Nanotechnology

PAPER « OPEN ACCESS

Enhancing the quality of self-organized nanoripples by Ar-ion
bombardment of a bilayer system

To cite this article: Jinyu Li et al 2021 Nanotechnology 32 385301

View the article online for updates and enhancements.

Our confocal

Raman Microscope

Your Research. Our Expertise ' edinst.com

This content was downloaded from IP address 97.122.188.57 on 29/06/2021 at 16:58


https://doi.org/10.1088/1361-6528/ac074e
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstGmmvnWBUJp9uQMuLJ9OYDhajt4zdnnxB3_jvebiNNrRhEiQhZ4236kSOGqnpYErtESMBvXTuPMK4ybC8TSSYdKeHzNRuAlWDPyDUbJKwSY2pp3nFEnh2mEF87MJN00xkQ_FjfPbrZ2tHHYWOo9KXcWLSKp1HTjhTFGtkW_Y5f23sEMRXDQnRDjTLXjfY22HnLewrChwYP5Py9MPlzMVBn6NZfZaXR50AcaSIy5QPWnuaGjf1lLh-341ZlBmlY8RW_-khOsjRA_X2KStlWVIXxlQcl&sig=Cg0ArKJSzH_jS1HYZ7NC&fbs_aeid=[gw_fbsaeid]&adurl=https://www.edinst.com/types/raman-microscopes/

OPEN ACCESS
10OP Publishing

Nanotechnology 32 (2021) 385301 (9pp)

Nanotechnology

https://doi.org/10.1088/1361-6528/ac074e

Enhancing the quality of self-organized
nanoripples by Ar-ion bombardment of a
bilayer system

Jinyu Li' ©, Gaoyuan Yang', R Mark Bradley”®, Ying Liu'®,
Frank Frost’ and Yilin Hong'

! National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hezuohua
South Road 42, 230029 Hefei, Anhui, People’s Republic of China

2 Departments of Physics and Mathematics, Colorado State University, Fort Collins, CO 80523, United
States of America

3 Leibniz Institute of Surface Engineering (IOM), Permoserstrae 15, D-04318 Leipzig, Germany

®

CrossMark

E-mail: liuychch@ustc.edu.cn

Received 15 February 2021, revised 31 May 2021
Accepted for publication 2 June 2021
Published 29 June 2021

Abstract

Ion bombardment (IB) is a promising nanofabrication technique for producing nanoripples. A critical
issue that restricts the application of IB is the limited quality of IB-induced nanoripples. Photoresist
(PR) and antireflection coating (ARC) are of technological relevance for lithographic exposure
processes. Moreover, to improve the quality of IB-induced self-organized nanoripples, in this study, a
PR/ARC bilayer was bombarded at an incidence angle of 50°. The surface normalized defect density
and power spectral density, obtained via scanning atomic force microscopy, indicate the superiority
of the PR/ARC bilayer nanoripples over those of single PR or ARC layers. The growth mechanism
of the improved nanoripples, deciphered via the temporal evolution of the morphology, involves the
following processes: (i) formation of a well-grown IB-induced nanoripple prepattern on the PR,
(it) transfer of nanoripples from the PR to the ARC, forming an initial ARC nanoripple morphology
for subsequent IB, and (iii) conversion of the initial nonuniform ARC nanoripples into uniform
nanoripples. In this unique method, the angle of ion-incidence should be chosen so that ripples form
on both PR and ARC films. Overall, this method facilitates nanoripple improvement, including
prepattern fabrication for guiding nanoripple growth and sustainable nanoripple development via a
single IB. Thus, the unique method presented in this study can aid in advancing academic research
and also has potential applications in the field of IB-induced nanoripples.

