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  1. Introduction 

 The need for higher performance and miniaturization of devices 
has raised considerable demand for small scale structures, 
pushing feature size and spatial resolutions down to sub-50 nm 
length scales. Such patterns are of high interest for applications 
in photovoltaics, [  1  ]  plasmonics, [  2  ]  solid-state lighting, [  3  ]  sensors, [  4  ]  
energy storage, [  5  ]  molecular separation, [  6  ]  and patterned media. [  7  ]  
Lithography is a promising means of creating such structures 
with well-defi ned feature size, periodicity, and with different 
combinations of technologically relevant materials and sub-
strates. Nanoscale templates for lithography down to sub-50 nm 
pattern resolutions can be produced using state of the art 
techniques [  8–10  ]  such as e-beam lithography, nanosten-
cils, [  11  ,  12  ]  X-ray interference, and double exposure patterning 

with deep UV radiation. However, 
these techniques encounter the chal-
lenges of a) high fabrication costs, 
b) low throughput, and c) templates 
lacking durability when the size and 
periodicity is scaled down. Alternative 
approaches that allow parallel fabrication 
of robust, high-resolution lithographic 
templates over full wafer level are essential 
for building viable technologies for adop-
tion by industry. Pattern integrity across 
wafer level is crucial to ensure that the 
devices fabricated across different parts of 
the wafer exhibit the same characteristics. 
Microphase separation of block copoly-
mers [  13–15  ]  in thin fi lms has been widely 
investigated for nanolithography appli-
cations, [  16  ,  17  ]  and the ability to vary size, 
periodicity, and morphology have been 
convincingly demonstrated. [  18  ,  19  ]  How-
ever, the process is multi-step and involves 
time-consuming steps such as surface neu-
tralization and annealing of polymer fi lms, 
each of which can cost several hours. Fur-
thermore, when a large number of steps is 

involved, each processing step can introduce a certain level of 
non-uniformity. This also makes it diffi cult to ensure pattern 
integrity across whole areas of full wafers. [  20  ]  A much simpli-
fi ed and direct approach, especially for achieving 2D dot array 
patterns, is the use of spherical reverse micelles of amphiphilic 
copolymers. [  21  ,  22  ]  Spherical reverse micelles are soft polymeric 
nanoparticles that can be deposited on a surface and used as-
such for lithography. The possibility of using reverse micelles 
in nanolithography has been presented in earlier reports. [  23–25  ]  
These papers, however, do not address key limitations that 
prevent the use of this approach for nanolithography when 
the features on the template have a thickness or separation 
approaching sub-10 nm scale. The latter situation is invari-
ably encountered, however, when ultrahigh feature and spatial 
resolutions are sought. Furthermore, the earlier work does not 
address the unique challenges of achieving uniform patterns 
of reverse micelles, particularly when coated over large areas 
such as full wafers. Since annealing above the glass transition 
temperature of the copolymer destroys reverse micelle-based 
patterns, the uniformity must be achieved as-coated without 
additional processing. In this report, we overcome these chal-
lenges and convincingly demonstrate 
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studies. PS-b-P2VP with a molecular weight of 80.5 kDa, a 
volume fraction of PS block ( f  PS ) of  ∼ 0.5, and PDI ( M  w / M  n ) 
of 1.1, was used for these experiments.  Figure  1  a shows sta-
tistics for size distributions of reverse micelles in solution, as 
obtained from dynamic light scattering (DLS) measurements. 
DLS measurements reveal a mean diameter of 68 nm and a 
standard deviation of 5.5% (expressed as coeffi cient of variance 
in percentage, i.e., sigma/mean  ×  100) ( D  h , Figure  1 a). This 
represents the size of the reverse micelles in a swollen state 
in the solution phase before their deposition on the surface. A 
continuous fi lm consisting of hemispherical features exhibiting 
a 2D quasi-hexagonally ordered arrangement (Figure  1 b top, 
Figure  2 a) was obtained when coated from micelle solutions 
with concentrations in the range of 0.6–1.0% (w/w). At lower 
concentrations, the monolayer exhibits patchy coverage and at 
high concentrations, multilayers are formed. Figure  1 b shows 
distribution in geometric variables (height, diameter, and perio-
dicity) of the patterns, obtained from the statistical analysis of 
pixels in atomic force microscopy (AFM) images. Mean height 
and diameter of the polymeric features were thus determined 
to be 28 nm and 56 nm respectively. The periodicity was deter-
mined to be 68, 74, and 79 nm for coatings prepared from solu-
tions with concentrations of 1.0%, 0.8% and 0.6% (Figure  1 b, 
 d  1 ,  d  2 ,  d  3 ) respectively. The distribution in array periodicity was 
determined from a 2D power spectral density (PSD) function, 

nanolithography using high-resolution reverse micelle patterns 
over 100-mm silicon wafers.   

