
 
 

Research Article                              Adv. Mat. Lett. 2013, 4(6), 492-496                 ADVANCED MATERIALS Letters 
 

Adv. Mat. Lett. 2013, 4(6), 492-496                                                                                        Copyright © 2013 VBRI press. 
 

www.amlett.com, www.amlett.org, DOI: 10.5185/amlett.2012.ib.119                     
"Nanostructuring by electrons, photons and ions" Special Issue Published online by the VBRI press in 2013                                                                             
                                                                             

Self-assembled microcones generated on solid 
surface through pulsed laser irradiation 
 

Sucharita Sinha
*
, Anil K.Singh 

Laser & Plasma Technology Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India 

*
Corresponding author. Fax: (+91) 22 25505151, 25519613; E-mail: ssinha@barc.gov.in 

Received: 16 March 2012, Revised: 22 July 2012 and Accepted: 26 July 2012 

ABSTRACT 

We present here our results on surface micro-structuring via nanosecond pulsed laser irradiation of Titanium and Stainless Steel 
cathode samples. Laser based surface micro-structuring leading to formation of self-assembled micro-tips can potentially 
enhance field emission efficiency of such surface treated cathodes. Microstructure of the laser treated surfaces has been 
observed under a Scanning Electron Microscope (SEM) and SEM images were further analyzed using software attached with 
Optical Microscope. To study the effect of laser fluence on developed surface microstructure, the target surface was irradiated 
in different regions with laser beams at varying laser fluence levels ranging from 2-10 J/cm

2
 for a period of 1 to 15 minutes 

corresponding to 600 to 9000 laser pulses. Mean height of the generated micro-cones was observed to increase from 17 to 
30µm on increasing number of irradiating laser pulses from 3000 to 9000 in case of Stainless Steel samples. In case of laser 
treated Titanium average periodicity of generated self-assembled micro-cones decreased from 10.8μm to 6.5μm when laser 
fluence was increased from 5 to 10J/cm

2
 with a total of 600 laser pulses used for irradiating the sample. Copyright © 2013 

VBRI press.  
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Introduction  

Generation of laser induced surface micro-structures, 
either, in a reactive gas atmosphere, or under vacuum has 
been extensively investigated largely on account of its 

application potential for a wide range of applications [1-6]. 
Such surface texturing achieved via laser treatment 
essentially provides a means of tailoring surface properties 

including mechanical and wetting characteristics [7], 

optical [8-9], and electronic behaviour [10-12]. Although, 
various conventional techniques ranging from sand blasting 
to chemical etching and electrochemical treatment exist for 
surface treatment, laser based treatment has its unique 
associated advantages. Typical characteristics of laser light, 
namely, high energy density and directionality ensure 
excellent spatial, as well as, temporal resolution that can be 
achieved through laser processing. In addition, laser 
treatment is a highly reproducible and contamination free 
process having remote processing capability. 

A novel approach at fabricating a cold cathode 
possessing high electron emission competence at low 
operating voltages as compared to conventional single 
micro-tip cathodes is to use laser based surface micro-
structuring resulting in generation of an array of micro-

structures on the planar cathode surface [11]. Micro-tips 
formed in this manner protrude above the solid surface. 
Spatial period of these self assembled structures have been 
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observed to be of an order of magnitude higher than the 

laser wavelength [13]. Formation of these surface structures 
has been attributed to development of instabilities at the 
interface between the melt and the plasma of optical 
breakdown. Capillary waves on the melt surface have been 
suggested to serve as the initial inhomogeneity of the 

surface relief [14].  Such laser generated surface micro-
structures on Silicon have shown a low-threshold field 

emission behaviour [11]. 
Our investigations on picosecond laser surface 

treatment of sintered Lanthanum Hexaboride pellets 
resulting in formation of micro-columnar surface features 
having sub-micron tip diameter have confirmed enhanced 

field emission electron emission capability [15, 16]. In this 
paper we present our results on nanosecond laser based 
surface treatment of Titanium and Stainless Steel electrodes 
resulting in formation of self-assembled micro-conical 
surface structures.  

 

Experimental 

A set of samples of Titanium and Stainless Steel (SS) were 
exposed to radiation from a nanosecond pulsed Nd:YAG 
laser either in air or in low vacuum (10

-1
 to 10

-2
mb

  
). 

Second harmonic radiation at 532nm delivered by a pulsed 
Nd:YAG laser having 6ns (FWHM) pulse duration, 
operating at 10Hz repetition rate was focused onto the 
surface of the solid sample. The irradiating laser beam 
having a Gaussian spatial distribution was focused to a spot 
of around 400μm diameter.  In order to surface treat a 
larger area of the sample the processing laser beam was 
translated by a pre-set amount thereby enabling laser 
surface irradiation of the entire sample surface. Surface 
morphology of the laser treated surface was studied using a 
Scanning Electron Microscope (SEM). 

