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Nanocone patterns with long-range order were fabricated on a GaSb (001) substrate using low-energy ion beam
sputtering. The experimental findings elucidate the underlying mechanism involved in the growth of nano-
structures on the GaSb (001) surface. These templates were used to study the growth dynamics of the Ag thin
films through the in situ grazing incidence small angle X-ray scattering (GISAXS) technique. During film

deposition, four distinct growth stages were observed: surface replication, cluster formation, coalescence into a
continuous film, and shape transition of the nanoclusters from hemi-ellipsoids to cylinders after percolation. The
GISAXS data and their simulations provided valuable insights into the film’s structural evolution, shape, and

distribution during deposition.

Introduction

Ion beam-assisted nanopatterning is emerging as a potential alter-
native to mask-free nanofabrication techniques for the preparation of
self-organised nanostructures over a large surface area in a single step
[1-9]. A wide variety of materials can be patterned into nanostructures
with various shapes and sizes (ripples, dots, cones, mounds, etc.), which
can be easily tuned by varying ion beam parameters, incorporating
surfactant, and modifying the substrate conditions [3-8]. These nano-
patterned surfaces are used as substrates for the deposition of thin films,
nanowires, and nanodot arrays with wide applications spanning data
storage, optoelectronics, nanoelectronics, biomedical devices, and
plasmonics [10-14].

The process of self-organized patterns by ion beam irradiation is well
explained by the Bradley-Harper (BH) model, with extensions based on
recent theoretical and experimental research results [15-17]. The ma-
terials most commonly explored by various research groups for studying
pattern evolution include metals, semiconductors, and amorphous ma-
terials. Among these, multi-component systems such as group III-V
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semiconductors (e.g., GaSb) have gained significant theoretical and
experimental interest due to the formation of dense, well-ordered arrays
of nanodots, nanoripples, and nanocones [1,9,18-21]. Fascko et al. re-
ported the formation of hexagonal dot arrays on a GaSb substrate under
normal incidence of ion beam, while Allmers and co-workers observed a
transition from dot to ripple patterns by varying the angle of incidence
[1,22]. Various research groups have proposed distinct mechanisms for
nanostructure growth in binary compounds, drawing on findings from
their experimental and theoretical studies. Facsko et al. suggested that
the preferential sputtering of one component (Sb) leads to surface
instability, while a counter-surface diffusion mechanism results in the
formation of nanodot structures on the GaSb substrate [9]. On the basis
of compositional analysis, Le Roy et al. claimed that the segregation of
the Ga atoms on the surface acts as a shield. This, combined with the
preferential sputtering of Sb, leads to the formation of a dot-like nano-
structure [23]. Bradley-Shipman proposed a theoretical model for bi-
nary compounds, stating that surface instability arises from a surface
layer with an altered composition due to the preferential sputtering of
one element (Sb), which triggers nanostructure formation in binary
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compounds [17]. In contrast, Scott suggested that the phase separation
of Ga (in the peak regions) and Sb (in valley regions), due to the pref-
erential sputtering and redistribution of both elements, creates surface
instability that drives the evolution of nanodot structures on the GaSb
surface [24]. Interestingly, several in-situ studies on GaSb substrates
have suggested a strong correlation between compositional variation
and the growth of nanostructures in binary substrates [19-21]. There-
fore, further exploration of the experimental processes is necessary to
gain a clearer understanding of the actual growth mechanism.

Nanopatterned surfaces are primarily used as substrates for depos-
iting metallic thin films with surface anisotropy, plasmonic nanowires,
and nanodot arrays [25-31]. The ability to precisely control the
morphology and distribution of the metal film on a nanopatterned sur-
face is vital for achieving optimal device performance. In our previous
work, we reported the detailed growth mechanisms and properties of
magnetic thin films (cobalt and permalloy) on patterned substrates with
ripple structures on the Si surfaces, exhibiting uniaxial magnetic
anisotropy [26,28]. Giordano et al. highlighted the potential applica-
tions of PEDOT: PSS film on patterned glass substrates with enhanced
anisotropic conductivity for organic nanoelectronics [10]. Barelli et al.
demonstrated a remarkable enhancement in surface-enhanced Raman
scattering (SERS) for gold films deposited on patterned glass substrates,
enabling molecular and biosensing applications [13]. Oates and
co-workers showed the application of ripple templates on Si surfaces to
deposit silver nanoparticles for plasmonic application [29].

