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A B S T R A C T

The technology of structuring arrays of multilayer carbon nanotubes using pulsed laser radiation is presented.
Arrays of two types nanotubes (long and short) with different morphologies were synthesized on a silicon
substrate by the method of plasma enhanced chemical vapor deposition from the gas phase. Samples with arrays
of nanotubes located strictly perpendicular to the silicon substrate were obtained using an ytterbium fiber laser
(1064 nm) with a galvanometric scanner. Raman spectroscopy showed a decrease in the defectiveness of the
carbon nanostructure of the tubes after laser irradiation. Liquid treatment with Ba(NO3)2 applied to the array
with subsequent annealing resulted in sticking of the nanotubes at their tips. The formation of cellular structure
from array of carbon nanotubes with a greater length after laser scanning of the sample was observed. Such
arrays of nanotubes made it possible to increase the current of electron emission by more than two times at lower
threshold voltage compared with the original arrays of nanotubes. The current density increased from 65 to
150 μA/cm2. Structured arrays of nanotubes can be used to create efficient emission cathodes, as well as sensors,
solar cells and MEMS structures.

1. Introduction

Currently, carbon nanotubes are widely used in science, medicine
and industry. Nanotubes are promising materials for nanoelectronics.
Due to the unique electrophysical properties, nanotubes are used as
ultrasensitive active elements in functional devices. Large arrays of
carbon nanotubes (CNT) can be used to create electron field emitters
with non-standard shape [1]. The interest in field emission of cold
cathodes is due to the low energy consumption and the small size of the
emitter compared with thermal cathodes. The most promising materials
for cold cathodes are carbon nanostructures, such as CNT [2,3]. One of
the main advantages of emitters based on CNT arrays is the possibility
of integrating the technology of their synthesis into the processes of
microelectronic device creation. Such emitters have a low work func-
tion and high activation energy for the surface migration of atoms [4].

CNT arrays with given orientation are used to achieve effective field
emission. Separate single CNT growing perpendicular to the substrate

have different lengths, orientations, and shapes. There are a large
number of chemical methods for the orientation of CNT arrays [5–7].
However, preference is given to optical methods that allow to change
the structure and shape of CNT with a non-contact electromagnetic
exposure [8–11]. In recent years, a large number of theoretical and
experimental studies of the optical and nonlinear optical properties of
carbon nanotubes have been carried out, which have proved the ap-
plicability of CNT in various optoelectronic devices [12–17].

Laser methods are widely used to produce micro and nanostructures
in modern electronics, medicine, and industry [18–24]. The use of laser
structuring of single-walled carbon nanotubes to create a carbon scaf-
fold in biopolymer matrices at wavelengths of the short-wave infrared
spectrum is known [25–27]. One of the first references to the use of the
emitter, which is a laser-treated CNT array, is presented in [28–31]. The
best emission current density values were obtained in places of laser
radiation exposure on CNT lying on a glass substrate. The authors at-
tribute this phenomenon to the rise of CNT lying on glass substrate
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under the action of laser radiation. The most efficient alignment of the
CNT array (the height of the structures formed is about 7.6 μm) was
obtained using the third harmonic of the Nd:YAG laser (λ=355 nm,
τ=10 ns, pulse fluence E/S= 326mJ/cm2) [32]. Laser-induced
heating (λ=266 nm, τ=5ns) of nickel oxide deposited on CNT arrays
leads to the formation of the given nanotube morphology as a result of
their cooling and crystallization [33]. This effect was achieved by the
action of 100–2000 laser pulses, each of which had laser fluence of
40–260mJ/cm2.

Ordered CNT columns were created by the action of various lasers
with wavelengths from 248, 355, 532, 1064, and 9300 nm, as well as
nano- and picosecond pulse duration [34].