Supplementary material for this article is available online
Keywords: ion bombardment, self-organized, nanostructures, order, defect

(Some figures may appear in colour only in the online journal)

1. Introduction

Ion bombardment (IB)-induced nanoripples [1-9], similar to
periodic nanogratings, have gained increasing attention in
Original content from this work may be used under the terms
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different fields [10—16] because 1B is a one-step, mask-less,
and cost-effective method. An outstanding issue that restricts
the application of IB is the limited quality of IB-induced
nanoripples [17-27]. Although several techniques have been
considered to improve IB-induced nanoripples, e.g. upgrading
the bombardment strategies by moving [20] or rocking
[22, 23] substrates, prepatterning the substrates through
advanced lithography to guide the growth of nanoripples [24],
sequential bombarding of nanoripples with a low-flux ion

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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beam [19], bombarding germanium with a beam of gold ions
with the coupling between the surface morphology and
composition [21], or bombarding GaAs above the recrys-
tallization temperature [27], the development of a new
method to improve nanoripple quality is still essential and
urgent. Investigating the defect annihilation of IB-induced
nanoripples is important from the perspective of academic
understanding and technical applications.

IB-induced nanoripple masks have been transferred to
underlying materials to form nanowires [28-30]. However,
the latent advantage of improving nanoripple quality during
IB of a bilayer at specific conditions has not yet been
reported. It is well known that IB-induced morphologies are
associated with initial surface roughness [30-33]. Moreover,
photoresist (PR) and antireflection coating (ARC) are of
technological relevance for lithographic exposure processes.
The IB-induced nanostructures on PR and ARC may improve
understanding of the effect of the initial morphology on the
pattern evolution during IB and offer potential uses of
nanostructures in other materials. In this study, we developed
and demonstrated a method of improving the nanoripple
quality based on the IB of a PR/ARC bilayer, under the
condition that similar nanoripples can be formed on each
material of the bilayer at an identical incidence angle. The
improved order that results from erosion of the bilayer can be
understood using a theory developed by Harrison and Brad-
ley [22, 34].

2. Experiment

Commercially available AZ® MiR™ 701 (14 cps) PR and AZ
BARLi®II200 ARC were used [35, 36]. A single PR, single
ARC, and PR/ARC bilayer were spin-coated on clean SiO,
substrates and baked, as shown in the right insets of
figures 1(a)—(c), respectively. The initial root mean square
roughness of the PR and ARC was ~0.4 nm. To ensure that
complete bombardment did not occur on the SiO, substrates,
the thicknesses of the single PR and ARC layers were
maintained at approximately 1500 and 430 nm, respectively.
Regarding the bilayer system, sufficiently thick PR
(~560nm) and ARC (~430nm) layers were deposited. All
the samples were bombarded with 400 eV Ar' [37] at an
incidence angle of 50°. The ion current density was
240 ;1A cm 2 measured at normal incidence.

An atomic force microscope (AFM) operating in Sca-
nAsyst mode (Bruker Dimension ICON) was used to char-
acterize the surface topography. The 5um x 5 um AFM
images were analyzed using SPIP™ software [38]. The
evaluation parameters of each AFM image included wave-
length (), roughness (o), and power spectral density (PSD).
The nanoripple defects were characterized using the normal-
ized defect density (Np) [24, 25], which was expressed as
Np = NX2/A, where N is the number of endpoint defects and
A 1is the scan area. First, a quadratic background including
corrugations was subtracted from each AFM image. The
flattened AFM image was reduced to a binary black-white
image. Then the binary image was thinned to black lines with
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Figure 1. AFM images of the representative morphology on the

(a) PR, (b) ARC, and (c) PR/ARC bilayer surfaces. The bombardment
time is (a) 20, (b) 5, and (c) 22 min. The red arrow in (a) marks the
projection of ion beam direction. The direction of ion beam in other
AFM images is the same as that in (a). Right insets in (a)—(c) show the
schematic diagram of each sample. (d) PSD curves of the AFM images
shown in (a)—(c). The arrows show the ripple wavelengths for the three
different cases studied.

one-pixel width. For the thinned image, the line segment
endpoints, i.e. was determined as defects. The number of
black pixels with less than two black neighbor pixels were
denoted as N, i.e. the number of endpoint defects.