In this work, we report detailed investigations into the nanostructure
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evolution mechanism on the GaSb (001) surfaces under ion beam irra-
diation and the growth of Ag thin film on the patterned substrate using
the in situ grazing incidence small angle X-ray scattering (GISAXS)
technique. It is an advanced characterization method that allows real-
time observation of the dynamic evolution of surface morphology and
interface roughness during the deposition process [4]. By employing
in-situ GISAXS, high-resolution temporal and spatial data on the
nucleation and growth mechanisms of metallic thin films that interact
with nanopatterned templates can be obtained. This insight guides the
rational design and optimization of nanostructured materials, enabling
the development of devices with tailored functionalities and improved
performance.

Textured GaSb (001) templates with nanocone arrays were prepared
using low-energy ion beams at normal incidence. The growth mecha-
nisms of these nanostructures were examined using AFM and ex-situ
GISAXS techniques. Further, the growth of Ag thin films on nano-
patterned GaSb (001) templates has been investigated using in-situ
GISAXS during deposition. Detailed information on the nucleation,
growth, and coalescence processes of Ag thin films on the nanocone
substrate were obtained from GISAXS measurements. The data revealed
the evolution of Ag cluster size, shape, and distribution over deposition
time. The scattering patterns exhibited distinct characteristics corre-
sponding to the nanocone substrate and the Ag clusters, allowing precise
determination of cluster size and interparticle spacing.

400.0 nm

Fig. 1. (a) Schematic representation of the experimental setup used for the ion beam irradiation on the GaSb (001) substrate, (b-e) AFM images (2 x 2 pm) of GaSb
(001) surfaces sputtered by the Ar" ion beam with different ion fluences (®), (f) enlarged image of Fig. 1 (e) and (g) variation of RMS roughness (w) with ion fluence.
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2. Experimental details

Single-crystalline GaSb (001) substrates [5 x 5 mm?, RMS roughness
(6) = 1.1 nm] were used for the preparation of the textured template by
ion beam irradiation. The substrates were cleaned in an ultrasonic bath
with acetone, isopropyl alcohol, and deionised (DI) water sequentially
for 10 minutes. A schematic representation of the experimental setup is
shown in Fig. 1 (a). The GaSb (001) substrate was irradiated at normal
incidence using an Ar" ion beam with an energy of 400 eV. The
experiment was carried out with a Kauffman-type hot cathode ion
source (beam diameter: 3 cm) at a base pressure of 2 x 107 mbar,
maintaining a constant ion flux value of 2.5 x 10'° jons.cm2.s. The
diameter of the ion beam was sufficiently large to cover the entire
sample area. The surface morphology of the prepared templates was
analysed using Atomic Force Microscopy (AFM, Nanoscope E, Digital
Instruments) in tapping mode. AFM images were processed with
Nanoscope analysis software available with the instrument and Gwyd-
dion software [32] to extract detailed surface morphological parame-
ters. RMS roughness (w), power spectral density (2D-PSD), and
height-height correlation (HHCF) were extracted from AFM images to
understand the growth behaviour and lateral distribution of nano-
structures on the surface under different ion fluence [4,5,33].

Further detailed morphological characterization of the templates
and Ag film growth on GaSb (001) (using highly automated sputter
equipment) were performed using GISAXS with a microbeam at the
MiNaXS/P03 beamline (PETRA III, DESY) [35-38]. GISAXS measure-
ments with X-ray beam energy, beam size, and sample-to-detector dis-
tance for nanocone templates surface characterization- 12 KeV, 31 x 24
um? (horizontal x vertical), 2851 + 1 mm and during Ag film deposition-
11.83 KeV, 24 x 20 um?, 3240 + 1 mm, were used respectively. PILA-
TUS 1M (Dectris Ltd., Switzerland) with a pixel size of 172 x 172 pm?
was used as a detector. Details of GISAXS scattering geometry during
film deposition are explained in a later section. The deposition rate of
the Ag thin film was maintained at 0.68 nm.min}, achieving a total
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thickness of 20.5 nm. The GISAXS data were analysed using the DPDAK
program [34]. Selected 2D GISAXS plots were simulated under different
growth regimes using the BornAgain program [39].

