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Abstract: In this work, the formation of periodic nanostructures on the surface of potassium titanyl
phosphate (KTP) has been demonstrated. The surface of KTP single crystals after the processing of
argon cluster ions with different energy per cluster atom E/Nmean = 12.5 and 110 eV/atom has been
studied using atomic force microscopy (AFM). To characterize the nanostructures, the power spectral
density (PSD) functions have been used. The features of the formation of periodic nanostructures are
revealed depending on the incident angle of clusters and different energy per atom in clusters.
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1. Introduction

Potassium titanyl phosphate (KTiOPO4, KTP) is one of the well-known nonlinear
optical materials and widely used in devices for parametric generation, high-power lasers,
and electro-optical modulators with high efficiency of frequency conversion, optical waveg-
uides in integrated optics, etc. [1,2].

It was previously shown that the monomer ion beam can form self-organized periodic
nanostructures on the surface of various materials [3–6]. Such structures on surfaces attract
interest for wide practical use [7]. Although gas cluster ion beams (GCIB) is commonly used
for highly efficient surface smoothing, it can also be used to form nanostructures [8–12]. It
should be noted that cluster ions do less damage to the subsurface layer after processing
since they have a shallower impact depth and can be lower energies per atom compared to
monomer ions [9–12]. As a rule, for the formation of nanostructures, cluster beams with
low energies per atom in a cluster (about several eV) are used [8–11]. This work compares
the efficiency of the formation of nanostructures by gas clusters with low and high energy
per atom in the cluster.

2. Materials and Methods

KTP single crystals were preliminarily polished by the chemical-mechanical method.
As-prepared samples are commercial single crystals of potassium titanyl phosphate made
by “Siberian Monocrystal–EKSMA” Company (Novosibirsk, Russia). The KTP surface
treatment by cluster ions was performed in an experimental setup described in Ref. [12].
The cluster beam was formed by adiabatic expansion of high purity argon [13]. The
cluster ion beam parameters were determined using the time-of-flight technique [14]. To
study the influence of the parameters of cluster ions on the processing of the KTP surface,
significantly different energies per atom in cluster E/Nmean were selected: 12.5 eV/atom
(low-energy mode) and 110 eV/atom (high-energy mode). The kinetic cluster energy E was
10 and 22 keV with the average cluster size Nmean = 800 and 200 atoms/cluster, respectively.
In addition, we varied the incident angles of the cluster-ion beam from 0◦ to 70◦ (from
the surface normal). For the correct comparison of surfaces after processing, we used the
same sample.
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The target surfaces were characterized using atomic force microscopy (AFM, NTegra
Prima HD). The scan size of AFM measurements was 2 × 2 µm2 with a resolution of
1024 × 1024 pixels. Additionally, we analyzed the power spectral density (PSD) functions
before and after processing. The PSD function is the Fourier transform of the distribution
of irregularity heights on the surface, and it is the function depending on spatial frequency
ν [15–17]. We clarify here that the spatial frequency ν is a measure of how often the same
height repeats per unit of distance [14]. The PSD function is helpful to determine the
effective roughness σeff [12], which takes into account the lateral roughness as opposed to
the convention root–mean–square (RMS) roughness Rq.

The effective roughness σeff and the PSD function are related as follows:

σ2
e f f = 2π

νmax∫
νmin

PSD2D(ν)dν, (1)

where νmin = 1/L and νmax = 1/∆x, L—linear size of the scan area, and ∆x—distance
between adjacent measured points.

3. Results and Discussion
3.1. Formation of Nanostructures on the Surface of KTP Single Crystals

The maximum ion fluencies were 2 × 1016 ions/cm2 in the low-energy mode (Figure 1)
and 3 × 1015 ions/cm2 in the high-energy mode (Figure 2). Despite the fact that the ion
fluence in the high-energy mode was an order of magnitude lower, we assume that it is
more correct to compare at the same etching depths because the formed nanostructures
are nothing more than displaced surface material [8–11]. An aperture mask was used to
estimate the etching depth and to obtain many processed areas (with different angles of
incidence) on one sample. After processing, a step was formed at the “processed region–
unprocessed region” boundary, the height of which was measured by AFM. The average
etching depth 〈Hetching〉 was estimated from measurements in 9 areas of the formed step.
The average etching depths were close—〈Hetching〉1 = 40 nm for low-energy mode and
〈Hetching〉2 = 55 nm for high-energy mode.

Figure 1 shows 2D images and profiles of the KTP surface as-prepared and after
processing by argon cluster ions at the low-energy mode (E/Nmean = 12.5 eV/atom) at the
different incident angles. The lowest point of the profile corresponds to Z = 0 nm. A slight
change in the surface profile is observed after treatment at the incident angles less than 45◦,
and the maximum height Rt decreases from 2.5 to 2 nm. At larger incident angles (≥45◦),
the maximum height Rt increases significantly (by 16–24 times compared to the original
surface) due to the formation of periodic nanostructures. As can be seen in Figure 1, the
highest height of ripples is observed at the incident angle of 70◦ (Figure 1f) but the most
ordered (including laterally) ripples—at 45◦ and 60◦ (Figure 1d,e). For clarity of differences
in profiles both at different angles and for different treatment modes, the maximum height
on the scale (in Figures 1 and 2) is selected according to the height of the highest surface
profile (Figure 1f). As it is shown in Ref. [18], such nanostructures contribute to the quality
improvement of the antireflective coatings.