Irradiation of CNT arrays with a continuous laser at wavelength of
514 nm and radiation power of 70mW made it possible to obtain
emission current increase of 350 times, which corresponds to the cur-
rent density of 0.13 A/cm2. Laser irradiation of nanotubes decreases
their defectiveness and increases resistance to high values of the electric
field to 33 V/μm [35]. After CNT arrays irradiation with an excimer
laser (λ=308 nm), the emission current density value was reached up
to 3.5mA/cm2, which corresponds to an increase of 100 times com-
pared to the initial value before irradiation [36]. Laser deposition of
carbon films with pulse fluence E/S=20 J/cm2 led to maximum cur-
rent density of 1.6mA/cm2 at an average applied field of 4.6 V/mm
[37]. Ethanol densified CNT films achieved consistent current density
of 9–11mA/cm2 [38].

Also, irradiation with an excimer laser (λ=248 nm, E/S=150mJ/
cm2) leads to an increase in the current density to 151 μA/cm2 and a
decrease in the exciting field to 2.61 V/μm [39]. With a decrease in the
radiation energy density to 100mJ/cm2, the current density increased
from 5.73mA/cm2 to 87.13mA/cm2, and the exciting field decreased
from 3 V/μm to 2.1 V/μm [40].

The effect of CNT form on their emission characteristics was studied
in [2]. Non-oriented, multidirectional nanotubes provide a maximum
current density of 60 μA/cm2. Rectified CNT with vertically directed
ends allow to reach current density of 360 μA/cm2, which corresponds
to a six times increase. Under the influence of laser energy, it is possible
to merge CNT into solid lines [36]. It was obtained that with the in-
crease in length of the line by 7 times, the threshold voltage decreases
by 1.4 times, which indicates an improvement in the electron emission
characteristics.

Despite the achieved results in the field of creating cold cathodes
based on structured CNTs, the requirements of modern technology are
not satisfied. Since, to create structured CNT arrays on a substrate,
complex technologies are used in conjunction with laser exposure, with
the use of expensive materials: e-beam lithography, screen printing
with indium tin oxide, etc. At the same time, the emission character-
istics of grown CNT arrays are not always sufficient (low emission
current density at its high voltage), and their sizes are limited by the
creation technology. This paper presents simple and inexpensive tech-
nology of patterning multi-walled CNT array on silicon substrate under
the action of pulsed laser radiation in the near-IR range. Based on the
studies performed, a scalable technology for creating different size
(from 1 μm to full substrate square) active elements of emitters with a
given topology of multilayer carbon nanotube arrays was proposed.

2. Experiments and results

2.1. Synthesis of CNT arrays

CNT arrays were synthesized by the method of plasma enhanced
chemical vapor deposition from the gas phase [41]. As the initial sub-
strates, heavily doped single-crystal silicon wafers with electronic type
conductivity were used. A catalytic pair of Ti (10 nm) and Ni (2 nm)
was deposited on the substrate treated in a Piranha solution by electron
beam evaporation. Next, the stages of oxidative and reductive an-
nealing were carried out to form catalyst nanoparticles on the substrate.

For the synthesis of CNT, the Oxford PlasmaLab System 100 was
used. Two different synthesis processes were carried out, which in-
volved the creation of two CNT arrays with different morphology. The
difference in the samples was determined by different parameters of the
CNT synthesis (Table 1). The annealing parameters were identical for
both samples: oxidation at 280 °C for 5min. in O2 and Ar with RF
plasma of 100W; recovery at 700 °C for 5min in NH3 and Ar with RF
plasma of 100W.

The average diameter of the CNTs in the arrays of two samples was
determined mainly by the size of the formed catalyst nanoparticles on
the substrate. The height of the CNT arrays of samples was very dif-
ferent. For sample 1, the height was ~8 μm, and for sample 2 it was
~4 μm (Fig. 1). On TEM images of CNT arrays, the structure of in-
dividual multilayer nanotubes can be seen (Fig.1e, f). The nanotubes of
sample 1 had an outer diameter of 11–13 nm, the number of walls was
8–10, the wall thickness was 3.6–4.1 nm, and the diameter of the in-
ternal channel was 4.3–5.5 nm. The nanotubes of sample 2 had an outer
diameter of 14–15 nm, the number of walls was 12–16, the wall
thickness was 3.6–4.1 nm, and the diameter of the internal channel was
4.3–5.5 nm. The structure of the nanotubes of sample 1 was less de-
fective and more perfect, as well as tubes were more smooth at the
upper ends.

