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ABSTRACT

We present the formation of Ge nanostructures by bombardment of 1.5 keVV Ar atoms on Ge (100). The bombardment was
carried out at normal incidence with variation in the fluences from 5x10"° to 3x10"" atoms/cm?. Near surface chemical study on
the pristine and irradiated Ge samples has been carried out using X-ray Photoelectron Spectroscopy. In the near surface region
of pristine sample, prominence of Ge*" was observed by 3d core level present at a binding energy of 33.5 eV. After the
irradiation, the evolution of two new core level peaks at binding energies of 29.8 and 30.4 eV confirms the reduction of Ge*" to
elemental Ge. Atomic Force Micrographs show an increase in surface roughness from 0.4 nm to 10 nm for pristine to sample
irradiated at highest fluence. Using the scaling laws and calculating the roughness and growth exponents deduced from Power
Spectral Density analysis, it has been found that ion induced coarsening leads to the surface roughening. Further, using the
simulation code, it is found that with increasing fluence of bombardment, the deformation of surface starts initially which later
on results in simultaneous formation of dots and pits. Copyright © 2013 VBRI press.
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Introduction

Low-energy ions are used extensively for cleaning the
semiconductor surfaces during device processing. During
the process of etching, there is formation of various features
on the surfaces with reduced size and better ordering. In
1956, Navez et al. observed for the first time that a new
morphology on the surface of glass arises due to ion
bombardment depending mainly on the incidence angle [1].
Later on, advanced processing techniques such as reactive
ion-beam etching, ion-assisted deposition, direct ion
deposition, and surface modification for tribological or
corrosion-resistant  applications, are actively being
investigated and applied [2, 3]. These processes can benefit
from a thorough understanding of physics of ion-surface
interactions, defect production yields and defect annealing
kinetics in order to apply it for controlled fabrication of
surface nanostructures. During the process of low energy
ion bombardment, the near surface region of the target
material gets amorphized due to creation of point defects
thus leads to the formation of nanostructures on the surface
of a material through the process of self assembly [2-6].
The main mechanisms governing such changes on the
surface is the competition/interplay between the roughening
induced by ion bombardment and smoothening due to
surface diffusion. Until now researchers have observed two
different types of self-organized patterns during ion beam
erosion: ripple and dot pattern [7-12]. Due to self-
organization processes and for appropriate sputtering
conditions, these patterns can show a very high degree of
lateral ordering [3, 13].

Germanium (Ge) is considered to be a substitute to Si
for next generation complementary metal oxide
semiconductor devices because of their high intrinsic
carrier mobility, and thus has attracted much interest
recently [14, 15]. Ziberi et al. studied the nanostructure
formation on Ge with 2 keV Ar ions. They observed a well-
ordered dot formation at normal incidence which evolves
into ripple formation as the angle of incidence was
increased [13]. Floro et al. [16] studied the surface defect
production on Ge (100) due to 70-500 eV Ar and Xe ions
and found that Xe induces more defects on the surface upon
bombardment than the Ar ions due to much higher mass.
Also, at elevated substrate temperatures the observed
surface defect yield is reduced for Ar and Xe
bombardment, presumably by defect annealing. The
kinetics of surface roughening of Ge (001) due to 200 eV
Xe* ions bombardment has been studied by Chason et al.
during the molecular beam epitaxy to see the surface
diffusivity of Ge on Ge (100). It was found that the initially
smooth surfaces reach a steady state roughness which
depends on the temperature and incident ion adatom flux.
In another work Chason et al. bombarded Ge (100) with
200 eV Xe' ions as a function of substrate temperature.
They measured the activation energies of 0.8 eV for surface
migration during the bombardment in the case of Ge [14,
17, 18]. It is argued that the annealing arises from direct
surface recombination of point defects. Defects that reach
the surface enhances the surface diffusion if sufficient
thermal energy is available and either recombine with each
other (adatom plus surface vacancy), or annihilate at ledge
sites. Zhou et al. have studied the ripple formation on Ge
using the focused ion beam at normal incidence with 30
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keV Ga ions. They have found that the ripple orientation
changes with ion fluence [19]. Miyawaki et al. have studied
the bombardment of 600 eV Ar ions on Ge with
simultaneous supply of Ni. They observed various structure
formation like nanocone, nanoneedle etc on Ge. It was
concluded that Ni acts as a seed for these structures to form
[20]. All the above studies have been carried out at a very
low energy regime of the ions or electrons (0.07 to 0.5
keV). In our study we have used 1.5 keVV Ar atoms to study
the nanostructure formation on the Ge (100) surface.

