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ABSTRACT 

In the present study, Indium Phosphide (InP) (100) samples with a thickness of ~ 0.5 mm have been bombarded with 1.5 keV 
Argon atoms for a fixed fluence of 8 × 10

16 
atoms/cm

2
. The angle of incidence of the atom beam has been varied from normal 

incidence to 76° with respect to surface normal. The bombarded surface shows the nanostructures as analysed by Atomic Force 
Microscopy (AFM). For normal and near normal incident angles of the beam, nanodots pattern have been observed and after a 
critical angle of incidence, the dots begin to align and with further increase of angle, nanostructures elongate along the beam 
direction. At 63° incidence, a well ordered ripple pattern has been reported. The evolution of nanostructures from nanodots to 
nanoripples has been analysed in terms of their size, shape and roughness by means of AFM imaging. Copyright © 2010 VBRI 
press.  
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Introduction  

Due to an increasing demand of devices in micrometric and 
nanometric dimensions in IC industry, further 
miniaturization of circuits is needed. The lithography 
methods are used to produce small dimension 
nanostructures such as quantum dots and quantum wires but 

lithography is limited in resolution ~ 50 nm [1]. Therefore, 
it is of interest to explore other methods to produce even 
smaller nano scale surfaces features. One of such method is 
the ion bombardment-induced surface modification. There 
are extensive evidences that depending on the experimental 
conditions, ion bombardment can result in ordered 

structures in nano dimensions on variety of materials [2-7]. 
This technology has generated a lot of experimental and 
theoretical interest in recent years. The evolution of 
nanostructures induced by ion bombardment was first 
explained by Bradley and Harper with a linear equation (1)

 

[8]: 
 

    ------------- (1) 

Where, 0 is the constant erosion velocity of the plane 

surface, and  is the effective surface tension which is 
caused by the erosion process and usually has a negative 
value leading to a surface instability. Deff is the surface 
diffusion coefficient, which is the sum of thermal diffusion 
and ion-induced diffusion. Surface evolution is caused due 
to interplay between sputtering induced roughening and 
diffusion induced smoothing. With the development of 
SPM technique such as STM and AFM, many studies have 
quantified the bombarded surface topography. Researchers 
have concentrated themselves on one or more experimental 
parameter during ion bombardment such as temperature of 
the substrate, angle of incidence of the ion beam, fluence 
(bombardment time), ion current density, ion energy, nature 
of the bombarding ion as well as of host material. Another 
parameter is the crystal orientation but it seems that the 

most studied orientation is (100) orientation. Sung et al. [9] 
bombarded InP (001) with 5 eV to 500 eV Ar

+
 ions at 

temperatures varying from room temperature up to 600°C 
and concluded that an ion energy threshold of 40 eV was 
required for the surface roughening to begin and to create 

Indium-rich clusters and islands. Demanet et al. [10] 
studied the dependence of topographic changes on InP 
(100) with dose density using 0.5 keV Ar

+
 ion and 5 keV 

Kr
+
 ions at a lower current density of 8 A/cm

2 
and found 

out the wavelength dependence on the dose density as ~ 


0.2

. Recent works [11, 12] have also studied scaling 
behaviour of bombarded surfaces according to scaling 

theory of sputtered surface [13, 14] by determining the 
roughness and the growth exponent and also showed that 
the nanostructures obtained are Indium rich due to 

preferential sputtering of Phosphorus. Frost et al. [15] 
studied the dependence of nanodots pattern on InP (100) 
with angle of incidence of ion beam. The authors have used 

500 eV Ar
+
 ions with a high ion flux of 150 A/cm

2 
and 

rotating sample. A well ordered hexagonal pattern of 
nanodots is formed when the angle of incidence compared 
to sample normal is kept under 50° beyond which, the 
periodic pattern is lost.  