Development of instability leading to formation of such 
self-assembled micro-cones is not a single laser pulse 
effect.  In fact, such surface features have been reported to 
require a sufficiently high number of laser shots, and a 
certain minimum level of laser fluence for these to be 

formed [17]. However, despite extensive research, 
formation of surface micro-structures with multiple laser 

pulses is yet to be fully understood [18]. We have carried 
out a detailed parametric study to determine the effect of 
laser parameters such as, number of laser shots and the 
laser fluence, on generation of these micro-conical 
structures on samples of Titanium and SS. While imaging 
the laser treated surface with a SEM the sample surface was 
inclined at 30-40

0
 with respect to the horizontal. Viewing 

the laser treated surface at an angle allowed us to clearly 
image the generated surface micro-cones. SEM images 
were then analyzed using a Leica Qwin software attached to 
a Leica Optical Microscope [Leica DM ILM Inverted 
Microscope] in order to characterize the surface features, 
including height, and tip diameter of the generated micro-
cones, as well as, their periodicity.   

In order to investigate effect of increasing laser fluence 
on formed surface micro-structures, the laser fluence was 
varied over 2 - 10J/cm

2 
keeping the irradiation time 

duration and thus the total number of laser pulses 
irradiating the sample surface fixed. Dependence of 
developed surface micro-structures on the cumulative 

number of laser pulses used for irradiating sample surface 
was also investigated for both Titanium and SS samples. 

 

 
 

Fig. 1. SEM image of laser treated region showing formation of self-
assembled micro conical structures on Titanium sample. Laser treatment 
done with 600 laser pulses at fluence levels of; (a) 5J/cm2, (b) 6J/cm2, (c) 
8J/cm2, and (d) 10J/cm2, respectively. 

 

 
 

Fig. 2. SEM image of Titanium sample laser treated with laser fluence of 
1J/cm2 and irradiation with 600 laser pulses. 

Results and discussion 

Laser surface treated Titanium and SS samples when 
viewed under SEM clearly revealed formation of self-
assembled micro-conical structures. Also, axes of these 
self-assembled micro-structures were observed to be 
oriented along the direction of the incident laser beam. 
However, such surface micro-structures were formed 
reproducibly only when laser irradiation was done at an 
appropriate level of laser flux and employing multiple 

number of irradiating laser pulses. In Fig. 1a-1d are shown 
SEM images of typical laser treated regions of Titanium 
target when irradiated with 600 pulses of laser radiation 
with incident fluence varied from 5J/

 
cm

2
 to 10J/cm

2
.  

Periodicity or separation between these micro columnar tips 
decreased from an average value of 10.8μm to 6.5μm as the 
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incident space averaged laser fluence was increased from 
5J/cm

2
 to 10J/cm

2 
with 1minute of laser irradiation, i.e. a 

total of 600 laser pulses. Titanium samples when irradiated 
with laser fluence of 1J/cm

2
 resulted in formation of surface 

ripples (Fig. 2) although micro-cones were not formed even 
when irradiation time was extended to beyond 2minutes 
i.e., in excess of 1200 laser pulses irradiated Titanium 
sample surface. Such surface ripples were, however, not 
observed with single laser pulse irradiation. This implies 
that these highly oriented surface features are a result of a 
collective mechanism and associated feedback evolving out 
of irradiation by a series of laser pulses. Also, the smooth 
surface of the generated micro-cones suggests melt 
displacement as the dominant mechanism primarily 
responsible for their formation, rather than laser induced 
evaporation and re-deposition of target material. 
 

 
 

 
Fig. 3. SEM image of laser treated spot on Stainless Steel cathode surface 
irradiated with 3000 laser pulses at a fluence level 6 J/cm2. 

a

b c

 

Fig. 4. SEM image of laser treated spot on SS target using  (a) 3000, (b)  
6000, and (c) 9000 laser pulses, at laser fluence level of 2 J/cm2, 
respectively. 

 
Typical SEM images taken of laser treated SS target 

indicated that for space averaged fluence levels of 4 - 
6J/cm

2
 prominent craters are formed in the central region of 

the laser irradiated spot (Fig. 3). In order to minimize such 
crater formation average laser fluence was restricted to 

2J/cm
2
 while investigating micro-structuring of the SS 

target via laser irradiation. Fig. 4(a,b,c) show SEM images 
of laser treated spots on the SS target surface when 
irradiated with 3000, 6000 and 9000 laser pulses at space 
averaged laser fluence of 2J/cm

2
.  

 

a b

 
 
Fig. 5. SEM images taken at higher magnification: (a)1000X and (b) ~ 
3000X; of region close to periphery of the laser treated spot on SS target 
corresponding to ~9000 laser pulses with fluence of 2J/cm2. 

 
From these Figs. it is evident that micro-cones with 

high aspect ratio have been developed in the laser irradiated 
surface region, particularly close to the periphery of the 

treated spot. In Fig. 5 (a and b) are shown generated micro-
cones when the target surface was imaged at higher 

magnification, 1KX and ~3KX, respectively. Fig. 5b is a 
SEM image taken of a typical region lying close to the edge 
of the irradiated spot. SEM image 5b reveals that in this 
particular region, which is farther away from region where 
sharp cones have been formed, surface ripples and periodic 
structures have been developed, similar to those that had 
been observed in the case of Titanium surface for a space 
averaged laser fluence level of 1J/cm

2
. This is likely due to 

the fact that the laser fluence incident on this region is not 
high enough to develop sharp cones. 
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Fig. 6. Variation of mean height of the generated micro-cones on SS 
surface with number of irradiating laser pulses. 

