Molybdenum assisted self-organized pattern formation by low energy ion beam sputtering
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Abstract

The mechanism of formation of self-organized patterns on Si substrate with simultaneous co-
sputtering of molybdenum by low-energy ion beam sputtering has been investigated. The
experiment was carried out using a 1 keV Ar ion beam at normal incidence with different ion
fluence (10'6-10'8 jons.cm™). To explore the mechanism of pattern evolution in the presence of
impurities (Mo atom), the morphological details of the samples with different ion fluence, as well
as with respect to the distance from the Mo target were examined by atomic force microscopy
(AFM). The evolution of the surface pattern depends on the ion fluence and a pattern transition
from ripple to ripple + dot, and dot was observed with distance from the Mo target. RBS, XPS and
XRR measurements were also carried out to understand the mechanism of the surface evolution

process.
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1. Introduction



A large area patterned surface with nanoscale morphology has been of tremendous interest in
magnetic data storage, optoelectronics, and microelectronic devices [1-5]. Techniques including
chemical etching, lithography, and ion beam sputtering (IBS) have been used to produce large-
area nanostructures [6, 7]. Among these methods, IBS is a quick and straightforward way to create
self-organized patterns on a large surface with various types of nanostructures such as ripples,
dots, cones, and pyramids [1, 7-9]. IBS based nanostructuring of surface primarily described by
the competition between ion-assisted erosion and surface diffusion (Bradley-Harper Model),
modified with certain non-linear components and noise contribution [10-12]. Different materials
have been examined, including metal, semiconductor, and insulator surfaces (Si, Ge, GaSb, InP,
Glass, and Mica, etc.) with a medium and low energy ion beam energy [3, 9, 13]. Different
research groups have studied the correlation between topography and a wide range of variables,
including ion beam energy, nature of ion beam, ion fluence, angle of incidence, substrate

temperature, substrate rotation, metal impurities co-deposition [7, 9, 14, 15].

The incorporation of metallic impurities during the sputtering process, also known as ‘surfactant
sputtering or impurity assisted sputtering,’ is coined by Hofsaas and his co-workers [16, 17]. These
impurities play a crucial role in the surface layer composition due to ion beam mixing,
interdiffusion, or implantation of the impurity atom with substrate surface atoms. The role of
different metallic impurities (Ag, Au, Fe, Mo etc.) has been examined on the self-organized pattern
formation and a variety of patterns including ripples, dots, ripple-dots, pillars, and cones was
observed [15, 16, 18-20]. In most of the experimental setup used for the surfactant sputtering, a
metallic target is placed near the substrate so that the ion beam irradiates both the metallic target
and substrate simultaneously. Several researchers have investigated that these impurities form

metal silicide on the substrate surface and the corrugation of the pattern on the substrate depends



on the direction of the deposition of the metallic flux (directional or isotropic) and the quantity of
the impurity atoms [21]. Some authors have reported that the formation of metal silicide is the

root cause of the drive pattern in surfactant-assisted sputtering [22].

On the contrary, some authors have argued that the co-deposition and nucleation of seeding
materials above the critical threshold value is responsible for the surface evolution under impurity
deposition [23]. Some reports find that the relaxation from the mechanical stress developed due
to impurity atoms is the root cause of the dot pattern formation on the surface at normal incidence
with metallic impurity [24, 25]. Bradley et al. proposed a theoretical model for impurity-assisted
pattern formation and showed that the immobile compound form on the surface due to impurities
above a certain threshold concentration (Fa) destabilizes the surface to initiate pattern formation
[21]. In our previous studies, we observed that the phase separation due to silicide formation is
not the only reason for the pattern formation with Fe as a surfactant at normal incidence [15]. Deka
et al. have reported that the immobile silicide bond formed due to impurity atoms facilitates the
development of patterns along with sputtering and diffusion-related mechanism [18]. But the exact
mechanism that governs the patterning process is still debatable and further exploration of the
mechanism is needed to decide the role of seeding materials and other parameters to generalize the

large-area patterning process.