3. Results and discussion

3.1. Comparison of well-formed morphologies of PR, ARC, and
PR/ARC layers

Figures 1(a)—(c) show the AFM images of well-formed rip-
ples on the PR, ARC, and PR/ARC surfaces after IB,
respectively. Due to the different morphological evolution
rates, the PR, ARC, and PR/ARC surfaces were bombarded
for ~20, ~5, and ~22 min, respectively, and the removed
thicknesses of the PR, ARC and PR/ARC were approxi-
mately 620, 185, 560 (PR)/150 (ARC) nm, respectively. The
morphologies of the bilayer were observed on the underlying
ARC surface. The nanoripples on the irradiated PR/ARC
bilayer are longer and more uniform than those on the PR or
ARC. In contrast, the morphology of the irradiated PR con-
sists of curved nanoripples (figure 1(a)), and that of the ARC
is mixed with long and short ripples (figure 1(b)). These are
also indicated in the comparison of the PSD curves of the
three AFM images. The high (low)-frequency peak of each
PSD curve is defined as a frequency more (less) than
0.005nm™"', corresponding to a spatial wavelength of
200 nm. The arrows in figure 1(d) show the dominant fre-
quencies of ripples in units of nm~"' for the three different
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Figure 2. First row: AFM images of PR material in figures (a)—(e) for different bombardment times: (a) 6, (b) 10, (c) 20, (d) 30, and (e)
40 min. Second row: AFM images of ARC material in figures (f)—(j) for different bombardment times: (f) 2, (g) 5, (h) 7, (1) 9, and (j) 11 min.
An ion energy of 400 eV and ion-incidence angle of 50° were applied. The height scale Z is specified in each image.

cases studied. The peak height and full width at half max-
imum (FWHM) of the high-frequency peak of each PSD
curve reflects the order of the ripples. The low-frequency
portion of a PSD curve indicates the long-wavelength cor-
rugations of the ripple pattern, which are usually taken as
defects. Thus, a higher peak value and narrower FWHM of
the high-frequency component, and a lower peak value of the
low-frequency component of a PSD curve corresponds a
better quality of ripples. The PSD curve in the high-frequency
region of the bilayer exhibits a higher peak value and a nar-
rower FWHM than the others. Moreover, the low-frequency
peak of the bilayer is much lower than that of the PR. Note
that the dominant wavelengths of the three cases are
approximately 100 nm, which are larger than those of inor-
ganic materials bombarded at similar ion energies. (Please see
comparison and explanation in supplementary (available
online at stacks.iop.org/NANO/32/385301 /mmedia).)

3.2. Temporal evolution of nanoripples on the PR/ARC bilayer

To compare with the bombardment of the PR/ARC bilayer,
we first conducted the bombardment of single PR and ARC
layer with the same ion parameters for the bilayer.
Figures 2(a)-(e) and (f)-(j) show the AFM images of the
irradiated single PR and ARC layers for different bombard-
ment times, respectively. To monitor the nanoripple devel-
opment on the PR/ARC bilayer (560 nm PR layer, 430 nm
thick ARC layer), the temporal change in the surface
morphology was measured (figures 3(a)—(e)). The corresp-
onding PSD curves are shown in figures 3(a’)-(e’), and the
corresponding wavelength (), roughness (o), and Np are
plotted in figure 4(c). For comparison, the temporal evolu-
tions of A\, o, and Np of the single PR and ARC layers
(figure 2) are also shown in figures 4(a), (b). The different x-
axis scales in figures 4(a)—(c) result from the different mor-
phological evolution rates of the materials. For the bilayer

system, based on the thicknesses and etching rates of the PR
and ARC layers, we can deduce that figure 3(a) shows the
nanoripples on the PR surface, and figures 3(b)—(e) show
those on the ARC surfaces.

The five AFM images (figures 3(a)—(e)) demonstrate the
five representative regimes of the temporal evolution of the
bilayer morphologies. In regime A, a well-grown curved
ripple morphology is formed on the PR layer (figure 3(a)).
The corresponding morphological features (figure 3(a)) and
the structural parameters (o, A, and Np, figure 4(c)) are all
similar to those of the single PR (figures 1(a) and 4(a)). In
regime B, the PR patterns, behaving like a mask (figure 3(a)),
were transferred onto the underlying ARC layer. Thus, the
curved ARC nanoripples (figure 3(b)) and the corresponding
PSD curves show similarities with the curved PR nanoripples
and the corresponding PSD curves in regime A. The increased
PSD and o in regime B can be attributed to the lower etching
rate of the PR layer (~(31.2 £ 5.8) nm minfl) than that of
the ARC layer (~(36.5 £ 2.4) nm min~'). The ARC nanor-
ipples in regime B become the initial morphological struc-
tures for the subsequent regimes.