 
Analysis of the SEM images using Leica Qwin 

software revealed that mean height of the grown micro-
cones in peripheral region increased with increasing 
number of incident laser pulses. The observed variation of 
mean height of the generated micro-cones with number of 

laser pulses used for irradiation is shown in Fig. 6. As the 
number of irradiating laser pulses increased from 3000 to 
6000, estimated mean height of the developed microcones 
increased from 17µm to 26µm. Further, when the target 
surface was irradiated by 9000 laser pulses, mean height of 
the microcones rose to 30µm. While, initial growth of 
micro-cones with increasing number of laser pulses was 
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rapid, subsequently there is a slowing down in this growth 
and height of individual cones tends to saturate. These 
observations are in agreement with those reported for 
micro-structure evolution of laser exposed Silicon targets 

both with nanosecond and femtosecond laser pulses [13, 

18]. 
 Our observations on growth of micro-columns with 

increasing number of laser pulses confirms that a certain 
minimum number of laser pulses at a particular laser 
fluence level are needed to stimulate formation of an array 
of micro-columns. For instance, in case of Titanium even 
with 1200 pulses at an energy density of 1J/cm 

2
 very few 

micro-cones were detected. Formation of micro-cones 
always takes place preferentially on the edges of pits and 
craters. Formation of crater in the central region of the laser 
irradiated spot is on account of localized high fluence zones 
within the laser beam. This leads to enhanced ablation and 
material ejection and subsequent re-deposition at the crater 
walls. In the border or periphery region of this crater 
microcolumns are packed closely while near the centre of 
the irradiated spot micro-columns are wide and tall, but far 
apart.  
The mechanism of formation of such surface features is 
different from one involving erosion resistant tips since the 
observed column growth reported here occurs above the 
original surface. A mechanism solely based on material 
removal by selective ablation cannot explain formation and 
evolution of these structures as they protrude very 

significantly above the initial surface [6]. Melt 
displacement has been suggested to be a possible 
mechanism for generation of self assembled microcones on 

target surface upon irradiation with laser pulses [5, 6]. 
Transport of surface material to tips of these micro-cones 
i.e. from base to tip of microcones, can occur essentially via 
flow of liquid pool during laser irradiation. When the laser 
beam is incident on target surface, melting of target occurs 
in addition to material being ablated from some areas. Non-
uniform heating of the molten pool tends to accumulate 
liquid in one region as against another, the driving force in 
this case being a gradient in surface tension generated by 
thermal gradients in the liquid pool.  

Inherent surface irregularities present on the original 
untreated target surface leads to a non-uniform temperature 
distribution developing on laser irradiation. With the laser 
beam depositing energy to the target surface, melting of the 
surface layer occurs.  Non-uniformity in temperature and 
associated temperature gradient in the molten surface layer 
of the target gives rise to gradients of surface tension. 
Typically, surface tension of liquids decreases with 
increasing temperature and thus liquid tends to be pulled 
from hotter regions towards cooler regions of the laser 
irradiated molten surface leading to formation of surface 
micro-columns and cones. With increasing number of laser 
shots irradiating the target surface more heating occurs at 
locations that are oriented normal to the laser beam than 
those sections of the target surface that are inclined with 
respect to the incident laser beam such as the side-walls of 
the micro-cones. Inter-cone gap areas are oriented normal 
to the laser beam and thus attain a much higher temperature 
than the side-walls of the micro-cones. Although, tips of 
micro-cones are also oriented normal to incident laser 
beam, temperature attained by the tips is not as high, as 

these tips do not absorb much of the laser energy, area of 
the tips being small.  The inter-cone zones reach the highest 
temperature also on account of additional laser radiation 
reaching these regions on account of multiple reflection of 
laser radiation by the cone sidewalls. Therefore surface 
tension in these flat zones is the lowest. Consequently, this 
gradient in surface tension drives the molten target layer 
towards the walls of the micro-cones leading to further 
enhancement of these micro-conical surface features. Each 
subsequent incoming laser pulse contributes towards 
accumulation of molten target layer on the cooler walls of 
the micro-cones and causes further enhancement of micro-
cone height, as observed.  
 

Conclusion 

Self-assembled array of micro-conical surface structures 
generated on Titanium and SS cathode surface by 
nanosecond pulsed laser surface treatment has been 
investigated. Detailed study characterizing these surface 
micro-features including height and tip diameter of the 
micro-cones and their periodicity has been carried out. 
While, mean height of micro-cones increased with 
increasing number of irradiating pulses for a given level of 
laser fluence, periodicity, i.e. separation between 
successive micro-conical structures showed a decreasing 
trend with increasing incident laser fluence.  
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