In this work, we report on the experimental investigations of the Molybdenum-assisted self-
organized pattern formation on Si substrate by low energy Ar ion beam (1keV) with different ion
fluence (10'°-10'"® ions.cm?). Different morphological, and compositional analyses were
performed to establish a correlation between the actual mechanism involved and reported

theoretical models to clarify the surfactant-assisted sputtering process.

2. Experimental details



In this work, ultrasonically cleaned Si (100) substrates with DI water and acetone were used for
the sample preparation. Molybdenum sputter target (99.99%) was used for the incorporation of
metallic impurity during the sputtering process. Fig.1 (a) shows the schematic representation of
the surfactant-assisted sputtering process in a vacuum chamber equipped with an RF ion source
(Veeco RF ion source, diameter=3 cm). The base pressure of the vacuum chamber was maintained
at 3x10”7 mbar during the experiment. The low energy Ar* ion beam (E=1 keV) with an ion flux
of 2.38x10'¢ ions.cm™. s! and ion fluence (@) in the range of 10'°-10'® ions.cm have been used
for the irradiation process. The ion beam incident normally on the silicon surface, whereas the

Molybdenum target was irradiated at an oblique angle of 45°.

The positions A (1 mm), B (3 mm), C (5§ mm), and D (7 mm), and E (9 mm) were marked precisely
to indicate the distance from the Mo target on the surface of Si [Fig.1(a)] has been used to examine
the position-dependent study of the role of surfactant (Mo) on the pattern formation on Si substrate.
The sample surface marked as C has been used to analyze the role of different ion fluence on the
pattern formation, as shown in Fig.1(a). The surface morphology of the irradiated surface was
examined by using atomic force microscopy (AFM) (Nanoscope-E) in contact mode and processed
by using a computer program (Gwyddion) to obtain FFT images and different parameters (r.m.s.
roughness, power spectral density, height-height correlation) to characterize the irradiated surface
[26]. The power spectral density (PSD) is calculated from the AFM images to study the growth
behavior of the surface morphology during its evolution in the presence of Mo with different ion
fluence. PSD function is calculated from AFM images along the direction of Mo flow (x-axis,
PSDx) and perpendicular direction (y-axis, PSDy) [27, 28]. To understand the surface evolution
process, the height-height correlation function [HHCF, H(r,t)] was determined along the direction

of Mo flow (x-axis). The interface width (w), lateral correlation length (&), roughness exponent



(o), and different scaling parameters [ (growth), y (roughness), and z (dynamic) exponents] were
obtained to characterize the evolution of nanopatterns by a linear fit of the HHCF function obtained
from AFM images of the samples. Rutherford backscattering spectrometry (RBS) (2MeV, He™)
and X-ray photoelectron spectroscopy (XPS) were used for the compositional and chemical
analysis of the irradiated sample surface. The RBS spectra were analyzed by using the SIMNRA
code [29]. X-ray reflectivity (HRXRD, Bruker D8 Discover) was used for the roughness analysis

of the patterned sample surface.
3. Results and discussion

A. Growth of patterns as a function of position

Fig.1(a) shows the AFM images (inset shows the corresponding FFT images) of the Si surface as
a function of distance (marked as position A-E) from the Mo target sputtered with ion fluence
@=2.80x10'® ions.cm™. A pattern transition from ripple to dot structure with an intermediate ripple
+ dot-like structure has been observed as a function of distance from the Mo target. The evolution
of different patterns along with the r.m.s. roughness as a function of distance is shown in Fig.1(b).
It is observed that ripple patterns appear near the Mo target (position-A) and the corresponding
FFT pattern clearly shows that these ripples are aligned along the direction of flow of Mo atoms
on the Si surface. The formation of holes with ripples near the Mo target may be appears due to
the backscattered ions from the target surface [22]. The transition of pattern with distance is
attributed to the difference coverage of the surfactant atoms on the Si surface [19]. A larger number
of impurity atoms is expected near the Mo edge (position A) compared to position E, due to the

angular distribution of the sputtered Mo atoms. In our previous work, we have also
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Fig.1 (a) Experimental setup used for the impurity-assisted sputtering process and AFM
(2 pm x 2 um) images of the Si surface at different positions from Mo target (inset shows the
FFT pattern of the corresponding AFM image), (b) Variation of rms roughness as a function of
distance from Mo target.



reported that the concentration of the surfactant on the Si surface gradually decreases with distance
from the target in a similar experimental setup [20]. The r.m.s. roughness is found to be decrease

as a function of distance from the Mo target.