As observed in figures 3(b)—(d), the nanoripples become
uniform with more continuity and the nanoripple order is
gradually enhanced, which can be verified from the corresp-
onding PSD curves and reduced Np. This reflects also in the
increasing high-frequency and decreasing low-frequency
parts in the PSD curves (figures 3(b’)-(d’)). The narrow
FWHM indicates increasing uniformity of A. The constantly
decreasing Np, implies better continuity of the ripples. Thus,
regimes C and D are called the developing and developed
regimes, respectively. In regime D, the best ripple ordering
(figure 3(d)) is achieved.

In regime E, the wavelength (), roughness (o) and
normalized defect density (Np) are starting to rise again
(figure 4(c)). Ripple evolution has been saturated in regime D.
For longer erosion times the well-grown nanoripples degrade
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Figure 3. AFM images of the irradiated PR (560 nm)/ARC surface at 400 eV ion energy and ion-incidence angle of 50° for different

bombardment times: (a) 16, (b) 18, (c) 20, (d) 22, and (¢) 24 min. The height scale Z is specified in each image. (a’)—(e’) PSD curves of the
AFM images shown in figures 3(a)—(e).
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Figure 4. Wavelength ()), roughness (o), and normalized defect density (Np) of the (a) PR, (b) ARC, and (c) PR/ARC bilayer surfaces
obtained from AFM morphologies as a function of bombardment time.

and more defects develop (regime E). The increase of A, o
and Np are attributed to the increasing growth of long-
wavelength corrugations, corresponding to the increase of the
low-frequency PSD curve (figure 3(e’)). This evolution trend
also occurs in saturation IB of other monolayer materials

[39-43].

In summary, we illustrated the typical regimes (regimes
A, B and D) of the irradiated bilayer,
figures 5(a)-(c). Figures 5(d)—(f) show typical 3D AFM
images of the result in figure 3 of the bilayer in regimes A, B,
and D. As shown in figures 5(a), (d) and (b), (e), transitions

as shown in

occurred from the PR to the ARC layer between regimes A
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Figure 5. (a)-(c) Schematics of the typical regimes (regimes A, B,
and D) of the irradiated bilayer with three representative ripple
profile types, 1, 2 and 3. (d)—(f) Typical 3D AFM images of those
shown in figures 3(a), (b), and (d), i.e. the 3D AFM images of the
bilayer in regimes A, B, and D, respectively.

and B. The prepatterned PR formed in regime A induced and
guided the initial ARC ripples in regime B. These initial ARC
nanoripples were further developed in regimes C and D, and
the order of the ARC nanoripples was gradually enhanced. In
particular, as shown in figures 5(c), (f), the most uniform
nanoripples were formed on ARC in regime D. This order
enhancement corresponds to the uniformity in the structural
parameters of the nanoripples. As shown in figure 4(c), the
wavelength of the bilayer is close to that of the single ARC
layer (figure 4(b)) with the increasing bombardment time.
This indicates that the growth mechanism of the ARC plays
an important role in the further nanoripple growth during
regimes B—E.

3.3. Statistics and analysis of nanoripple temporal evolution on
the PR/ARC bilayer

To verify the uniformity of the nanoripples, we further ana-
lyzed the evolution of the cross-sectional parameters of each
ripple profile (figure 6). A specific ripple profile, above a
threshold height, was characterized by a pair of height and
width values, (h, w) (figure 6(a)). Particularly, the particle-
capture function of the SPIP software was used to capture and
analyze these ripples. The distribution of (h, w) can be
grouped into three types, which are also shown in figure 5.
Types 1-3 represent nanoripples whose (h, w) values are
close to, lower, and higher than those of the improved ripple
pattern on the irradiated surface of the PR/ARC bilayer
(figures 1(c) or 3(d)). For example, based on the scatter dia-
gram of (h, w) shown in figure 6, types 1, 2, and 3 correspond
to ripples with (15nm < 2 < 30nm) N 40nm < w <
120nm) (the red-dashed-square region in figure 6(c)),
(h<30nmNw<40nm) U (h < 15nm Nw < 120 nm) (the