The alignment of nanotubes in the process of growing can be ex-
plained by the condensation effect from neighboring CNTs (crowding
effect), that is, the holding of CNTs by means of van der Waals forces in
an array with high density of nanotubes during their growth [42]. The
CNT arrays of both samples look not quite straight, and the upper ends
of the nanotubes are randomly directed (Fig. 1c, d). Such morphology
of CNTs is not optimal for creating efficient electron emitters.

2.2. Laser structuring of CNT arrays

Pulsed laser radiation of ytterbium fiber laser with wavelength of
1064 nm, pulse duration of 100 ns, pulse repetition rate of 100 kHz was
used to straighten CNTs over the entire area of the arrays. Average
power was 0.7W, which was measured by photodetector. The laser
profile had Gaussian form. To arrange the laser beam in the point of
sample, a galvanometric scanner with two mirrors was used (Fig. 2).
The beam from the laser was transmitted via fiber to the scanner. Then
the radiation fell on the lens, which focused the radiation on the sample
surface. The lens had a focal length of 210mm. The radiation was fo-
cused into a spot with a diameter of 35 μm. The laser pulse energy was
0.7 μJ, which was derived from the average power at the repetition rate
up to 100 kHz. Thus, the fluence was ~1.5 J/cm2 considering effective
area of the beam. The optical setup was equipped with a distance sensor

Table 1
Parameters of CNT array synthesis.

Sample Temperature, °C Time, [min] Pressure, [torr] P, [W] (RF/LF) Gas medium

C2H2, [cm3/min] Ar, [cm3/min] NH3, [cm3/min] He, [cm3/min] H2, [cm3/min]

1 700 15 2 100/0 25 – – 100 100
2 700 15 2 30/20 25 300 100 – –
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for uniform irradiation of the sample area.
For laser processing of samples, the scanning parameters were set in

specialized software. The speed of the beam movement along the path
describing a square was 500mm/s. When defining the irradiation tra-
jectory, the option of filling the square with lines with a small overlap
of laser spots was chosen. That was done to compensate the intensity of
the Gaussian beam profile (Fig. 2). The lines of laser pulses were 5mm
long and were located parallel to each other at a distance of 17 μm.
Thus, the structured areas of CNT arrays from 5×5mm to 20× 20mm
were formed.

For structuring of the sample 1 with a higher CNT array, a radiation
power of 0.7W was selected at fluence of ~1.5 J/cm2. Fig. 3 shows the
SEM images of a top view of the original and structured CNT arrays at
the same scale and Raman spectra of CNT arrays. The perpendicular
direction of the carbon nanotube ends relatively to the silicon substrate
after the laser exposure is clearly visible.

The Raman spectra of the CNT arrays samples were obtained with
Horiba LabRAM HR Evolution. The He-Ne laser (633 nm, 10mW) was
used as a source of excitation radiation. The diffraction grating
600 lines/mm provided the 1.5 cm−1 spectral resolution. The CCD

Fig. 1. SEM (a–d) and TEM (e, f) images of CNT arrays on silicon substrate with different magnification: (a, c, e) sample 1 (H2+He) and (b, d, f) sample 2
(Ar+NH3).

Fig. 2. Scheme of the optical setup and laser points on the CNT array.
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camera was cooled at 200 K for detecting Stokes-side Raman scattering
at a wide spectral range. The precision motorized stage and on-board
Olympus BX41 microscope were used for the laser beam focusing on the
investigated area. The accumulation time and accumulation number
were 10 s and 4 s, respectively. The calibration of the LabRAM HR
spectrometer was verified before and after each investigated sample by
acquiring Raman spectra of a standard silicon wafer.

2.3. Formation of complex structures from CNT arrays

It is known that the work function of material critically affects its
emission characteristics. For carbon nanotubes, electron emission va-
lues of 4.8–5.0 eV are generally accepted [43]. The search for methods
for reducing the work function during electron emission led to the idea
of CNT array treatment with barium-based substances. Such substances
are widely used for thermionic cathodes. By the experimental method,
the most effective composition for processing the CNT arrays with Ba
(NO3)2 was selected.