The reported works on low energy ion bombardment on
Ge mainly highlights the role of defect formation and did
not consider the formation of surface nanostructures due to
the ion impact. In the present work, we investigated the
evolution of surface nanostructures on Ge by low energy
atom bombardment instead of ion bombardment. Further on
the basis of Scaling laws and simulation, experimental
results are explained.

Experimental

In the present experiment, 1.5 keVV Argon (Ar) atoms have
been used to bombard the samples of Ge (100) at normal
incidence. The base pressure of the chamber was around
5x10° mbar and 3x10° mbar during bombardment.
Bombardment was carried out at room temperature ~ 23°C.
An atom fluence ranging from 5x10" to 3x10''atoms/cm?
was used during the experiment and the beam flux was ~
15pAlcm?. Fig. 1 shows the schematic of the set up of the
sputtering unit designed indigenously at IUAC, New Delhi
[21]. It has a Argon source which delivers a current density
of 30 pA/cm?. The samples were mounted at the top part of
the chamber as shown in the Fig. 1.

@is the angle of
the mount

~-

Atom gun Ge Sample
\ © is the angle of incidence
of the atom beam with

respect to the sample normal N

Vacuum
Fig. 1. Schematic of the experimental set-up.

The atom gun is fixed at 45° with respect to the sample
normal. For our studies, the angle of incidence of the atom
beam has been fixed at 0° with respect to surface normal
using a 45° mount on which the samples have been
mounted during bombardment. The surface morphologies
of the pristine and bombarded samples were investigated by
using Atomic Force Microscopy (AFM) Nanoscope llla
multimode from Digital Instruments. All measurements
were conducted in air using Silicon-Nitride tips with a
nominal tip radius of < 10nm. The near surface chemical
analysis of the pristine and irradiated samples was studied
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using X-ray photoelectron measurements in a VG XPS
system by utilizing the Mg anode with an overall resolution
of 0.9 eV. The range of 1.5 keVV Ar atoms inside Ge is ~
37A° and the electronic and nuclear energy losses are 3.41
and 26.79 eV/A® respectively (as estimated by SRIM
2003)[22]. Clearly the dominating process is the nuclear
energy through which the energy is deposited within the
system and the surface morphological changes occur.

Results and discussion

XPS study is carried out for the chemical states
identification of elements present in the samples. Elemental
survey scan of the pristine sample is shown in the binding
energy region of 575-0 eV (shown in Fig. 2 (i)). All
elements present in the sample are indexed in the Fig.,
which shows that sample is mainly composed of Ge and O
elements. The presence of the Cu is because of the substrate
holder used in the study. The presence of C is because of
the contamination of the sample at surface. For doing the
core levels analysis, a Tougaard-type background was
subtracted and XPSPEAK 4.1 program was used. Core level
spectra of Ge, in the binding energy region of 36 to 25 eV,
have been shown in Fig. 2 (ii), where spectrum (a), (b), (c)
and (d) are corresponding to the pristine and irradiated
samples at fluences 5x10%°,1x10"" and 3x10*" atoms/cm?
respectively. In the spectrum (a), the XPS peak centered at
33.4 eV is assigned to be due to the doublet 3ds, and 3ds),
core levels of Ge*" chemically bonded with O. However,
we were not able to resolve the splitting of 3d level in 3ds,
and 3dg, levels. In the pristine sample, the absence of
elemental Ge could be possible, because core level
photoelectrons can eject out from only a few nm depth in
the sample so in that region the main contribution remains
as the GeO, only due to an oxide layer and underneath Ge
present (if it were there) in samples is not observed. As we
have bombarded the samples with the energetic particles,
the oxide overlayer got removed and we could see the
hump on the lower binding energy side. The broad peaks in
(b), (c) and (d) are deconvoluted into three main peaks,
where the two new peaks at 29.8 eV and 30.4 eV arise from
the doublet of Ge 3ds;, and Ge 3ds, core levels. The O (1s)
core levels as shown in Fig. 2 (iii) reveal the presence of
GeO, at the near-surface. After the deconvolution of broad
peak in two components centered at binding energy at
531.0 eV and at 532.0 eV have been found which were
attributed to be due to O chemically bonded with Ge and
physisorbed O. The binding energies of such assigned Ge
and O core levels are consistent with previous results [23-
29]. When we compared the area under the Ge** and Ge
core level peaks in (a)-(d) spectra (as shown in Fig. 2 (iv)),
a drastic decrease from 51.8 in pristine sample to
systematic decrease from 0.34 to 0.27 is observed with the
increase in fluences from 5x10™ to 3x10'" atoms/cm?
respectively. Hence, we can conclude from the XPS results,
that irradiation with low energy ions leads to the reduction
of surface oxide layer into elemental Ge.