Figure 2 shows 2D images and profiles of the KTP surface as-prepared and after pro-
cessing by argon cluster ions at the high-energy mode (E/Nmean = 110 eV/atom). First, pe-
riodic nanostructures are not observed even at incident angles of 45◦ and 60◦ (Figure 2d,e).
Second, the maximum height of ripples is 10 nm at 70◦ (Figure 2f)—by 3 times lower than
in low-energy mode. At first glance, it would seem that the high-energy treatment mode
has better formation of periodic nanostructures due to high cluster energy. As seen in
Figure 2, this is not the case.

We assume that this is due to the significant difference in sputtering yields of the two
treatment modes—by 36 times: 100 cluster ions with E/Nmean = 110 eV/atom sputter 72
target atoms and 100 cluster ions with E/Nmean = 12.5 eV/atom sputter only 2 target atoms.
Thus, a large proportion of cluster energy at the low-energy mode is spent not only on
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sputtering (low sputtering yield) but also on the active lateral displacement of subsurface
target atoms, i.e., the formation of periodic nanostructures.
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Figure 1. Atomic force microscopy (AFM) images and profiles of potassium titanyl phosphate 
(KTP) surface before (a) and after the low-energy treatment mode at different incident angles of 
cluster ions: (b) 0°, (c) 30°, (d) 45°, (e) 60°, and (f) 70°. 
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Figure 2. AFM images and profiles of KTP surface before (a) and after the high-energy treatment 
mode at different incident angles of cluster ions: (b) 0°, (c) 30°, (d) 45°, (e) 60°, and (f) 70°. 

Figure 1. Atomic force microscopy (AFM) images and profiles of potassium titanyl phosphate (KTP)
surface before (a) and after the low-energy treatment mode at different incident angles of cluster ions:
(b) 0◦, (c) 30◦, (d) 45◦, (e) 60◦, and (f) 70◦.

Appl. Nano 2021, 2, FOR PEER REVIEW 3 
 

 

(a) (b) (c) 

 
(d) 

 
(e) 

 
(f) 

Figure 1. Atomic force microscopy (AFM) images and profiles of potassium titanyl phosphate 
(KTP) surface before (a) and after the low-energy treatment mode at different incident angles of 
cluster ions: (b) 0°, (c) 30°, (d) 45°, (e) 60°, and (f) 70°. 

(a) (b) (c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2. AFM images and profiles of KTP surface before (a) and after the high-energy treatment 
mode at different incident angles of cluster ions: (b) 0°, (c) 30°, (d) 45°, (e) 60°, and (f) 70°. 

Figure 2. AFM images and profiles of KTP surface before (a) and after the high-energy treatment
mode at different incident angles of cluster ions: (b) 0◦, (c) 30◦, (d) 45◦, (e) 60◦, and (f) 70◦.
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3.2. Power Spectral Density Functions

Figure 3 demonstrates the PSD functions of the KTP surface after processing at the
different incident cluster angles for both treatment modes. In contrast to AFM images,
PSD functions provide more quantitative data, especially for nanostructures. As can be
seen in Figure 3a, low-energy mode smooths the KTP surface at small angles (≤30◦) in
the wide range of spatial frequencies ν from 1 to 8 µm−1 (30◦) and to 15 µm−1 (0◦). The
self-organized nanostructures increase the surface roughness over the whole range of
spatial frequencies. In Figure 3a, the pronounced peaks (marked by arrows) are observed.
Each peak characterizes the frequency of self-organized nanostructures. It should be noted
that the peak shift corresponds to the change of characteristic size (wavelength) of the
nanostructure, which increases with increasing the incident angle, i.e., 167, 200, 334–500 nm
for 45◦, 60◦, and 70◦, respectively. PSD functions of high-energy mode are fundamentally
different from the previous mode. First, the cluster ions with E/Nmean = 110 eV/atom at
the incident angle of 0◦ better smooth the surface irregularities with the spatial frequency ν
above 15 µm−1, but worse smooth—with ν < 15 µm−1. At the incident angles of 45–70◦,
PSD peaks are not observed and all functions are below low-energy-functions. This
corresponds to a smoother surface in whole range of spatial frequencies ν and the absence
of even weakly pronounced periodic nanostructures. Thus, the nanostructures observed on
AFM images (Figure 2e,f) are nonperiodic, because they have different spatial frequencies
ν in accordance with the PSD-data.