00 02 Ol.;llm 06 08
Counts (%) Bilayer

35 30 25 20 15 10 5 0

60 (b) Regime A |4,

30 (g

0

(C Regime B
60 ( )Type 9 | 60
30 |- prghic 30
Wype 1 "

: : h
od.iType2 = o0

= Regime C{,, =
g 60 (d} .. g /ZGO g
U '%)OQ
0 - — 0
60 (e) Regime D |,

30 . 13
F g oo e }30

0 , I [ —o0

60 (f) RegimeE 60
]
RN
200 400

30 +30
e}
0

600 800 1000 1200
w (nm)

0
0

Figure 6. (a) Schematic of the definition of the parameter pair (k, w)
of the cross-sectional profile of an AFM image. A horizontal line is
shown as the height threshold for the parameter statistics. (b)—(f)
[Left y, lower x] Scatter diagrams of (4, w), and [right y, upper x]
height histograms of / of the AFM images shown in figures 3(a)—(e).

blue-dashed-square region in figure 6(c)) and (2 > 15nm N
w > 120nm) U (h > 30 nm N w > 40 nm) (the green-dashed-
square region in figure 6(c)), respectively.

At first, the distribution of (h, w) 1is dispersive
(figure 6(b)). Figures 6(c)—(f) show that with the increasing
bombardment time, the scattered distribution of (k, w) gra-
dually focuses to a parameter range of (23 £+ 6.5nm, 80 +
40 nm), centered at (23 nm, 80 nm) in regime D. In detail, to
directly demonstrate the evolution of height, height histo-
grams were extracted and shown in the right y- /upper x-axis
of figures 6(b)—(f). For well-grown curved PR ripples
(figure 3(a)), the corresponding height histogram shows a
positively skewed distribution and large FWHM (figure 6(b)).
For regimes B-D, the height distributions evolve from a
positive to a normal distribution and become more uniform.
In regime D, the peak height (hy) and its standard deviation
(Ahg) are 23 nm and 6.5 nm, respectively. The newly evolved
nanoripples with a height within the average range of (23 +
6.5) nm may originate from the nanoripples with 0 < h <
I5Snm and 4 > 30nm. The proportion of ripples with
0 < h < 15nm significantly reduced by two-thirds from
regime B to D, and that of ripples with 2 > 30 nm was almost
non-existent. Both evolutions, especially the ripples of height
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Figure 7. AFM images of the irradiated PR/ARC bilayer surfaces at
400 eV ion energy and ion-incidence angle of 50° for different
thicknesses of the PR layer: (a) 230, (b) 380, and (c) 730 nm. The
bombardment times of the result were: (a) 10, (b) 15, and (c) 30 min,
respectively. (d) PSD curves of the AFM images shown in (a)—(c)
and figure 1(c).

0 < h < 15 nm, contribute to the improved height uniformity
in regime D. Further, this indicates sustainable development
of nanoripples on the ARC surface in regimes B-D.

The evolution of the width histogram (figure S1) is
similar to that of the height histogram. The width histogram
of the well-formed nanoripples in regime D shows a normal
distribution with a peak width and corresponding standard
deviation of 80 and 40 nm, respectively. Although the overall
roughness decreases in regimes B-D, as shown in figure 4(c),
filtering the roughness of the low-frequency morphologies,
the roughness of the high-frequency nanoripples slightly
increases (figure S2). This also indicates the ripple develop-
ment in regimes B-D.

3.4. Effect of initial PR thickness on PR/ARC morphology

To demonstrate the effect of initial prepatterned PR ripples
due to different PR thickness, we further conducted IB on the
bilayer using different PR thicknesses. According to the
temporal evolution of ), o, and Np for the single PR layer
shown in figure 4(a), the thickness of the top PR layer affects
the size of the initial prepatterned PR ripples, and this in turn
influences the size of the initial ARC ripples. The thicknesses
of the top PR layer were chosen as ~230, 380, and 730 nm,
corresponding to weak, developing, and overdeveloped PR
ripples, similar to those as shown in figures 2(a), (b), and (d).
The thickness of the underlying ARC layer of all these three
samples was ~430 nm, which was the same as that of the
bilayer sample discussed in section 3.2. Moreover, based on
the erosion rate of the ARC, the removed thicknesses of the
ARC layers were intended to be the same after IB (~155 nm).
Figures 7(a)-(c) show the AFM images of well-formed
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Figure 8. Temporal evolution of wavelength (), roughness (¢), and
normalized defect density (Np) of the irradiated PR/ARC bilayer
surfaces for different thicknesses of the PR layer: (a) 230 and (b) 380 nm.