For the further analysis PSD function is calculated along the direction of Mo flow (PSDx) and
perpendicular direction (PSDy) at a different position from Mo target as shown in Fig.2. It clearly
shows that the correlated structures are only from along the direction of Mo flow on the surface,
and at positions D and E (7, and 9 mm from Mo), the structure becomes anisotropic as shown in

FFT patterns of the corresponding AFM image.

Fig.3 shows the HHCF obtained from the corresponding AFM images at different positions from
the Mo target. It clearly reflects the similar growth behavior of patterns at different positions from
Mo target. There is some variation in lateral correlation length along the x-axis and expected due
to variation of the agglomeration of the patterns. It is obvious from the foregoing study that
location C is ideal for further investigating the influence of ion fluence on pattern formation since

it contains both ripples and dots like structure.
B. Impact of ion fluence on the pattern growth

Fig. 4(a) shows the AFM images along with FFT patterns of the Si (100) surface irradiated with
different ion fluence at normal incidence at position C in the presence of Mo as a surfactant. As
the surface remains stabilized or minimally pulverized with a normal incidence of the ion beams,
so the development of structures in our experimental setup is attributed to the impurity or surfactant
atoms [30]. The surface remains stable at lower ion fluence (7.14x10'® ions.cm™) and undergoes
a topographic transition from ripple and ripple + dot structure at higher ion fluence. It has been

observed that the Mo atoms play an important role on the evolution of surface
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Fig.2 PSD function of the Si substrate sputtered with ®=2.8x10'® ions.cm™ along x-axis and y-
axis at different positions from Mo target.
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Fig.3 HHCF of the Si sample sputtered with @=2.8x10'8 ions.cm™ at different positions from
Mo target
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Fig.4 (a) AFM image (2um x 2um) of the Si surface at various ion fluences (insets display the
matching AFM image’s FFT pattern), and (b) fluctuation of r.m.s roughness with ion fluence
(inset shows the line scan along the x-axis).



morphology and its periodicity. The structure corrugates along the direction of Mo impingement
on the surface. The r.m.s. roughness value of the Si surface increases from 0.56 to 6.26 nm with

an increase in ion fluence [Fig.4(b)].

The power spectral density function (PSDx and PSDy) are calculated for further analysis of the
evolution of patterns with different ion fluence as shown in Fig. 5. A broad peak that appears in
the PSD function at a spatial frequency kj indicates the presence of correlated structures on the
surface, which is more prominent at higher fluence [Fig. 5(a)]. The characteristic length or average
wavelength (1) of the structure was obtained from the corresponding k3 which is calculated in the
range of 20-50 nm, and it increases with an increase in ion fluence. For kx >ky , the PSDx curve
nearly coincides with a slope of -4 corresponding to the roughness exponent of the 1.5. Fig. 5(b)
shows the PSDy curve at different ion fluence, which shows that the peak only exists in the
direction of Mo flow on the surface. For higher ky, the slope of the curve is nearly calculated as

-4, corresponding to the roughness exponent of 1.5.

Fig. 6 shows the HHCF plotted (log-log plot) for various ion fluences as a function of distance r
and shows that the variation of w, &, and a with @. The roughness increases with ion fluence with
a growth exponent (w~®P) =0.93+0.07. The lateral correlation length increases with ® (é~®'?,
z=2+0.16) which indicates the lateral growth of the structure due to agglomeration/ aggregation of
the dot-like structure. The existence of a nano-dots or mound like structure on the surface is
indicated by the oscillatory behavior seen in the HHCF for a higher fluence sample. To evaluate
the growth behavior along the lateral and vertical direction, the exponent y (1.80+0.18) is obtained
from the relation between w and & (w ~&Y). It indicates (y>1) the higher degree of vertical growth

of structure with @ as compared to lateral growth [31]. The increase in o with @ also
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Fig.5 PSD function of the Si substrate sputtered with Mo as an impurity with different ion

fluence along x-axis (PSDx) and y-axis (PSDy).
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Fig.6 (a) HHCEF of the Si sample sputtered with different ion fluence along the x-axis(b) & vs. @,
(c) avs. @, (d)w vs. D, and, (e) w vs. &.



indicates the surface becomes locally smooth at higher @, as compared to the locally rugged

surface at lower @.