 2. Full-Wafer Templates for Nanolithography 

   2.1. Template Characteristics 

 In order to achieve uniform templates over a full wafer, it is 
essential to have a clear understanding of the pattern forma-
tion as well as the origin of non-uniformities in feature width, 
periodicity, and topography of the templates. This is best car-
ried out through a detailed analysis of the structure of reverse 
micelles in solution and its relation to the nanopatterns formed 
on the surface. Earlier literature on reverse micelle-based pat-
terning offers limited understanding on this aspect. However, 
this understanding is important in order to determine or pre-
dict the lithographic outcome for the geometric attributes of 
the nanostructures resulting from these templates. Reverse 
micelles of polystyrene-block-poly(2-vinylpyridine) PS-b-P2VP 
were obtained by dissolving the copolymer in m-xylene. Core-
shell particles with PS shell and P2VP core were formed due 
to selective dissolution of the PS block by xylene. [  26  ]  Thin fi lms 
of reverse micelles were created by spin-coating the solution 
at 5000 rpm on 1 cm  ×  1 cm chips, and used for preliminary 

    Figure  1 .     Schematic comparing size distributions of PS-b-P2VP ( M  w  of 80.5 kDa, f PS   ∼  0.5). a) spherical reverse micelles in solution-phase with 
b) nanoscale patterns obtained on surface. The percentages indicated against the curves represent the coeffi cient of variation in percent for the respec-
tive distributions. a) (top) schematic of the micelle structure in solution and (bottom) the distribution in hydrodynamic size ( D  h ) in m-xylene solution, 
as measured using DLS. b) (top) schematic showing a cross-section of a thin fi lm of reverse micelles on surface. (bottom) Normalized Gaussian 
distributions of height ( y ), diameter ( x ) and periodicity ( d ) of micelle arrays obtained. All curves were obtained from image analysis of tapping mode 
AFM measurements of the micelle fi lms coated from m-xylene solutions. The curves for  y  and  x  correspond to fi lms coated from solutions with con-
centrations of 0.6% (w/w), while curves for  d  1 ,  d  2 ,  d  3  correspond to concentrations of 1.0%, 0.8%, 0.6% (w/w), respectively.  
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several steps of optimization requiring much longer durations 
of time. [  30  ]  In the case of micelle patterns, the ability to produce 
such ordered patterns even in the as-coated form is one of its 
chief advantages. Further post-processing can be performed 

which relates the amplitude of topography as a function of the 
spatial frequency of topography. The trend of increasing perio-
dicity with decreasing concentration is in accordance with ear-
lier reports. [  27  ]    

 In comparing the DLS and AFM data above, it can be seen 
that the array periodicity of the patterns on the surface is pri-
marily determined by the diameter of reverse micelles in the 
solvated form when in solution. This can be inferred from the 
fact that the minimum value of 68 nm observed in the perio-
dicity of the surface patterns was found to agree well with the 
hydrodynamic size of the reverse micelles in solution phase. 
The maximum periodicity attainable was found to be  ∼ 20% 
higher than the mean diameter of the micelles in solution. 
Such a possibility for tunability in array periodicity can be 
explained only by taking into account the contribution due 
to deformation of the solvated reverse micelles when being 
spaced on the surface during pattern-formation. Such deforma-
tion can allow an increase in array periodicity only until such 
a point where the swollen PS block from the reverse micelles 
in its deformed state can reach out to fuse with PS block from 
adjacent micelle. If this condition is not met, a patchy coverage 
ensues. Such patchy coverage is therefore typically encoun-
tered at low solution concentration or high spin-speeds when 
the reverse micelles are spaced signifi cantly far apart. 

 In addition to the peak values for the distributions in size 
and periodicity, comparison of the peak widths also provides 
valuable information on nanopattern formation. It can be 
observed from Figure  1  that the standard deviation in the array 
periodicity of  ∼ 5% agrees well with that of size distribution of 
micelles in solution for all three curves ( d  1 ,  d  2 ,  d  3 ) shown. This 
agreement is to be expected when the array periodicity is deter-
mined by the diameter of the reverse micelles in their solvated 
form. However, it can be observed that the standard deviation 
in template topography as well as feature width is more than 
double that of the reverse micelles in solution (Figure  1 a, 1b). 
This broadening in size distribution from solution phase to 
surface can be explained as resulting from the statistical vari-
ation in the extent of deformation between individual micelles 
across the array. The observed standard deviation in feature 
sizes agrees well with the typical magnitudes of size distribu-
tion expected of self-assembled systems such as colloidal parti-
cles [  28  ]  or copolymers [  29  ]  reported in literature. 