nanoripples on the ARC layer of the bilayer on the PR layer
thickness. Figure 7(d) shows the corresponding PSD curves,
together with that of the bilayer with a PR thickness of
~560 nm (figure 1(c)). The PSD for the 560 nm thick PR
shows the maximal peak value and minimal FWHM. This
indicates the superior quality of the bilayer ripples formed
with the 560 nm thick PR. Thus, we can deduce that the
quality of underlying ARC ripples is strongly correlated to
that of the initial PR nanoripples. Because bombardment with
the 730 nm thick PR resulted in degraded prepatterned PR
ripples, the defect amplification in subsequent bombardment
caused worse nanoripples on the underlying ARC. Thus, the
quality of the underlying ARC ripples is degraded.

Figure 8 shows the temporal evolution of the bilayer
profile with PR thicknesses of 230 and 380 nm. In principle,
the ripple evolution of the underlying ARC of a PR/ARC
depends on the initial ARC ripples obtained from the PR
ripple mask. The wavelength of well-formed ARC ripples
Aarc of ~100 nm, as shown in figure 4(b). For the sample
with the top PR thickness of ~230nm, as shown in
figure 8(a), the wavelength of the ripple patterns is ~80 nm
for the bombardment time of 10 min, smaller than Apgc.
Thus, a mostly monotonic increase of A with the bombard-
ment time for the PR thickness of 230 nm can be seen in
figure 8(a). For the sample with top PR thickness of
~380 nm, as shown in figure 8(b), since the wavelength of the
initial ARC ripples is close to Aarc, a weak fluctuation close
to Aarc can be seen in figure 8(b). For the sample with top
PR thickness of ~560 nm, as shown in figure 4(c), since the
wavelength of the initial ARC ripples is larger than Asgrc, a
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mostly monotonic decrease to Asrc can be seen in front end
of figure 4(c). As shown in figure 8, because the roughness o
of the underlying ARC ripples on the bilayers bombarded for
~10 and 13 min, both smaller than the saturated roughness of
the single ARC layer (see figure 4(b)), a monotonic increase
of o with the bombardment time for the PR thicknesses of
~230 and 380 nm is obtained.

3.5. Heuristic explanation of the enhanced order produced by
bombarding the PR/ARC bilayer

In this subsection, we will give an intuitive explanation of
why bombarding the PR/ARC bilayer leads to ripples with
better order than can be obtained by bombarding a PR or
ARC film. First, however, it will be necessary to provide
some background.

Harrison and Bradley have carried out simulations of the
time evolution of the surface of an elemental solid that is
bombarded by a broad beam of noble gas ions with a polar
angle of incidence 6 that varies periodically in time [22]. In an
experiment, the periodic variation of 6 can be achieved by
rocking the sample about an axis orthogonal to the surface
normal and the incident ion beam. The coefficients in the
equation of motion (EOM) for the surface depend on the
angle of incidence, and so periodic rocking of the sample has
the effect of making these coefficients periodic in time.
Harrison and Bradley’s simulations showed that a remarkable
degree of order emerges for a broad range of parameters.
Thus, temporally periodic variation of the parameters in the
EOM can lead to near perfect spatial periodicity. Recent
experiments have confirmed that the order in the surface
ripples can be dramatically enhanced by rocking the sample
during IB [23].

In the simplest scenario that leads to improved order, the
angle of incidence @ is periodically and suddenly switched
between two different values, 8; and 6, [22]. When 6 has one
of these two values, say 6 = 6, the amplitude of the ripples
grows rapidly and the order in the ripples increases. Con-
versely, when @ is equally to 6,, the amplitude of the ripples
decreases. As the rocking continues, the order steadily
increases. It is important that the period of time in which 6 is
equal to #; not be taken to be too long, however, because
otherwise after the ripple amplitude has grown rapidly and the
order has improved, the amplitude begins to saturate and the
order begins to deteriorate. ; and 6, must also be selected so
that ripples would develop if the angle of incidence were held
fixed at either of these two angles.