Since nanotubes exhibit hydrophobic properties immediately after
synthesis, the method of plasma CNT array treatment was used to im-
part hydrophilic properties to them. For this purpose, the treatment
process was carried out in an Ar+O2 gas mixture at working pressure
in the chamber of 5.24 Pa. The processing time was 30 s and the plasma
power was 30W.

The samples 1 and 2 with CNT arrays area of 1 cm2 were uniformly
applied with a liquid composition of barium nitrate Ba(NO3)2 with
volume of 20 μl at concentration 0.03mg/ml. From thermogravimetric
analysis of Ba(NO3)2, it was determined that Ba(NO3)2 decomposes to
nitrite Ba(NO2)2 at ~400 °C and to BaO oxide at 700 °C. The CNTs were
vacuum-annealed at a temperature of 800 °C for 15min. It was found,
that effect of BaO on samples 1 and 2 leads to sticking of the nanotubes
at their upper ends. At the same time, there is formation of islands from
stuck nanotubes. The CNT array structures of the samples 1 and 2 were
significantly different. CNT synthesized in H2 and He medium (sample
1), shown in Fig. 4.

Next, the CNT arrays were scanned by laser radiation with the
parameters presented in the previous section of the article. The inner
part and the contours of the cells were completely made of nanotubes
(Fig. 5c). In the center of the cells, the nanotubes looked more

straightened comparatively to the original array. The cells basically had
5–7 vertices each. The cell size in sample 1 was 5–70 μm (Fig. 5a). Thus,
nanotubes under the action of BaO interlaced into separate structures.
After that, they were separated and shortened under the action of
pulsed laser radiation, and they were vertically oriented perpendicular
to the substrate (Fig. 5c, d). Part of the sublimated carbon and BaO
particles were deposited on the upper ends of the nanotubes after laser
irradiation. This can be seen in Fig. 5e, f for both arrays. Presumably,
mainly amorphous carbon is subjected to sublimation. Arrays of short
CNTs synthesized in NH3 and Ar (sample 2) showed more resistance to
laser irradiation (Fig. 5a). In this case, only sticking of closely located
CNT occurred. CNT arrays took the form of cells with fuzzy boundaries.
The cell size was 1–10 μm. High magnification images show that the
tips of the tubes at the edges of the cells were connected (Fig. 5c, f).
Also, the tips of the tubes were coated with particles of sublimated
carbon and BaO after laser treatment. The adhesion of nanotubes and
the mixing of their structure at the ends is shown in TEM for both arrays
(Fig. 5g, h).

Most likely, the effect of CNT structuring by liquid annealing and
laser irradiation depends on the length of the nanotubes in array.
Another important factor while laser structuring is the morphology of
the array. The CNT arrays synthesized in the NH3-Ar medium, did not
made it possible to obtain cells with clear boundaries at any length of

Fig. 3. Raman spectra and SEM images of CNT arrays in sample 1: (a) original and (b) laser-structured.

Fig. 4. SEM image of structured CNT arrays using Ba(NO3)2 treatment of
sample 1.
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the nanotubes.
The energy-dispersive X-ray spectroscopy (EDX) was used to de-

termine the chemical composition of the created nanostructure. EDX
map of barium distribution over the surface of the treated array is
shown in Fig. 6c. For identification of the studied area, a SEM image is
shown and a map of carbon distribution in the same area is shown for
comparison (Fig. 6a, b). It can be seen that the barium covered the
almost entire study area of the treated array.

2.4. Electrophysical characteristics of CNT arrays

The field electron emission characteristics of the samples were
studied at intermediate and final stages of CNT array processing.
Measurement of the current-voltage characteristics of the samples was
carried out using a vacuum chamber, to which the forevacuum and
high-vacuum cryogenic pumps supporting pressure were connected
(Fig. 7). The sample was fixed on a ceramic table, the first electrode
(cathode) was connected to it. The table was equipped with heating
elements and a thermocouple, which allowed to set and maintain

temperature. The second electrode (anode) with a rounded tip was fed
from above to the substrate with CNT arrays at distance of 3 μm. The
anode was moved along the XYZ axes using stepper motors with ac-
curacy of 10 nm. Such system made it possible to create a potential
difference between the anode and the cathode in DC mode from 0 to
1000 V. For measurements of the electrical characteristics, a program-
mable dual-channel source-meter SourceMeter 2410С Keithley was
used.