3. Results and discussion

(a) Evolution of nanocones on GaSb (001) substrate

Fig. 1 (b—e) shows the AFM images of the GaSb (001) samples irra-
diated with different ion fluence ranging from 1.5 x 107 to 4.5 x 10'®
ions.cm at normal incidence. These images clearly illustrate the for-
mation of nanocones on the GaSb (001) surface at lower fluences, which
become more prominent at higher ion fluences. The enlarged AFM
image of the irradiated surface with higher ion fluence [Fig. 1 ()] clearly
shows the formation of a nanocone-like structure with an average height
of 16.7 nm. Fig. 1 (g) depicts the variation of RMS roughness with ion
fluence.

The RMS roughness of the irradiated samples initially increases and
then nearly saturates at higher ion fluences. For single-component
substrates (such as Si or Ge), the surface remains smooth when irradi-
ated at normal incidence, because of the dominant surface smoothening
process. However, binary compounds have been observed to exhibit
compositional instability near the surface region during ion beam irra-
diation, which contributes to nanostructure growth [19,40]. The surface
roughness of pristine GaSb is attributed to the presence of native oxide
on the surface. Keller et al. have also observed a transition from the
smoothing to the roughening mechanism (©<1.6 x 107 jons.cm™) in
the GaSb (001) substrate under similar experimental conditions.
Furthermore, they reported that the roughness nearly saturates at higher
fluences [41].

Fig. 2 (a) shows the PSD curve of the GaSb (001) samples irradiated
with different ion fluences. The PSD curve exhibits k-independent
behaviour in the low-frequency region, while it decreases linearly in the
high-frequency region. A peak near the cross-over region in the PSD
curve indicates the periodicity of the nanostructure on the surface. The
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Fig. 2. (a) PSD curve of GaSb substrate irradiated with different ion fluence (Inset shows the PSD data of GaSb sample irradiated with ion fluence of 4.5 x 108 jons.
cm'z), (b) HHCF calculated for GaSb samples irradiated with different ion fluence. (c¢) Variation of the length of the lateral correlation length (¢) and the roughness of

the RMS (w) with ion fluence (®) (log-log scale).
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results do not show a peak in the PSD curve for all samples, except the
surface irradiated with the highest ion fluence [inset of Fig. 2 (a)]. This
indicates the presence of correlated structures on the surface with an
average distance (D) of ~39 nm. Above cross-over frequency, it exhibits
a power-law behaviour proportional to k™, suggesting ion-induced
viscous flow as the dominant surface smoothing mechanism for all
GaSb surfaces irradiated with different ion fluences [1,40]. The feature
that appears in the high-frequency region is attributed to various noise
sources.

Fig. 2 (b) shows the height-height correlation function [H(r,t)]
calculated as a function of distance r on a log-log scale. The similar
nature of the HHCF for different ion fluences indicates comparable
roughening behaviour and uniform growth of nanostructures across
fluences. The lateral correlation length (&) is obtained by fitting the
HHCF curve, as shown in Fig. 2 (c). The increase in & with ion fluence
indicates the lateral growth of nanostructures due to the formation of
mounds or island-like structures, which becomes more pronounced with
higher ion fluence [42]. These nanostructures likely evolve due to the
agglomeration and aggregation of nanodots under ion beam irradiation.
Dynamic exponent (z) is calculated by linear fitting of the £ vs. @ curve
(log-log scale, &£ ~ ®/%) up to an ion fluence of 1.5 x 10'8 ions.cm2.