 In addition, besides the distribution in height, diameter, and 
periodicity, the quality of lateral order is an additional aspect of 
signifi cant interest in evaluating the  nanopatterns. Although 
the PSD analysis is a reliable means of assessing the standard 
deviation in periodicity, the quality of spatial order in the 2D 
array is best assessed through the radial distribution function 
( g ( r )), also known as pair correlation function). The  g ( r ) plot for 
an as-coated array of reverse micelles is shown in  Figure  2  b. 
The absolute radial distance in the  x -axis is normalized with the 
value of array periodicity obtained from 2D PSD analysis. The 
peak positions of the  g ( r ) oscillations agree well with integral 
multiples of the array periodicity, as expected for a hcp lattice. 
The  g ( r ) oscillations are found to propagate to a distance equiv-
alent to 10 times the array periodicity, or an absolute radial dis-
tance of  ∼ 800 nm. This indicates an average size of  ∼ 1.6  µ m 
for the ordered domains. For phase-separated copolymer thin 
fi lms, a similar quality of ordering is shown to be attained after 

    Figure  2 .     a) Tapping mode AFM image of a representative monolayer 
of the PS-b-P2VP ( M  w  of 80.5 kDa,  f  PS   ∼  0.5, coated from 0.6% solution 
of m-xylene) reverse micelle arrays on silicon substrate. Grain boundary 
defects between ordered domains can be seen. b) Plot showing radial 
distribution function  g (r) as a function of normalized radial distance ( r ), 
obtained by analyzing AFM image of micelle arrays measured over an area 
of 5  µ m  ×  5  µ m. The radial distance was normalized using the average 
array periodicity ( d ) as the normalization constant, which was taken to be 
78.8 nm. The excellent agreement between the observed peak positions 
with integral multiples of  r / d  can be seen. c) Plot of topography or perio-
dicity as a function of radial distance from the centre (0 mm) to the edge 
(50 mm) of the wafer with the last point measured at 45 mm.  
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topography, care needs to be exercised while determining the 
height of features that are separated by tiny distances. Separa-
tions below 10 nm can be subject to tip-convolution effects due 
to the inability of the tip to reach the surface, therefore resulting 
in under-reporting of height values. 

 The well-controlled, consistent,and high-precision tem-
plates demonstrated here are well-suited to use as lithographic 
templates for the creation of highly uniform etched struc-
tures on desired substrates by dry etching. Pattern transfer by 
dry etching is a well-established technique, allowing etching 
into a variety of substrates such as Si, SiO 2 , Si 3 N 4 , and III–V 
semiconductors. Amongst the most limiting factors in per-
forming high-resolution nanolithography is the robustness 
and uniformity of the template itself. Ensuring the latter allows 
realizing etched structures that are free from challenges of over-
lapping domains, missing features, or broad feature distribu-
tions for width, height, and periodicity. In the following, silicon 
pillar arrays exhibiting such uniformity and integrity spanning 
full wafers are demonstrated.   

 3. Pattern-Transfer to Create Si Pillar Arrays Over 
Full-Wafer and Validating Uniformity 

 We demonstrate the effective translation of the uniformity of 
organic templates shown in Section 2, into silicon nanopillar 
arrays obtained via lithographic pattern transfer. Silicon nano-
pillar arrays with high density as well as uniformity are sought 
after in different applications such as biosensors, [  36  ]  capa-
citors, [  37  ,  38  ] batteries, [  5  ,  39  ]  solar cells, [  40  ,  41  ]  and photonic crystal 
wave guides. [  42  ]  It should be noted that the lack of long-range 
order in the patterns obtained does not affect their utilization for 
many of these applications. A perfect ordering is necessary only 
when addressability of individual nanostructures is sought, e.g., 
in bit-patterned media, or when periodicity introduces special 
properties, e.g., photonic crystals. Most other applications rely on 
averaged properties of nanoassemblies such as high feature den-
sities, high interfacial surface areas, and effective refractive index. 
However, even in the latter cases, it is essential to achieve nano-
patterns with high reproducibility, narrow standard deviations, 
and high spatial uniformity via convenient and fl exible fabri-
cation routes. These are advantages that are typical of the pat-
terning approaches presented throughout this report. 

 Lithographic pattern transfer of the polymer templates onto 
an underlying Si substrate was performed through a two-step 
process as described in literature ( Figure  3  a). [  24  ,  43  ]  The reverse 
micelles obtained from the 80.5 kDa system were coated on Si 
wafer having a 25 nm fi lm of thermally grown SiO 2  layer. The 
micelle templates were fi rst treated with brief O 2  plasma to iso-
late the bumps and expose the substrate beneath. This process 
helps in removal of the continuous layer of PS layer with thick-
ness ( t , Figure  1 b top) of  ∼ 2–3 nm that is formed due to the 
fusion of coronal PS blocks between adjacent micelles during 
their deposition on substrate. The resulting polymer templates 
are then transferred into underlying SiO 2  fi lm using C 4 F 8 /CH 4  
plasma. The SiO 2  particle masks formed provide a much higher 
selectivity than do polymeric templates in the subsequent reac-
tive ion etching (RIE) step in which Si is etched by a Cl 2  based 
plasma. The uniformity of the resulting Si pillar arrays across 

using solvent annealing to induce long-range ordering of the 
copolymer domains. However, such post-processing is also 
known to result in macroscopic dewetting which would neces-
sitate considerable attention to ensure integrity of the ordered 
fi lms across large areas. [  31  ]    