However, in the above mentioned studies, the variation 
in the incidence angle parameter has not been extensively 
studied for InP, especially for such a large range, even 
though it is shown that choosing different angles of 
bombardment, yields to different surface nanostructuring 
pattern. In the present work, we discuss the formation of 
structures obtained in terms of their variation in shapes, 
sizes, height, roughness etc. through topographic studies 
with the help of AFM imaging and try to find out the 
possible reason for such a behavior towards the incidence 
angle of the beam.  

 

Experimental 

In the present experiment, 1.5 keV Argon (Ar) atoms were 
used to bombard the commercially available samples of Fe-
doped semi-insulating Indium Phosphide (InP) (100) from 

wafertech Inc. U.K., at 300 K. The base pressure of the 

chamber was around 5  10
-6

 mbar and 3  10
-3 

mbar 

during bombardment. An atom dose of 8  10
16

 atoms/cm
2
 

was used (corresponding to a bombardment time of 15 

minutes at a flux of 15A/cm
2
) for the experiment. The 

angle of incidence of the atom beam was changed from 

normal to 76° incidence for theses angles, atom = 0°, 7°, 
13°, 23°, 38°, 45°, 52°, 63° and 76°.  
 

 
Fig. 1. Schematic of the sample and mount placed inside the sputtering 
chamber.  
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Fig. 1 shows the schematic of the set up of sputtering 

unit designed indigenously at IUAC, New Delhi [16-20]. It 
has an Ar source, which delivers Ar atoms with a current 

density of 30 A/cm
2
. The samples were mounted at the top 

part of the chamber as shown in the Fig. 1. The atom gun is 
fixed at 45° with respect to the sample normal. Different 
Aluminium mounts were fabricated for the samples to 
achieve different angle of incidences. The samples were 
placed on these mounts. Changing the mount changed the 
angle of the atom beam incidence on the target. The atom 
beam modified morphology of the samples were studied 
using Multi-mode Nanoscope IIIa Atomic Force 
Microscopy (AFM). The measurements were performed in 
air in the Tapping Mode using Silicon Nitride tips from 
Veeco (Model RTESP, Wafer 1144). The apex of the tip 
has a radius of curvature of ~10 nm. The corresponding two 
dimensional auto-correlation functions for surface areas of 

1m 1m have also been taken from AFM. The two-
dimensional auto-correlation function is given by the 
relation (2): 
 

  --------------- (2) 

 

Where,  is the height at point at time t 

and h (0, t) is the reference point with respect to which 
correlation is taken. The auto-correlation function shows 
the spatial symmetry/ordering of the structures obtained on 
the bombarded InP surface.  

 

Results  

The morphological evolution of the different nanostructures 
obtained on the surface of InP (100) with the variation in 
angle of incidence parameter was extracted using AFM as 

shown in Fig. 2. The AFM image of the pristine sample is 

shown in Fig 2A. The surface observed is flat and 
featureless with root mean square (rms) roughness ~ 0.2 
nm. On bombarding with 1.5 keV Ar atoms at an angle of 
0

o 
with respect to the surface normal, nanodots pattern was 

evolved on the surface of InP (100). The pattern is clearly 

seen in the AFM image given in Fig. 2B. The average 
diameter of nanodots was found to be 67 ±7 nm (as seen 
with the line profile in AFM images) with an average height 
of 21.3 nm. The rms roughness was found to be 8.3 nm. 
The inset of the image shows the auto-correlation of the 
AFM image, which represents the spatial ordering of the 
nanodots in square symmetry (a central dot surrounded by a 

square). As the angle was increased to 7° (Fig. 2C), 
nanodots were observed with an improvement in their 
lateral ordering. The mean diameter of nanodots was found 
to be 114±16 nm with an average height of 9.5 nm. The rms 
roughness was found to be 4.7 nm. At 13° incidence, 

nanodots pattern (Fig. 2D) visible with smaller size ~ 32 ± 
5 nm and height ~ 4.0 nm, compared to previous two 
angles. The auto-correlation image shows that spatial 
ordering of the nanodots has improved to hexagonal 
symmetry (a central dot surrounded by a hexagon). The rms 
roughness was around 1.2 nm. At 23° incidence, the nano-