The growth exponent () characterizes the surface roughening pro-
cess and growth of the amplitude of the nanostructure with ion fluence.
Fig. 2 (c) shows the variation in RMS roughness (w) with ®, which
closely follows the power law behaviour (w ~ ®") up to an ion fluence of
1.5 x 10'® jons.cm™. The value of g is calculated to be 0.34 + 0.04,
indicating the possibility of the role of nonlinear effects in the growth of
nanostructure, which becomes more dominant at higher ion fluences.
Further insight into the growth dynamics is obtained by calculating the
roughness exponent y (y = z.3). The higher value of y (i.e., y>1) indicates
that the evolution of nanostructures in the vertical direction is more
pronounced with ionic fluence compared to lateral growth [5,42].

A horizontal line cut through the two-dimensional GISAXS data
[inset of Fig. 3 (a)] around the Yoneda region (g, = 0.62 nm'l) for all
samples are shown in Fig. 3 (a) [4,43]. As fluence increases, the
two-dimensional nature and the order of the samples interfere with the
evolution of side peaks. The results indicate that the evolution of surface
morphology occurs in two stages. The initial phase involves surface
smoothing caused by irradiation, while the latter phase involves the
formation of nanostructures, resulting in the appearance of lateral
peaks. With increasing fluence, the full-width at half maximum (FWHM)
of the lateral peaks decreases, indicating improved ordering. The cor-
relation length of the pattern is also inversely proportional to the FWHM
of the lateral peak [28].

On the basis of the analysis of the horizontal line cut, it can be
observed that the order of the pattern increases as the ion fluence in-
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creases. Furthermore, as fluence increases, the lateral peaks shift to-
wards a lower g-value, which is a manifestation of pattern coarsening.
This shift corresponds to an increase in the distance between nanocones
(D), which can be calculated using the given equation:

2z
a4y

D @
where g, is the position of the side peak (scattering vector in y-direc-
tion). Fig. 3 (b) shows the variation of D with ion fluence, indicating that
D increases from 22 nm to 37 nm with the increase in the fluence value
from 7.5 x 10'7 to 4.5 x 10'® ions.cm™, and tends towards saturation at
higher fluences.

Recently, Lively et al. proposed a growth mechanism for nano-
structures on a GaSb substrate through theoretical and experimental
exploration based on nucleation and growth kinetics [18]. Since the
sputtering yields of Ga and Sb are almost identical, they sputter at
similar rates [19]. They observed that above a critical ion fluence, the
nanostructure growth mechanism dominates over ion-induced surface
smoothing. This process results in the formation of Sb "protoclusters"
due to the high diffusional mobility of Sb near the surface region. These
protoclusters attract other mobile Sb ions and form stabilised Sb clusters
on the surface via nucleation and growth mechanisms.

The difference between the sputtering yield of GaSb surface phases
and the laterally distributed Sb clusters drives the evolution of the
nanostructure on the surface. Lively et al. also mentioned that the
growth of nanostructure nearly saturates above a certain ion fluence or
saturation fluence. Our experimental results align with this observation,
showing that nanostructure formation begins above 7.5 x 107 ions.cm™
:2md growth nearly saturates above an ion fluence of 2.3 x 10'® jons.cm™

(b) Growth of Ag thin film on patterned GaSb (001) substrate

A well-ordered GaSb nanocone substrate with D = 23 nm is used to
deposit an Ag thin film. The schematic of the GISAXS scattering geom-
etry during deposition is shown in Fig. 4 (a), where a;, oy, and 26y denote
the incident, exit, and scattering angles, respectively. 2D GISAXS images
for selected Ag film thickness values, t = 0, 1, 2, 4, 6 and 20 nm, are
shown in Fig. 4 (b), where qy and g, represent the scattering vectors
along y and z directions. Yag and Ygasp represent the Yoneda peak po-
sitions of Ag and GaSb, respectively. The position of the Yoneda peak
always corresponds to ay = a., where ay is the exit angle and a, is the
critical angle. The peak position can be calculated using the formula [43,
45]:
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Fig. 3. (a) GISAXS horizontal line cut along the g, direction at fixed g, position (Yoneda) peak of the GaSb, (b) Variation of average inter-particle distance between

particles (D) with ion fluence.
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Fig. 4. (a) Schematic of GISAXS scattering geometry during sputter deposition. (b) 2D GISAXS images for selected Ag thickness values. Yoneda peak of Ag (Yag) and

Yoneda peak of GaSb (Ygasp) are shown by red and blue arrows, respectively.

where 1 is the wavelength of the X-ray beam. Furthermore, o, can be
determined using the equation a, = \/26, where 6§ is the refractive index
decrement related to the effective electron density.