Appl. Nano 2021, 2, FOR PEER REVIEW 4 
 

 

We assume that this is due to the significant difference in sputtering yields of the two 
treatment modes—by 36 times: 100 cluster ions with E/Nmean = 110 eV/atom sputter 72 tar-
get atoms and 100 cluster ions with E/Nmean = 12.5 eV/atom sputter only 2 target atoms. 
Thus, a large proportion of cluster energy at the low-energy mode is spent not only on 
sputtering (low sputtering yield) but also on the active lateral displacement of subsurface 
target atoms, i.e., the formation of periodic nanostructures. 

3.2. Power Spectral Density Functions 
Figure 3 demonstrates the PSD functions of the KTP surface after processing at the 

different incident cluster angles for both treatment modes. In contrast to AFM images, 
PSD functions provide more quantitative data, especially for nanostructures. As can be 
seen in Figure 3a, low-energy mode smooths the KTP surface at small angles (≤30°) in the 
wide range of spatial frequencies ν from 1 to 8 μm−1 (30°) and to 15 μm−1 (0°). The self-
organized nanostructures increase the surface roughness over the whole range of spatial 
frequencies. In Figure 3a, the pronounced peaks (marked by arrows) are observed. Each 
peak characterizes the frequency of self-organized nanostructures. It should be noted that 
the peak shift corresponds to the change of characteristic size (wavelength) of the 
nanostructure, which increases with increasing the incident angle, i.e., 167, 200, 334–500 
nm for 45°, 60°, and 70°, respectively. PSD functions of high-energy mode are fundamen-
tally different from the previous mode. First, the cluster ions with E/Nmean = 110 eV/atom 
at the incident angle of 0° better smooth the surface irregularities with the spatial fre-
quency ν above 15 μm−1, but worse smooth—with ν < 15 μm−1. At the incident angles of 
45–70°, PSD peaks are not observed and all functions are below low-energy-functions. 
This corresponds to a smoother surface in whole range of spatial frequencies ν and the 
absence of even weakly pronounced periodic nanostructures. Thus, the nanostructures 
observed on AFM images (Figure 2e,f) are nonperiodic, because they have different spatial 
frequencies ν in accordance with the PSD-data. 

 
(a) 

 
(b) 

Figure 3. Power spectral density (PSD) functions of KTP surface at different incident angles 
of cluster ions: (a) after low-energy mode and (b) after high-energy mode. 

Table 1 shows a comparison of effective roughness parameter σeff and RMS roughness 
parameter Rq. At both treatment modes, the surface roughness decreases to 0.28–0.30 nm 
at small angles (≤30°) and then significantly increases to several nanometers. It should be 
noted that effective roughness σeff is higher than RMS roughness Rq at low-energy mode 
(8–9.7%), which is most likely due to the allowance for the lateral roughness of periodic 
nanostructures. 

  

Figure 3. Power spectral density (PSD) functions of KTP surface at different incident angles of cluster ions: (a) after
low-energy mode and (b) after high-energy mode.

Table 1 shows a comparison of effective roughness parameter σeff and RMS roughness
parameter Rq. At both treatment modes, the surface roughness decreases to 0.28–0.30 nm
at small angles (≤30◦) and then significantly increases to several nanometers. It should
be noted that effective roughness σeff is higher than RMS roughness Rq at low-energy
mode (8–9.7%), which is most likely due to the allowance for the lateral roughness of
periodic nanostructures.

Table 1. Comparison of roughness parameters.

Treatment Mode Roughness Parameter Before
Incident Angle of Clusters

0◦ 30◦ 45◦ 60◦ 70◦

Low-energy mode 〈Rq〉, nm 0.40 0.28 0.28 6.2 7.5 12.6
〈σeff〉, nm 0.43 0.28 0.30 6.8 8.1 13.8

High-energy mode 〈Rq〉, nm 0.40 0.30 0.56 0.75 1.7 2.8
〈σeff〉, nm 0.43 0.30 0.60 0.83 1.8 2.7
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4. Conclusions

The influence of fundamentally different treatment modes by the argon cluster ions
on the nanostructure formation on the surface of KTP single crystals has been investigated
experimentally. At normal incidence of low- and high-energy cluster ions, the surface
roughness decreases to 30%. The ordered nanostructures were not observed after pro-
cessing by the high-energy cluster ions (E/Nmean = 110 eV/atom) even at slightly higher
etching depths (compared to low-energy mode) and at the small angles (≤30◦) of incidence
of the cluster ions with E/Nmean = 12.5 eV/atom. It is assumed that the treatment by cluster
ions with low energy leads to the formation of periodic nanostructures since the energy
is insufficient for efficient sputtering of the target, but sufficient for a significant lateral
displacement of subsurface target atoms. The most ordered nanostructures are formatted
at the surface processing at angles of 45◦ and 60◦, and they have a wavelength of 167 and
200 nm, respectively. One of the applications is the formation of periodic nanostructures
on substrates of antireflective coatings to improve their quality.
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