dots align in the beam direction (Fig. 2E). The average 
diameter of nanodots was found to 46±7 nm with average 
height of 4.2 nm. At 38° incidence, elongation of the 
nanodots was observed along the beam direction with 

wavelength of the elongated structures ~ 40 nm (Fig. 2F). 
The height of the structures was ~ 5 nm. The inset shows 
that there is ordering along one direction. At 45° incidence, 

the alignment of nanodots was observed (Fig. 2G) along 
the beam direction with a periodicity of ~ 45 nm and rms 

roughness ~ 1.3 nm. Structures observed at 53° (Fig. 2H) 
were similar to 45° except that dots were more elongated 
with a roughness of 1.8 nm and periodicity ~ 55 nm. There 

is formation of nanoripples at incidence of 63° (Fig. 2I) 
with wavelength ~ 60 nm and height ~ 4 nm. The auto-
correlation image shows a well-ordered nanoripple 
formation along the beam direction. Finally, for 76°, no 
significant features were visible and roughness of surface 
was almost equal to that of pristine sample.  

 

 

Fig. 2. AFM micrograph (1 m × 1m) of the pristine InP (100) and 
bombarded samples at different angles of incidences. Inset shows the 
corresponding auto-Correlation images. From A to J, Pristine and 
bombarded samples at θatom = 0°, 7°, 13°, 23°, 38°, 45°, 52°, 63° and 76° 
respectively. 

 

Discussion 

We can categorise our results into three main parts: (i) Dot 
formation (at θatom = 7°, 13°, 23°), ii) the transition from 
dots to ripples (at θatom = 31°, 38° and 45°) and iii) the 
ripple formation (at θatom = 53° and 63°). For normal and 
near normal (θatom = 7°, 13°, 23°) incidences, nanodots 
pattern is observed, formation of these dots is due to the 
dominating erosion term in the BH equation which makes 
the surface rough as observed at 0° incidence. At these 
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incident angles the component of the force of the incoming 
beam along the perpendicular direction (horizontal plane) is 
zero, the only contribution is in the direction of the beam 
(vertical plane). Due to this component, the energy is 
equally distributed through collision cascades around the 
ion path with Gaussian distribution. This leads to sputtering 
of material from the surface that makes the surface rough. 

Few reports on InP have shown [9, 11-14] that the 
structures are rich in In. InP is III-V compound 
semiconductor. On bombardment with energetic Ar atoms, 
the P atoms in InP are sputtered preferentially as the mass 
of Ar is close to the mass of P and hence the surface is rich 

in In [11, 12]. At 13° incidence, the best morphology is 
observed in terms of the uniformity in the size of dots. The 
nanodots observed at 13° incidence are smaller in size and 
well ordered too as compared to the previous two angles 

(Fig. 3).  

 

Fig. 3. Size distribution of the nanodots for θatom = 0°, 7°, 13°, 23°. 

 

At θatom = 31°, 38° and 45° incidence, transition from 
nanodots to nanoripples is observed due to elongation of 
dots. The elongation of the nanodots is because of (i) 
smoothing of dot surface along the beam direction due to 
unequal sputtering of different parts of dots (ii) re-
deposition of adatoms and (iii) the ion induced surface 
diffusion. The sputtering yield is a function of Cos

-n 
(θ), 

where n is an integer, which differ from material to material 

[14, 21]. This indicates that sputtering increases with 
increasing angle of incidence. It falls down sharply at 
grazing incidences.  

