
+

∑

j

G(i, j)(n̂j −n) , (7)

where e is the positive electronic charge, G(i, j) is the
Green’s function [14] with i indicating the ring position

and n̂j describing the electron density at node position
j on the ring. In the present case, while computing
the Green’s function, we also consider the nodal charges
of the neighboring CNTs. This essentially introduces
non-local contributions due to the CNT distribution in
the film. We compute the total electric field E(z) =
−∇V(z)/e, which is expressed as

Ez = −
1

e

dV(z)

dz
. (8)

The current density (J) due to field emission is obtained
by using the Fowler-Nordheim (FN) equation [15]

J =
BE2

z

Φ
exp

[

−
CΦ3/2

Ez

]

, (9)

where Φ is the work function of the CNT, and B and
C are constants. Computation is performed at every
time step, followed by update of the geometry of the
CNTs. As a result, the charge distribution among the
CNTs also changes and such a change affects Eq. (7).
The field emission current (Icell) from the anode surface
corresponding to an elemental volume Vcell of the film is
then obtained as

Icell = Acell

N
∑

j=1

Jj , (10)

where Acell is the anode surface area and N is the num-
ber of CNTs in the volume element. The total current is
obtained by summing the cell-wise current (Icell). This
formulation takes into account the effect of CNT tip ori-
entations, and one can perform statistical analysis of the
device current for randomly distributed and randomly
oriented CNTs.

3 SIMULATION METHODOLOGY

In the simulation and analysis, the distance between
the cathode substrate and flat anode surface was taken
as 34.6 µm. Fig. 1 shows the schematic representation

Figure 1: A schematic diagram of the pointed CNT ar-
ray grown on a metallic cathode substrate scanning a
substrate, whose surface has to be imaged.
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of the pointed CNT array scanning the test surface.
Surface features of various geometries like semi-circular,
triangular and rectangular are assumed for simulation.
Each of the surface feature is considered as a projection
and groove on the flat surface of the anode. The maxi-
mum height of these features is limited to 300 nm. Due
to computational limitations each feature is divided into
only nine points where the scan is performed. Increas-
ing the number of scan points will significantly improve
the resulting current profile. The height of CNTs in the
array varies from 6 µm at the edges to 12 µm at the
centre of the array. The constants B and C in Eq. (9)
were taken as (1.4× 10−6)× exp((9.8929)×Φ−1/2) and
6.5 × 107, respectively [16].

4 RESULTS AND DISCUSSIONS

Fig. 2 shows the spatial distribution of emission cur-
rent density in the pointed array as compared to other
array configurations like uniform, random and V-shape.
It is clear that the emission is stable and it is focused to-
wards the middle of the array. This is a very important

Figure 2: Current density distribution at the tips of 100
carbon nanotubes considered in the array with various
height distributions. The current density distribution
for the pointed array is focused at the centre of the array
with a beam diameter comparable to the diameter of a
single CNT.

phenomenon observed only in the pointed array configu-
ration, which enables it to be used for surface scanning.

Figs. 3-8 show the schematic diagrams of the various
surface features considered for simulation and the re-
spective field emission current profiles obtained after the
scans. Each feature is divided into nine equally spaced
points (a-i), where the scans are performed. It is evi-
dent from Figs. 3-8 that the topography of the minute
(300 nm) features is captured very effectively with spa-
tial resolutions as small as 10 nm.

Figure 3: A semi-circular projection and groove of 300
nm radius on the surface of a substrate considered for
simulation. The distance between the cathode and the
flat surface of the anode (d) is 34.6 µm. The projection
and the groove are scanned at 9 different points (a-i).
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Figure 4: Field emission current profile obtained by
scanning (a) semi-circular projection on the surface of
the anode (b) semi-circular groove on the surface of the
anode.

Figure 5: A triangular projection and groove of 300 nm
height on the surface of a substrate considered for sim-
ulation. The distance between the cathode and the flat
surface of the anode (d) is 34.6 µm. The projection and
the groove are scanned at 9 different points (a-i).
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Figure 6: Field emission current profile obtained by
scanning (a) triangular projection on the surface of the
anode (b) triangular groove on the surface of the anode.

Figure 7: A rectangular projection and groove of 300
nm height on the surface of a substrate considered for
simulation. The distance between the cathode and the
flat surface of the anode (d) is 34.6 µm. The projection
and the groove are scanned at 9 different points (a-i).
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Figure 8: Field emission current profile obtained by
scanning (a) rectangular projection on the surface of
the anode (b) rectangular groove on the surface of the
anode.

5 CONCLUSION

In this paper a new technique to image the sur-
faces of metallic substrates using field emission from a
pointed array of carbon nanotubes has been proposed.
A pointed height distribution of the carbon nanotube ar-
ray under a diode configuration is considered to obtain a
highly intense beam of electrons localized at the centre
of the array. Simulations are performed on various as-

sumed surface features of standard geometries and the
resulting field emission current profiles are plotted. The
proposed method of scanning is very effective as it cap-
tures the topography of the surface features accurately
with a resolution of almost 10 nm. This technique can be
applied for surface roughness measurements with nano-
scale accuracy, micro/nano damage detection, high pre-
cision displacement sensors, vibrometers and accelerom-
eters, among other applications.
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