There is another way in which periodic variation in the
parameters in the EOM can be achieved [34]. In this alternate
approach, the sample is held fixed and the angle of ion-inci-
dence 6 is constant. The sample, however, is a superlattice
composed of alternate layers of two different materials which
we will call A and B. Roughly speaking, as erosion of the
superlattice proceeds and the average surface height decrea-
ses, the parameters in the EOM oscillate between the values
for material A and the values for material B. Simulations have
shown this type of periodic variation of the parameters in the
EOM can also lead to improved ordering if the materials A

and B and the thicknesses of the two types of layers are
chosen appropriately [34]. There is in fact a close analogy
between how improved order develops during bombardment
of a superlattice and how it develops during bombardment of
a rocked elemental target. In particular, when most of the
surface is within one of the two materials, say material A,
the amplitude of the ripples grows rapidly and the order in the
ripples grows. Conversely, when most of the surface is in
material B, the amplitude of the ripples is reduced. The order
steadily improves as the solid surface alternately passes
through materials A and B.

In fact, some of the improved order that can be realized
by bombarding an A/B superlattice can be obtained by
bombarding a single B/A bilayer [34]. First, ripples develop
as the film of material B is eroded away. Then, as the surface
enters material A, the ripple amplitude grows and the order in
the ripples improves. The erosion of material A should not be
continued for too long, however, because past a certain point
the ripple amplitude begins to saturate and some of the
improved order is lost.

The scenario described in the preceding paragraph was
realized in the experiments in which we bombarded a PR/
ARC bilayer. In our experiments, PR played the role of
material B, while ARC played the role of material A. After
ripples developed as the PR layer was eroded, their amplitude
grew and the order improved as the surface entered the ARC
layer, as seen in figures 3(b’)—(d’) and in the plots of o and Np,
in figure 4(c). If the bombardment was continued too long, the
order began to deteriorate, as shown in figure 3(e) and in the
plot of Np, in figure 4(c).

3.6. Comparison of results to former reports on ripple
improvement

The ripple improvement occurred in our bilayer system
because two key conditions were satisfied. First, in regimes
B-D, sustained ripple growth on the ARC occurred, in con-
trast to what has been reported for other bilayers. At first
sight, the ripples transferred from the PR to the ARC layer
seem similar to those transferred from Au to glass at § = 82°
in the experiments of Chiappe et al [28]. However, the quality
of the ripples did not improve in the glass, which we attribute
to the fact that ripples do not form on the glass used by
Chiappe er al at § = 82°. Second, the wavelength [24, 26] and
amplitude [44] of the prepattern play an important role in
guiding the pattern growth. In particular, the order in nano-
dots arrays can improve if a prepattern is used that has a
period that is approximately equal to or double the wave-
length of the nanodots grown on a smooth substrate [26]. In
this study, the wavelengths of ripples on PR and ARC are
close to each other, as seen in figure 1(d). This is crucial to
inducing a strong interaction between the morphology of the
prepatterned PR ripples and ripples that subsequently develop
on the ARC film. Compared to the prepatterns produced by
traditional lithography [24, 45], our method of fabricating
prepatterns via IB is simple and cost-effective.
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4. Summary

In conclusion, we developed and demonstrated an IB-based
growth method for improving the nanoripple quality on a PR/
ARC bilayer with an identical ion beam incidence angle.
Uniform nanoripples with a markedly reduced density of
defects were achieved, as is evident from the AFM images
and corresponding statistical analyses. This method can be
considered as an integration of IB-induced PR ripples through
prepattern formation and sustainable evolution of ripples on
ARC. A remarkable synergy between the two processes was
obtained under conditions of comparable wavelengths and
suitable amplitudes.

In future, matching conditions and material types for
fabricating the prepattern and underlying layer will be studied
for wider applications. Moreover, future studies will also need
to investigate in detail the interface transitions owing to the
surface complexity near the PR/ARC interface.
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