Considering the schematic in Fig. 4, at the oblique 
incidences, the ions hit the handout surface at different 
incident   angles with respect to    the respective    surface  

Fig. 4. Schematic of a nanodot surface, the incoming ions I0, I1, and I2, at 
an angle of 30° with respect to flat surface normal n, making angles θ0, θ1 

and θ2 with surface normals n0, n1 and n2 of the nanodot at points A, B 
and C respectively. 

normal due to the surface curvature. As the angle, θ2 > θ1 > 
θ0, there will be more sputtering of the top part than the 
bottom of the dots, which results in the surface smoothing. 
Further, the sputtered atoms are re-deposited in the forward 
direction resulting in the elongation of dots along the beam 

direction [22]. The ion-induced surface diffusion too causes 
elongation of the surface structures. At oblique incidences, 
both the components of the forces contribute unequal 
energies in the two directions around the ion paths. There is 
a resultant driving force for surface diffusion to contribute 
causing the elongation of the nanostructures along the beam 
direction. This will be more prominent for 53° and 63° 
incidences. At θatom = 53° and 63°, ripples are observed, 
with their wave vector perpendicular to the direction of the 
atom beam. The ripple orientation is in accordance with the 
one obtained for GaSb case studied by T. Alimers et al. 

[23]. The observed ripple wavelengths are ~ 55 nm and 60 
nm respectively for 53° and 63° incidences. Finally, at 76° 
incidence, roughness of surface is almost equal to that of 
pristine sample. When the atoms are coming at grazing 
incidence, they interact less with the target surface due to 
lesser number of atoms reaching the surface. From our 

previous study [12], InP (100) was bombarded with 1.5 

keV Ar atoms at different fluences varying from 4  10
16

 to 

3.2  10
17

 atoms/cm
2
, the angle of incidence was fixed at 

45° with respect to the surface normal. The bombardment 

was carried out at room temperature at a pressure of 5  10
-

6 
torr. The wavelength versus fluence graph is plotted as 

shown in Fig. 5. It is noted that wavelength, , depends on 

ion fluence, , as ~ 
0.36

. This is contradictory to the linear 

BH equation, which predicts  to be independent of the 
fluence. The wavelength observed in this case for 45° 
incidence angle is in accordance with this relation for the 
given fluence.  

The graph between the angle of incidence and the 

wavelength of ripples obtained is plotted in Fig. 6 and it 
was found that the wavelength increases linearly with angle. 
This implies that as the angle is increased the wavelength 
also increases and the wavelength lies between 40 to 60 
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nm. Although, they not shown continuous ripple for 
incidence from 38 to 53

o
. BH theory is not sufficient to 

explain (i) the dependence of ripple wavelength on ion 
fluence and (ii) formation of nanodots on the surface. The 
dependence of wavelength on ion fluence and dot formation 
are explainable by non-linear Kuramoto-Sivashinsky 
equation due to incorporation of second order terms which 
were not included in the BH equation. KS equation 
explains the ion beam erosion under normal incidence 
which leads to formation of holes or dots on the surface 

depending upon the sign of the nonlinear parameter [24, 

25]. Further understanding related to this theory is in 
progress with the help of numerical simulations. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Graph between average wavelengths of the nanoripples with ion 
fluence (extracted from our previous study).  

 

Fig. 6. Graph between angle of incidence and wavelength of ripples 
obtained. 

 

Conclusion 

In conclusion, it was demonstrated that low-energy Ar atom 
beam erosion could be used to produce different self-
organized patterns on InP surface. The experimental results 
show distinct transitions between different patterns by 
varying the ion incidence angle. The nanodots of 32 to 100 
nm diameter can be synthesized by tuning the angle of 
incidence. Also the ripple wavelength could be changed for 
50 to 100 nm. Starting with normal ion incidence, 
nanoscale dots emerge on the surface of InP which 
transform into highly ordered nanodots for 13° incidence. 

Further, nano ripples were observed, when the incidence 
angle is changed beyond 45°. The evolution of ripples from 
dots occurred at 23° where the dots start aligning and 
elongating in the direction of the beam. The rms roughness 
decreases with increase in incidence angle of the beam 
indicating the role of smoothing term. Further, simulation is 
required to explain the origin of these structures with 
variation in angle of incidence. These structures are formed 
on the InP surface due to interplay between the erosion and 
smoothing due to ion enhanced surface diffusion.  
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