The 3d views of the AFM micrographs of the pristine
and irradiated samples are shown in Fig. 3. Fig. 3a shows
the morphology of the pristine sample of Ge (100). It can
be seen that the surface is not completely flat and shows
rms roughness 0.2 nm with few structures on the surface.
Fig. 3(b, ¢, d, e, f) shows the morphology at different
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fluences (5x10%, 1x10%®, 5x10', 1x10' and 3x10Y
atoms/cm’ respectively. For the initial fluences (upto
1x10* atoms/cm?) there is no significant change in rms
roughness of the surface. However, after a fluence of
5x10% atoms/cm?, there is a sharp increase in the roughness
value from 4 nm to 10 nm. There is formation of bigger
structures due to the self assembly of smaller structures
which led to increase in surface roughness.

= (ii)
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(iii) ;
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Fluence (110" atoms/em’)

Fig. 2. (i) XPS survey scan of the Ge sample, (ii) XPS spectra of the
pristine and irradiated samples :; a) Pristine, b) 5x10%, ¢) 1x10' and d)
3x10atoms/cm?, (iii) XPS spectra of the pristine and irradiated samples
of O-1s :; a) Pristine, b) 5x10%, ¢) 1x10'" and d) 3x10*atoms/cm?, (iv)
Variation of relative contributions Ge**/ Ge with respect to atom fluence

. 1x10% aty 2
5x10'® atoms/cm? 4 atams/om

3x10" atoms/cm?

Fig. 3. 3D view of the AFM micrographs of the pristine and irradiated
samples

The morphology of the surface is also changed with
increasing fluence and formation of nanodots on the surface
is clearly seen at highest fluence. Nanostructuring of the
surface occur due to the interplay between ion induced
sputtering and surface diffusion. The roughness alone gives
insufficient information about the change in morphology as
it is 2-dimensional (2D) information in x and y planes. It is
a numerical parameter and depends on the scan size. To get
the complete information and better understanding of
nanostructured surface under the energetic atom
bombardment, power spectral density (PSD) was deduced
from the AFM micrograph and tries to study the changes
observed in the morphology. PSD can provide quantitative
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information about the surface roughness in both the vertical
and lateral directions and is independent of the scan size.
The 2D PSD function is defined as [30]-

areda 2

PSD(y) = L UJ‘E e'“?’"{h(:r"}t}] , T=(xy)

where q is the spatial frequency (nm™) and h(r) is the
surface height at a point r.
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Fig. 4. (a)Log plot of Power spectral density Vs. Spatial wavelength of the
pristine and irradiated samples and (b) Log plot of the rms roughness Vs.
the atom fluence.