Measurement of the electron emission of the CNT arrays after ex-
posure to only BaO showed a change in the current-voltage character-
istics for both samples as compared to the original array (Fig. 8).
Sample 1 showed an increase in current, but its threshold voltage was
not changed. The original array of sample 2 showed the greatest current
at the highest voltage. But the effect of BaO on it led to strong dete-
rioration of the current while maintaining the threshold voltage at the
same level. The effect of BaO on CNT arrays does not always lead to an
improvement in the field electron emission characteristics of the array.
Largely, they are determined by the characteristics of the array. Despite
the similar exterior of the original arrays, their characteristics are

Fig. 5. SEM (a–f) and TEM (g, h) images of structured CNT arrays using Ba(NO3)2 treatment and laser irradiation with different magnification: sample 1 (a, c, e, g)
and sample 2 (b, d, f, h).
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radically different, even without the effect of BaO. The effect can both
improve and degrade the parameters of CNT array, and it can only be
determined experimentally.

Fig. 8 shows the current-voltage characteristics after laser

structuring. The structured CNT array of sample 1 provided an increase
in current and a slight decrease in threshold voltage, compared with the
original array and BaO-treated nanotubes. However, the CNT array
processing of sample 2 does not bear positive changes in emission
characteristics. When the current decreases, the threshold voltage in-
creases, which indicates deterioration in the characteristics of the
sample.

3. Discussion

Thus, this paper presents the results of structuring the synthesized
CNT arrays. Two types of samples were studied that differed in the
length of nanotubes with almost the same diameter. Sample 1 synthe-
sized in the H2+He gas environment had length of nanotubes in the
array twice as large (~8 μm) as compared to the array of sample 2
(4 μm), which was synthesized in the Ar+NH3 gas mixture. When laser
pulses of ytterbium laser (λ=1064 nm) were impacted on long and
short CNT arrays, the effect of structuring nanotubes perpendicular to
the silicon substrate was obtained. This effect can be caused by change
in the defectiveness of the carbon nanostructure of the tubes. The ex-
pansion of air due to heating generates a stream directed perpendicu-
larly from the substrate to the ends of the nanotubes. Such flow can
straighten nanotubes. After cooling, the position of the tubes is fixed. At
the same time, the degree of imperfection of carbon nanotubes in the
long and short arrays significantly decreases. When nanotubes are he-
ated by laser pulses with duration of 100 ns, the defective areas will be

Fig. 6. SEM image of structured CNT arrays using Ba(NO3)2 treatment and laser irradiation (a), carbon (b) and barium EDX mapping (с).

Fig. 7. Setup for measuring the electron emission of CNT arrays.

Fig. 8. Current-voltage characteristics of the original CNT arrays, after its processing with BaO and after laser structuring: (a) of sample 1 and (b) of sample 2.
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heated most strongly, since the thermal conductivity in these areas is
much lower [25]. The heated defect areas of the nanotubes become
more chemically active and able to form bonds. Therefore, in Fig. 3b,
single nanotubes closely spaced to each other are sticking closer to their
tops.

In the course of growing nanotubes array, it is difficult to obtain a
homogeneous holistic structure for the entire array and individual tubes
as a whole, since there is a high probability that bends/curvatures or
lattice defects will appear depending on the preparation method.
Raman spectroscopy is an excellent tool for detecting this kind of
structural defects. In particular, it allows estimating the degree of de-
fectiveness after structuring. It has been established that CNT defec-
tiveness. The Raman spectra of obtained samples include the char-
acteristic scattering bands G and D, G′ and a D+G. When bonds are
broken in the structure, atoms with sp3-hybridized electrons appear
outside the plane of the nanotube layers. In this case, the atoms oscillate
with the frequency of the D mode, and not of the G mode, therefore, its
intensity decreases with a strong defectiveness. The intensity ratio of
the D/G modes for a structured array is much lower compared to the
original CNT array. At the same time, the peaks ~1350 сm−1 intensity
decreases slightly after laser structuring, which indicates that the se-
lected fluence of laser irradiation does not damage the main number of
CNTs. The position of G mode is characteristic of MWCNTs and is lo-
cated near 1585 cm−1.