 2.2. Full-Wafer Templates 

 When depositing the reverse micelles on a complete wafer, 
maintaining the integrity of the resulting patterns on different 
areas of the wafer is of high importance. As discussed earlier, 
the periodicity of the reverse micelle arrays is sensitive to the 
coating conditions and can result in a variation as high as 20%. 
Such a value of variation refers only to cases where a contin-
uous array of reverse micelles is obtained, without patchy cov-
erage or multilayer formation. During spin-coating of polymer 
fi lms on large areas such as a wafer, a radial thickness variation 
(or decrease) can be expected from the centre to edge of the 
wafer. The thickness variations can result from non-Newtonian 
fl ow behavior of the polymer solutions during spin-coating. [  32  ]  
The study on non-Newtonian fl ow behavior of diblock 
copolymer micelles by Watanabe et al. is of interest in this 
context. [  33  ]  Earlier work on theoretical and experimental inves-
tigations [  32  ,  34  ,  35  ]  on spin-coating have shown that the radial 
uniformity of the spin-coated polymer fi lms can be signifi -
cantly infl uenced by both the duration required to attain the 
set spin-speed (or acceleration) and the spin speeds used. Flack 
et al. [  34  ]  showed that a low acceleration setting contributed to 
an increase in the radial thickness gradient across the wafer, 
and thus greater non-uniformity. Although their study pertains 
to continuous homopolymer fi lms, we found this to be true in 
case of reverse micelle coatings as well. In the case of reverse 
micelle coatings, such thickness variations manifest as a differ-
ence in pitch or array periodicity of the reverse micelle array. It 
was observed that the coatings exhibited the lowest variation in 
periodicity when coated at high acceleration and spin-speed. For 
the 80.5 kDa system shown in Figure  1 , coating at spin-coating 
speed of 5000 rpm and acceleration of 5000 rpm/s using solu-
tion concentrations of 0.6–1.0% (w/w), produced reverse micelle 
arrays with variation of  < 5% in periodicity across the com-
plete wafer. The radial uniformity in template characteristics 
were measured by recording AFM images every 10 mm from 
the centre to edge of the wafer. A representative AFM image 
recorded in tapping mode is shown in Figure  2 a. The variation 
in topography and the periodicity across wafer was measured 
by comparing the peak as well as the width of the distribution 
of their respective histograms. The plot in Figure  2 c shows vari-
ation in periodicity and topography for a highly uniform array 
coated on a 100 mm silicon wafer. Three different curves shown 
for the periodicities correspond to the different concentrations 
(0.6%, 0.8%, and 1.0%) that were used for coating. The trend 
of decreasing values of periodicity with increasing solution 
concentration is clearly discernable. The topography shown in 
Figure  2 c corresponds to coatings made from 0.6% solution 
concentration and was found to be uniform across the entire 
fi lm. The uniformity in topography was confi rmed in a similar 
way for all wafer-level coatings, made at other concentrations. 
Despite the high accuracy of AFM in measuring surface 
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the wafer is limited only by the uniformity of the original tem-
plate, and the dry-etching recipe used.  

 Upon pattern transfer of the full wafer templates shown 
in Figure  3 b, a uniform color was observed across the entire 
wafer, indicating uniformity in etched Si structures obtained. 
 Figure  4   shows examples of Si pillar arrays that are not uniform 
across the wafer. The non-uniformity is inherited from the 
initial pattern of organic templates, either due to non-optimal 
spin-coating conditions or presence of dust particles that 
locally infl uence self-organization of reverse micelles. Figure  3 c 
shows a representative scanning electron microscopy (SEM) 
image of the Si pillar arrays on a wafer exhibiting a uniform 
color throughout. SEM inspection showed pillars with a posi-
tively tapered profi le, with a feature size of 40 nm at half width, 
periodicity of 78 nm, and height of 120 nm. The wafer was 
broken into chips to assess the variation in geometric charac-
teristics of the pillar arrays systematically from centre to edge 
of the wafer. The SEM inspection confi rmed a low variation in 
nanopillar height, periodicity, and shape across the wafer. How-
ever, one of the drawbacks in using SEM in such a case is that it 
can only measure a few features at one time. This makes it par-
ticularly hard to map variations reliably and effi ciently across 
large areas such as full wafers. This limitation affects both 
SEM as well as AFM imaging. A rapid and economic means of 
qualifying the uniformity of pillar array characteristics across 
areas measuring a few tens of micrometers or millimeters 

across in a single measurement is therefore desirable. We show 
that this can be performed reliably using refl ectance spectros-
copy. Refl ectance spectroscopy measures color by recording 
intensity of refl ected light under normal incidence as a function 
of wavelength. Micro-spectrometers can acquire such spectra 
on microscopic areas on the surface spanning a few tens of 
micrometers. Figure  3 d shows refl ectance measurements car-
ried out at fi ve different points with radially varying distances 
from the centre to edge of the wafer. An excellent agreement 
between the curves was obtained with a maximum variation 
 < 2% in the refl ectance intensities across the entire wavelength 
range. This is indicative of an excellent uniformity in geometric 
characteristics of the Si pillar arrays across the full wafer. The 
maximum variation was observed only at the very edge of the 
wafer ( < 5 mm from the edge), possibly due to edge bead forma-
tion during spin-coating.  