The scan sizes of 2um x 2um and 512 x 512 data
points were used to scan the samples in AFM. The scaling
behavior of the Ge samples was analyzed using PSD curves
obtained from AFM images by extracting the values of
roughness exponent, «, and growth exponent, B. The
exponents, « and S, give spatial and temporal evolution of
the structures, respectively. The log plot of 2D PSD
function versus spatial frequency is shown in Fig. 4a. The
horizontal low frequency part shows the uncorrelated white
noise that arises due to random arrival of ions onto the
surface. There is an increase in the intensity of the plateau
with increase of fluences from 5x10™ to 3x10*" atoms/cm?,
which indicates an increase in roughness. The high
frequency linear part shows correlated surface features. The
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PSD curves do not show any significant peaks
corresponding to the nanodot structures which show that
the structures lacks the selection of particular wavelength
[31] and follows power law dependence [32]. Hering et al.
have shown that slope (n) can have values 1, 2, 3 and 4
which represent different modes of surface diffusion like
viscous flow, evaporation-condensation, volume diffusion
and surface diffusion respectively [33]. The value of n for
the different curves of PSD function was calculated to be in
the range of 3.2-3.7 for higher fluences and 2.44-2.34 for
pristine and lowest fluence. The exponent o was determined
using the relation, @ = (n — d)/2, where n is the slope
obtained and d is the dimension of PSD taken from AFM
images. The value of a was found to be between 0.6 and
0.9. The value of roughness exponent increases with an
increase in fluence. The value of roughness exponent 0.6
can be described by continuum theories, which predict the
values of a = 0.38, 2/3 and 1 [34]. Moreover, application of
ion bombardment results in increment of roughness
exponent to 0.9. This high value of « indicates that as the
ions are bombarded on the surface, the ion-enhanced
surface diffusion term dominates. The surface becomes
rough due to the effect of ion induced diffusion for higher
fluences leads to coalence of the smaller structures. The
growth parameter, S, was determined by plotting rms
surface roughness of the pristine and irradiated samples
versus ion fluence in log scale (Fig. 4b). The slope gives
the value of B which was found to be 0.42 + 0.12. This
value of g also suggests that the diffusion induced due to
ion bombardment dominates. The Edward—-Wilkinson (EW)
equation [35] shows the same scaling properties; in this
regime, non-linear effects eventually stabilizes the surface
and surface relaxation takes place by diffusion with 5 =0.3.
The scaling parameter, z = a/f5, was found to be 0.9/0.4 =
2.25. The Ge samples follow the scaling behavior as
mentioned in the KPZ equation, given by Kardar et al. [36],
the modified BH equation. The high values of scaling
exponent also indicate the anomalous growth of surface
under the ion bombardment.

Fig. 5. Simulation results using KS equation

The ion bombarded surface gets roughened due to
incoming ions and counter to that the adatoms movements
smoothens the surface may be due to annihilation of the
surface vacancies. Surface adatoms and surface vacancies
contribute equally to static surface topography but in
different ways. An isolated adatom introduces the same
roughness to the surface as the isolated vacancy. However,
the dynamic evolution of the surface morphology under a
flux of adatoms is determined by the migration and
interaction of the surface defects they create. It has been
observed that the kinetics of ion beam roughening is similar
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to those of growth roughening [13]. We also tried to
simulate the results obtained with AFM using the KS
equation. Fig. 5 gives the simulated images at three time
scales t=200, 300 and 450 s. The simulation uses a grid size
of 200 with 5x=8y=1 and &t=0.01. As shown in the images,
the surface initially starts deforming at initial time scale
with fewer pits and this gradually develops into a regular
surface with simultaneous formation of pits and dots. There
is an increase in roughness from 0.2 nm to 4 nm for the two
fluences.

Conclusion

The surface roughness of the irradiated samples is found to
increase with atom fluence due the agglomeration of the
smaller surface structures to the bigger structures. This
happens due the ion induced surface diffusion process
during the bombardment. The size of the nanostructures
increases from 60 nm to 100 nm as the fluence is increased.
The scaling laws have been investigated and the power law
dependence is observed. The surface coarsens as the
fluence is increased. The roughness and growth exponents
were found to be 0.6 to 0.9 and 0.42 + 0.13 experimentally.
Both the processes, sputtering and ion induced surface
diffusion are playing significant roles in the two distinct
regimes. For initial fluence, the sputtering dominates and
for higher fluences, ion enhanced diffusion leads to
mobility causing the structures to broaden with increase in
fluence. XPS study shows that there is a transition from
Ge* to elemental Ge as we are observing the pristine to
irradiated samples. The result shows analogy with the K-S
equation as value of o is found to be lying between the
regimes where the mound coarsening is predicted.
Simulation also showed the same results as obtained in the
AFM micrographs using the KS equation.
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