Fig. 5 (a). shows horizontal line integrations plotted at fixed g, =
0.67 nm™ (between Yg,gp and Yag) for Ag film thickness values ranging
from O to 20.5 nm, to get information about the evolution of lateral
correlations in the system. A side peak at g, = 0.26 nm’, corresponding
to the correlated structure of GaSb nanocones, remains at the same
position during the early film thickness regime. As the thickness of the
film increases, the side peak corresponding to Ag clusters shifted from
higher q values to lower q values, indicating an increase in real space
separation between the Ag clusters [38,45]. To analyse the variation in
the position and FWHM of the side peaks with film thickness, peak
fitting is performed using a symmetric double Lorentzian (LODS) func-
tion, which is commonly used to analyse the peak shapes of X-ray
scattering and diffraction data [34,44].

This function combines two Lorentzian functions and can be math-
ematically expressed as:

A A

L(x) = Al 5+ Al 5 (iii)
U || 1+ [
2 2

where x is an independent variable over which the Lorentzian function is
evaluated, A is the amplitude of the Lorentzian peaks, pos is the position
parameter that determines the centre of each Lorentzian peak, and
FWHM is the full width at half maxima of the Lorentzian peaks. Fig. 5 (b)
shows the variation in the side peak positions of GaSb and Ag with
increasing film thickness. For very thin films (a few angstroms thick),
the peak position of Ag appears around qy = 2 nm, indicating the initial
formation of Ag nanoclusters with an average intercluster distance of
approximately 3 nm, calculated using equation(i). As the film thickness
increases, the Ag peak position rapidly decreases towards lower g,
values and becomes constant after 6 nm. At around 1.5 nm thickness, the
Ag side peak merges with the GaSb side peak, indicating that the
interparticle separation of Ag clusters matches the inter-particle sepa-
ration of GaSb nanocones.

Fig. 5 (c) shows the variation in the FWHM of side peaks corre-
sponding to GaSb and Ag with increasing Ag film thickness. The FWHM
of the Ag side peak decreases exponentially, whereas the FWHM of the
GaSb side peak remains almost constant up to a thickness of 1.5 nm and
then increases with further film thickness. The reduction in FWHM of
the Ag peak with increasing thickness suggests that the lateral distri-
bution of the material becomes more uniform as the thickness of the film
increases [28]. The FWHM variations of the Ag side peak can be further
analysed using two functions: an exponential decay function and a linear
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Fig. 5. (a) Horizontal line cuts are extracted at g, = 0.67 nm™ for a film
thickness ranging from O to 20 nm. (b) A 2D graph shows the relationship
between the lateral correlations’ peak position with Ag thickness (represented
by blue circles) and GaSb (represented by pink circles). (¢) FWHM of the side
peaks of GaSb and Ag are plotted with increasing Ag film thickness. Four
growth regimes are indicated with different colours.
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function (shown by the green and wine colour lines, respectively). The
intersection of the two functions occurs at a film thickness of approxi-
mately 6 nm, which closely corresponds to the percolation threshold
reported in earlier studies [38,44,45].

Fig. 6 presents a 2D image for thicknesses of 0.4, 1.0, 5.0 and 12.0
nm, along with their corresponding simulation images and models.
Simulation of GISAXS patterns was conducted to represent the time
evolution of the cluster shape and lateral distribution, highlighting the
physical significance of our approach [46]. The cluster distribution was
described using distorted-wave Born approximation [46,47]. The anal-
ysis was carried out by implementing an analytical computation method
that used a 2D paracrystal interference function. In addition, a hexag-
onal arrangement was used to describe the lateral packing of the clus-
ters. The following four growth stages were observed:

(a) Stage I: The replication stage, where Ag atoms replicate the
unique topographical features of the GaSb nanocone substrate by
coating its contours up to a few angstroms thick.