 However, a question arises as to how sensitive the refl ectance 
measurements are towards variation of only a few nanometers 
in Si pillar array characteristics. This was addressed experimen-
tally by measuring the refl ectivity of the Si pillar array samples 
with systematically varying periodicity values. Studying the case 
of periodicity would suffi ce in our case given that signifi cant 
variations in diameter or heights of nanopillars is not expected, 
based on our earlier discussion and as confi rmed by SEM. 

 Si nanopillar arrays with average periodicities varying in 
steps of  < 10 nm could be obtained by varying the periodicity 
of the reverse micelle arrays. Such a systematic variation in 
periodicity could be achieved by a variation of concentra-
tion of the micelle solution, as discussed before. PS-b-P2VP 
with  M w of 114 kDa,  f  PS  of 0.5 and PDI of 1.08 was used for 
a proof of concept experiment. The 114 kDa system offered a 
larger window of variation in pillar periodicity compared to the 
80.5 kDa system used before. The Si pillar characteristics were 
very similar to those obtained with the 80.5 kDa copolymer 
system, with minor differences in the shape of the pillars. The 
plot in  Figure  5  a shows the variation of reverse micelle array 
periodicity as a function of the concentration of the solution 
used. This is shown for both 114 kDa and 80.5 kDa copolymer 
systems. Si pillar arrays obtained using the 114 kDa system, 
and exhibiting three different periodicity values of 91, 83, and 
77 nm, are shown in SEM tilt measurements in Figure  5 b. 

    Figure  3 .     a) Schematic of processing steps for the two step pattern-transfer process used to create silicon pillar arrays over full wafers. b) Picture of 
100 mm silicon wafer covered entirely with silicon pillars (the refl ected image seen within the wafer is the clean room ceiling). c) SEM image of the 
silicon pillar arrays. The uniformity of the pillar arrays on the entire wafer can be seen from its uniform color d) Different curves are refl ectance spectra 
of the pillar arrays taken on different spots at varying radial distance from the centre to edge of the wafer.  

    Figure  4 .     Examples of 100 mm Si wafers with Si nanopillar arrays span-
ning full wafers, shown in cases of non-uniformity. The non-uniformity 
can be readily perceived as an optical contrast due to variation in pillar 
array characteristics across the wafer. The non-uniformity resulted from 
a) the use of higher acceleration durations (5000 rpm spin speed with 
an acceleration of 500 rpm/s speeds,  10s acceleration duration) used 
for coating the copolymer solutions, b) localized defects such as dust 
particles, or c) edge defects  
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    Figure  5 .     a) Plot showing systematic variation of the periodicity of PS-b-P2VP reverse micelle arrays coated from two different molecular weights, 
114 kDa and 80.5 kDa. The masked area denotes pillar arrays with periodicity below 70 nm that were not included for Si pillar fabrication due to inef-
fi cient pattern transfer caused by low separation distances. b) SEM tilt measurements showing Si pillar arrays with systematically tunable periodicity 
obtained from the 114 kDa system. c) Refl ectance measurements of Si pillar arrays showing measurably different refl ectance curves for periodicity 
values of 91, 83, and 77 nm. d) Absolute refl ectance intensity values of Si pillar arrays plotted as a function of array periodicity, shown for 114 kDa and 
80.5 kDa systems at 550 nm and 800 nm wavelengths.  

Refl ectance measurements performed on these pillars arrays 
show a clearly distinguishable trend exhibiting a systematic 
and linear decrease with decreasing periodicity (Figure  5 c,d). 
As shown in the plot in Figure  5 d, the average drops in refl ect-
ance intensity for every 10 nm decrease in pillar array perio-
dicity were found to be 2.9% and 3.6% at 800 nm and 550 nm, 
respectively. Assuming this to be also true in the case of pillars 
obtained with the 80.5 kDa system, then the variation in perio-
dicity across wafer can be estimated to be  < 5%.  

 The physical basis for the variation in refl ectance with change 
in Si nanopillar array periodicity lies in the ensuing variation 
of effective refractive index at the pillar layer that mediates 
the air–bulk Si interface. This has been investigated by several 
researchers in the context of controlling refl ection by varying the 
geometry of nanopillar arrays. [  44–46  ]  The dependence of refl ect-
ance on geometric parameters of Ge nanopillar arrays grown by 
vapor–liquid–solid growth is also of interest in this context. [  47  ,  48  ]  
Among other variables, volume fraction of nanopillars has been 
shown to signifi cantly contribute to the effective index. In our 
case, since the variation of height and diameter across the wafer 
is low (as confi rmed using SEM), the contribution to change 
in volume fraction could occur mainly by a variation in pillar 
density. For the 114 kDa system, the density can vary between 
130–260 pillars  µ m  − 2  for periodicity values seen in Figure  5 b. 