RBS measurement was performed at position C for sample sputtered at different ion fluence [See
supplementary Fig. S1] to correlate the relation between pattern evolution and surfactant
concentration. Mo concentration was calculated in the range of 0.24x10" to 6.06x10'> atoms/cm?.
The RBS analysis also shows the presence of Ar ion-implanted into Si surface, and its
concentration increases with ion fluence. Fig.7 shows the variation of Mo concentration, r.m.s.

roughness, and wavelength of the patterned surface with ion fluence.

Fig.8(a) shows the XPS result (Si 2p) of the Si surface sputtered with Mo impurity (®=2.8x10"8
ions.cm). The Si 2p spectra is deconvoluted into P (98.86 eV), P2 (99.58 eV), and P3 (102.25
eV), which are associated to the presence of Si substrate, silicide layer, and S10:2 layer respectively
[32]. Fig.8(b) shows the XRR pattern of the untreated Si substrate and sputtered substrate with
different ion fluence. The faster decay of the X-ray intensity above critical angle is attributed to
the surface roughness. A broad hump appears in the XRR spectra of the sample sputtered with
impurity indicates the formation of a layer with lesser electron density [3]. Thus, the XRR results
support the outcomes of RBS and XPS data that a thin Mo rich layer with altered composition is

formed on the surface of Si substrate due to Mo surfactant.

Recent, theoretical and experimental observations for the impurity assisted sputtering at normal
incidence suggested that, (a) the sputtered surface destabilizes only if the impurity concentration
exceeds the certain critical value, and (b) nanostructures grows with a wave vector parallel to the
direction of impurity deposition to counter the role of impurities atoms [21,33]. In this work, we

have observed that the Si surface remains nearly smooth for lower ion fluence (©=7.14x10'°



ions.cm?) and undergoes a pattern transition from ripple to ripple + dot like structure at higher
fluence. The developed patterns are aligned along the direction of Mo flow and it grows vertically
more dominantly than the lateral growth. Thus, our experimental results agree with the theoretical
model proposed for impurity assisted sputtering. In addition, we have also observed the pattern
transition from ripple to dot region as a function of distance from Mo target. It is also reported that
the ripple regions are formed in case of oblique angle impurity deposition only if the atom to ion
arrival ratio is greater than critical value [19,21]. A very thin layer of altered composition was
observed on Si surface due to the formation of metal silicide. It has been observed by several
authors that these ripples and dots are high silicide regions [18]. Some recent reports also show
that silicide formation is not necessary condition for the growth of nanostructures, but it facilitate

the surface evolution mechanism [34].
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Fig.7 (a) The variation of Mo and Ar concentration with ion fluence obtained from RBS data, (b)
Variation of Mo concentration, RMS roughness, and wavelength with ion fluence.
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4. Conclusion

The nanostructuring process on the Si surface has been investigated by low-energy ion beam
sputtering with Mo as an impurity. Irradiation has been carried out at normal incidence with
different ion fluence. It has been observed that the Si surface remains nearly smooth for lower ion
fluence (®=7.14x10'6 ions.cm™) and undergoes a pattern transition from ripple to ripple + dot-like
structure at higher fluence. The developed patterns are aligned along the direction of Mo flow, and
it grows vertically more dominantly than the lateral growth. The position dependent analysis also
suggests the dependence of the growth of the nanostructure on impurity atom concentration. The
introduction of impurity atoms plays a crucial role in the physical and chemical nature of the near
surface region of the Si substrate. The observed results are consistent with the theoretical

observation of the impurity assisted patterning process.
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