(b) Stage II: One of the primary influences on Ag growth is the dif-
ference in surface free energy between GaSb (0.5-0.7 J-m) and Ag
(1.2-1.4 J-m™2). Since Ag has a higher surface free energy, its atoms tend
to minimize their exposure to the substrate by bonding preferentially
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with one another. This strong Ag-Ag interaction is further reinforced by
Ag’s high cohesive energy (2.95 eV/atom), which stabilizes the forma-
tion of discrete clusters instead of promoting uniform adhesion to the
GaSb surface. Consequently, the weak adhesion between Ag and GaSb
inhibits smooth film formation, favouring the growth of isolated Ag
islands [48-50].

Another key factor contributing to the clustering behaviour is the
large lattice mismatch (~33 %) between Ag (4.09 [o\) and GaSb (6.10 A).
This significant mismatch introduces considerable strain energy at the
Ag/GaSb interface, making layer-by-layer growth energetically unfav-
ourable. Instead of forming a continuous thin film, Ag follows the
Volmer-Weber (VW) growth mode, where atoms nucleate into three-
dimensional islands to minimize strain energy [51,52].

Furthermore, the deposition process leads to Sb segregation at the
surface, altering the local chemical environment. The presence of
segregated Sb reduces the wettability of Ag, further discouraging uni-
form layer formation and reinforcing island growth. The combination of
weak adhesion, high cohesive energy, lattice mismatch, and surface
segregation ultimately dictates that Ag does not spread uniformly on
GaSb but instead forms discrete clusters, particularly between adjacent
nanocones where surface energy effects are enhanced [50,51].

Model Ag

GaSb

Fig. 6. Experimental and simulation images of the 2D GISAXS data with their model for the different film thicknesses of (a) 0.4 nm, (b) 1.0 nm, (c¢) 5.0 nm, and (d)

12.0 nm.
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(c) Stage III: This stage marks the transition to a more ordered
arrangement of clusters, as reflected in the FWHM progression shown in
Fig. 5 (c).

Stage IV: The shape of the Ag clusters changes from hemi-ellipsoidal
to more elongated cylindrical structures. This occurs as Ag is predomi-
nantly adsorbed onto the Ag base layer once percolation is achieved,
consistent with observations from previous work [44].

For the simulations, a cone-shaped structure was used in stage I, with
particles arranged in a core-shell configuration: the core representing
the GaSb nanocones and the shell comprising Ag atoms. In stages II and
III, a hemi-ellipsoidal shape was used for the Ag clusters, alongside a
core-shell model. In stage IV, the Ag nanoclusters exhibited a different
growth pattern, as indicated by the progression of FWHM in Fig. 5 (c). At
this stage, the Ag atoms were more likely to collide with preexisting
nanoclusters rather than the bare surface. To ensure agreement between
the data and simulations, a cylindrical model was adopted after
percolation.

4. Conclusion

We examined the evolution of the GaSb surface morphology, which
was observed to occur in two main stages: the first stage involves
irradiation-induced surface smoothening, while the second stage in-
volves the formation of nanocones. Nanostructure formation was
observed to start above an ion fluence of 7.5 x 10'7 ions.cm and its
growth nearly saturates above 2.3 x 10'® ions.cm™. The average dis-
tance between two nanocones increases as the ion fluence increases.
Furthermore, we investigated the in situ real-time evolution of Ag
cluster growth on a GaSb nanocone template (average intercone sepa-
ration of 23 nm) using the GISAXS technique. The obtained data show
that Ag cluster growth occurs in four broad stages: initial surface
replication, followed by small cluster formation, continuous grain
growth, and a shape transition from hemi-ellipsoidal to cylindrical
structures upon passing the percolation threshold. We presented a
geometric model based on simulation to validate our hypothesis for the
different growth stages of Ag thin film deposition on a GaSb nanocone
substrate. The primary characteristics, including position, shape, and
relative intensity at various maxima, were successfully replicated. These
results are relevant for potential applications in plasmonics, nano-
fabrication, and other advanced material systems where surface
morphology plays a critical role in determining functional properties.
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