 We further employed theoretical modeling and simulations 
using the rigorous coupled wave analysis (RCWA) method [  49  ]  
(Experimental Section) to investigate the response of refl ectance 
spectra to sub-10 nm variations in each of the geometric vari-

ables of the pillar arrays, viz. shape, diameter, height, and 
periodicity.  Figure  6  a shows simulated refl ectance curves for 
pillar arrays with various shapes; conical, Gaussian, parabola, 
or cylinder. The simulations were carried out for nanopillar 
diameter, height, and periodicity values of 60 nm, 120 nm and 
80 nm respectively, which correspond to those of Si pillar arrays 
shown in Figure  3 . The experimental refl ectance curve was 
found to be in excellent agreement with the simulated curve 
for conical pillar profi le. In the next step, refl ectance curves 
for conical pillar profi le were simulated for values of height, 
diameter, and periodicity systematically varied in steps of 5 nm. 
While investigating the variation with one geometric variable, 
the other variables were kept constant. The constant values cor-
respond to those of the pillar arrays in Figure  3 . The absolute 
refl ectance values at a wavelength of 550 nm, plotted for every 
5 nm change in periodicity, height, and diameter of the pillars 
is shown in Figure  6 b. The variation in refl ectance values was 
observed to be linear, with its value decreasing with increase in 
diameter and height, or with decrease in periodicity. The the-
oretically observed magnitude of variation in refl ectance with 
periodicity was also found to be in agreement with experiment. 
The agreement between theory and experiment also supports 
the fact that the standard deviations in geometric characteristics 
of the silicon pillar arrays are low enough so that they can be 
readily modeled to predict their properties. More detailed plots 
showing the modeled profi le, variation of effective refractive 
index as a function of height, as well as the refl ectance curves 
as a function of differing geometric variables are shown in 
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Figure S1 (Supporting Information). Such strong dependency 
of refl ectance spectra on sub-10 nm variations in geometric var-
iables of pillar arrays makes refl ectance spectroscopy a unique, 
high-throughput tool for nanometrology.  

 Although Si pillar arrays with high uniformity could be 
achieved over the entire wafer, we found that the pattern transfer 
was ineffective at low array periodicity values. This is indicated 
by the shaded portion in Figure  5 a. This problem arises when 
the edge-to-edge separation between the reverse micelles is so 
low that the hemispherical features are almost touching each 
other. This makes it diffi cult to realize well-isolated templates 
of suffi cient mass-thickness contrast necessary for lithographic 
pattern transfer. In the following section, we describe means of 
extending this limit in order to achieve robust lithographic tem-
plates that perform even with sub-10 nm feature thicknesses 
or separations. This would allow high spatial resolutions and 
ultra-low feature separations for the resulting pillar arrays.   

 4. Robust Lithographic Templates with Feature 
Thickness and Separation  < 10 nm 

 Patterns with high spatial resolutions are in great demand for 
applications such as data storage, photovoltaic, and plasmonic 

devices. For instance, the density of magnetic bits in data 
storage devices are expected to reach 10 Tb inch  − 2 , requiring 
feature width and periodicity of bits to be  < 10 nm. Nanostruc-
tured electrodes in bulk heterojunction photovoltaic devices are 
required to have a feature width of twice the exciton diffusion 
length ( ∼  < 20 nm) in order to effi ciently separate the electrons 
and holes before they recombine. Signifi cantly reduced separa-
tions are of high interest, even if the feature sizes of the nanos-
tructures are relatively large. For instance, in plasmonic devices 
(e.g., waveguides, sensors), the electrical fi eld coupling between 
adjacent metal nanostructures is known to be highly infl uenced 
by their separation. Highly sensitive molecular analyte detec-
tion by surface-enhanced Raman spectroscopy relies on sig-
nifi cant enhancement in electrical fi eld-intensities in ‘hot-spots’ 
which are regions in close proximity to multiple metal struc-
tures, often with sub-10 nm separations. Therefore, this section 
is of signifi cant interest, as it demonstrates means of achieving 
robust lithographic templates with small size and separa-
tion. The lithographic pattern transfer shown on Si substrates 
serves as a proof of concept for the lithographic capability of 
these templates. The templates are, however, capable of being 
transferred into several other technologically relevant materials 
through appropriate post-processing steps, such as ion-beam 
milling, wet-etching, or in combination with selective growth or 
deposition processes. 