The ratio of the D and G band intensity (ID/IG) is often used in the
analysis of the defectiveness of graphite and graphite-like materials
[44]. Experiments have shown that the initially grown nanotubes have
the value of ID/IG= 1.95, which indicates a high density of nanotube
defects on the dome-shaped tips or side “wavy” nanotube surfaces.
After laser structuring, the ratio ID/IG= 1.18, which may be associated
with the formation of new compounds at the points of breaking the
carbon atom bonds, as well as the sublimation of amorphous carbon.
The aspiration of this value to 1 indicates a more graphitized sample
structure. G′ band, located ~2695 cm−1 corresponds to the overtone of
the D band and characterizes the degree of “purity” of the sample, since
it cannot be caused by structural defects, [45] and the peak
~2940 cm−1 belongs to second-order Raman modes D+G [46]. An
increase in the intensity of the G′ mode in conjunction with a change in
the intensity ratio ID/IG confirms the process of structuring the MWCNT
samples.

To form complex structures from CNT arrays, a method of con-
necting nanotubes into bundles using high-temperature annealing
(800 °C) in the presence of Ba(NO3)2 was applied. At the same time, a
cellular structure was formed with the upper ends of the nanotubes
stuck together. After laser treatment of the long CNT array, mainly cells
with pentagonal, hexagonal and heptagonal structure were formed. The
structure of such array resembled Rayleigh-Benard convective cells
[47]. As a result of pulsed laser irradiation, the nanotubes of sample 1
were separated and straightened perpendicular to the substrate. The
short array of sample 2 almost after similar laser treatment visually
remained in its original state (except for the upper ends).

The method of synthesis of CNT chemical vapor deposition from the
gas phase favorably differs from other methods by its low cost, and the
emission characteristics of the resulting arrays are not inferior to those
obtained by other authors, and sometimes even exceed them [35,38].
This conclusion is confirmed by measuring the emission characteristics.
The emission characteristics of the short CNT array became worse after
the patterning of BaO nanotubes and laser radiation. Most likely, this is
due to the deterioration of the aspect ratio of the CNT array. Sample 1
showed opposite results. The temperature structuring of the long array
treated with BaO led to a significant increase in current from 47 to
88 μA at voltage of 200 V. The laser structuring effect increased current
of the CNT array in cells to 100 μA at voltage of 175 V. Current density
increased from 65 to 150mA/cm2. At the same voltage for the original
array and the CNT array after BaO processing, current was ~30 μA.
Thus, during laser structuring of the long CNT array into cells, the shape

of a sharply increasing curve is obtained in Fig. 8a. It is obtained that a
high value of current is achieved at a reduced voltage values. Thus, we
propose a new method for improving emission characteristics by
structuring the CNT array with barium nitrate treatment and laser
scanning. This technology allows creating a structured CNT arrays with
a large area. The technology is scalable and can be used to create active
elements of emitters with a given topology of multilayer arrays of
carbon nanotubes with various sizes (from 1 μm to the total area of the
substrate).

4. Conclusion

The result of this work is the optical technology of new nanos-
tructures formation to create efficient emission cathodes, which can be
widely used in scientific research, medical equipment, industrial com-
plexes, etc. The technology of laser CNT array patterning can be used to
create new sensitive elements of photodetectors, solar batteries, che-
mical sensors, temperature and pressure sensors, microscopy probes,
MEMS structures etc.

Two types of CNT arrays with different length were synthesized by
catalytic PECVD method. CNT arrays were vertically aligned to their
tips using the pulsed laser. Cellular structure of CNT array was created
using barium nitrate treatment and laser irradiation. The morphology
of the CNT arrays was investigated using electron microscopy. Structure
synthesized with H2 and He has shown increased field emission.
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