 The two-step pattern transfer approach shown to create Si 
pillar arrays in the earlier section allows for pattern transfer of 
reverse micelle masks only when the topography or separation 
of the micelle templates is at least 20 nm. However, such a pat-
tern transfer fails on two accounts: (1) When the micelles are 
spaced very close to each other, the templates exhibit separa-
tion  < 10 nm from each other resulting in ineffective pattern-
transfer. This happens due to insuffi cient isolation of adjacent 
features as the separation decreases. The resulting pillar arrays 
are therefore defective in the sense that they are not well isolated 
from each other ( Figure  7  a). This can be seen in the pattern 
transfer of the templates coated from 1% solution of 80.5 kDa 
copolymer system, or 0.9% and 1% solution of 114 kDa system 
(masked area in Figure  5 a). (2) When the feature width and the 
periodicity of the reverse micelle templates are considerably 
reduced, to approximately 50 nm or below, the template thick-
ness also decreases considerably. With a thickness of  ∼ 10 nm or 
below, the templates lack the capability to withstand the subse-
quent RIE process and therefore fail (Figure  7 b). Both of these 
challenges can be overcome effectively by substituting the weak 
organic template with a durable inorganic template.  

 In the following, we present a means of incorporating a 
volatile titanium precursor through selective decomposition 
of the precursor within the core of the reverse micelles. PS-b-
P4VP ( M  w  32 kDa,  f  PS  0.78, PDI 1.09) reverse micelles coated 
from toluene exhibiting both the challenges discussed above, 
namely edge-to-edge separation and template heights  < 10 nm, 
was used for the study. A continuous monolayer as shown in 
Figure  7 b could be obtained by coating at 5000 rpm spin speed, 
acceleration of 5000 rpm/s, and concentration of 0.3% (w/w). 
The wafer containing a coating of reverse micelles is exposed to 
TiCl 4  vapors within an atomic layer deposition (ALD) chamber. 
The process we describe here however does not involve ALD, 
but rather a highly controlled chemical vapor deposition (CVD) 

    Figure  6 .     a) Simulated refl ectance curves for silicon nanopillar arrays 
with different shapes presented for diameter, height, and periodicity of 
60 nm, 120 nm, and 80 nm. The experimental curve can be seen to agree 
well with the model of cone, over the entire wavelength. b) Plot of abso-
lute refl ectance values at 550 nm simulated for Si nanopillar arrays with 
a conical profi le as a function of systematically varying diameter (height  =  
120 nm; periodicity  =  80 nm), periodicity (diameter  =  60 nm; height  =  
120 nm), and height (diameter  =  60 nm; periodicity  =  80 nm).  
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plasma RIE to obtain TiO 2  nanoparticle arrays. It can be seen 
that the particle heights and diameters systematically increase 
in steps  < 10 nm with increasing number of vapor-exposure 
cycles as shown in  Figure  8  a, b. The thickness of TiO 2  fi lm 
obtained on fl at Si substrate included as a control highlights 
the controlled growth rates. The TiO 2  nanoparticles exhibit a 
hemispherical profi le (Figure  8 a inset), and were clearly iso-
lated in all three cases. The discrete nature of the particles was 
further confi rmed by performing localized EDX analysis on and 
between the TiO 2  particles in the TEM cross-section (Figure  8 c). 
The EDX curves shown in Figure  8 c correspond to the sample 
with 50 cycles of exposure. The area exposed to EDX appears 
burnt due to the intense electron beam focused on a small area 
(Figure  8 c inset).  

 In the next step, we demonstrate nanolithography using the 
most challenging case, wherein the PS-b-P4VP coatings were 
treated with TiCl 4  vapors for only 10 cycles of exposure. The 
schematic in  Figure  9   shows the steps in the lithographic pat-
tern transfer employed. Two pattern-transfer conditions were 
employed: PS-b-P4VP coatings upon TiCl 4  exposure, (a) without 
the polymer removal (Figure  9 , i-iii), and (b) with polymer 
removal (using O 2  plasma RIE) to form TiO 2  nanoparticles 
(Figure  9 , iv-v). The TiO 2  nanoparticles obtained in case (b) exhib-
ited height of 7 nm and diameter of 15 nm (Figure  8 c, labeled 
as ‘10cy’). The RIE of Si was effective in both case (a) as well 
as case (b), proving the effectiveness of the titanium precursor 
incorporation towards RIE of Si. The pillars obtained using tita-
nium precursor incorporated polymer masks (Figure  9 a) were 
thicker than pillars obtained when pure titania nanoparticle 
masks (Figure  9 b) were used, as expected. Si pillars with fea-
ture widths of 32 nm and 25 nm were obtained in cases (a) and 
(b) respectively (Figure  9 a,b). As the periodicity in both cases is 
the same, the pillars of 32 nm in width exhibited a separation of 
only 8 nm, while those of 25 nm width exhibited a separation of 
15 nm. This provides a subtle means of controlling the feature 
width and separation between the pillars. Due to the fact that 
the 32 kDa system also exhibited signifi cantly low separations 
between the templates, the lithography results presented prove 
that the cases shown in the masked area in Figure  5 a would 
also work (Figure S2 in Supplementary material).

   The TiO 2  nanoparticle masks were found to offer high selec-
tivity towards dry etching of Si using the dry-etch recipes we 
employed. This allowed high-fi delity pattern transfer with no 
loss of the feature width of the TiO 2  particles used. This has 
implications, particularly on the shape of the resulting pillars. 
The pillars obtained using TiO 2  masks exhibited a distinctly 
vertical profi le, as compared to conical profi les obtained with 
the polymer templates, for the same Si etching recipe used. The 
low selectivity in case of polymer template results in translating 
the hemispherical mask profi le into conical profi le in the etched 
structures. The robustness of the mask further determines 
the maximum duration of etching that can be employed, 
and therefore the achievable height for the resulting pillars. From 
the Figure  9 , it can be seen that the pillar heights of  ∼ 100 nm 
are achieved. At the end of the RIE process, the TiO 2  masks 
were removed by washing wafers with buffered HF solution. We 
expect that any remaining TiO 2  is removed mainly by removal 
of the SiO 2  interface in between the Si pillars and the Titania 
particle templates. The advantage of the approach shown lies in 

initiated within the PVP domains of the copolymer. The TiCl 4  
concentration was controlled by varying the number of cycles 
of exposure. Each cycle of exposure consisted of one TiCl 4  pulse 
and one H 2 O pulse each. The exposure durations can be con-
trolled in the range of 10 ms–0.5 s per exposure cycle, with 
the concentration of TiCl 4  available per square centimeter of 
the sample controlled down to few nanomoles per cycle. Such 
a high degree of control over the vapor concentrations allows 
excellent control over the degree of incorporation of titanium 
precursor. In three different experiments, the PS-b-P4VP coat-
ings were exposed to 10, 20, and 50 cycles of exposure. The 
TiCl 4  selectively decomposes within the hydrophilic PVP core, 
thereby strengthening the polymer template towards the RIE 
of the underlying Si substrate. After incorporation of the tita-
nium precursor, the polymer template could be removed by O 2  

    Figure  7 .     Two major challenges encountered when feature size or sepa-
ration between the templates is scaled down signifi cantly are illustrated. 
a) Representative SEM image from top-view showing Si pillar arrays obtained 
by ineffective pattern transfer caused by close separation between reverse 
micelle templates. Image shown corresponds to pillar arrays created 
using templates coated from 1% solution of 80.5 kDa system (Figure 4a, 
masked area). b) Tapping mode AFM image showing reverse micelle 
templates with very low values of feature height and separation that are 
insuffi cient for lithographic pattern transfer. These arrays correspond to 
PS-b-P4VP (Molecular weight of 32 kDa,  f  PS  ∼  0.78) fi lms coated from 
toluene. Inset shows topography across the marker showing template 
thickness of only 6 nm.  
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providing a highly controlled, consistent, and precise means of 
incorporating the precursor, in a manner that does not compro-
mise on the original pattern characteristics. 

 We note that the formation of TiO 2  nanoparticle has been 
shown earlier in the literature, [  50  ]  but neither the precursor con-
centration nor the decomposition can be easily controlled. Based 
on our observations, even the tiniest variation of the TiO 2  pre-
cursor exposure varies the quantity of precursor incorporated. An 
excess exposure to the precursor can easily compromise the pat-
tern fi delity due to non-selective deposition of TiO 2 . Furthermore, 
the solution phase approach shown for obtaining TiO 2  particles on 
surfaces introduces several variables that must be controlled, while 
also resulting in particles with large standard deviations. [  51  ,  52  ]  

 The compatibility of TiO 2  with semiconductor processing 
techniques makes it an attractive choice for lithographic tem-
plate, in comparison with metals and transition metal oxides. 
Therefore the particle arrays of gold or oxides of iron and zinc 
shown in literature [  53–55  ]  pose a disadvantage in this respect. 
PS-b-PDMS [  56  ,  57  ]  and PS-b-PFS [  58  ,  59  ]  can also provide etch con-
trast due to silicon containing PDMS or PFS blocks. These are 
however less fl exible towards adjustment and fi ne-tuning due 
to the inherent limits placed on feature size by the molecular 
weight and block ratios. This is also true of pure silica nano-
particle arrays produced by selective growth [  60  ]  or deposition [  61  ]  
within block copolymer templates. It should further be noted 
that our approach to such robust lithographic masks can be 
readily applied to any other diblock copolymer pattern with 
a hydrophilic block and is therefore very versatile in utility. 

    Figure  8 .     Formation of TiO 2  nanoparticle masks for nanolithography is shown using PS-b-P4VP (25000-b-7000 g/mol) arrays. a) Tapping mode AFM 
images of TiO 2  nanoparticle arrays obtained by exposing the PS-b-P4VP arrays for 10, 20, and 50 cycles to TiCl 4  vapor followed by removal of the 
polymeric template using O 2  plasma RIE. TEM cross-section showing the hemispherical profi le of TiO 2  nanoparticles is provided as an inset. b) Plot 
showing highly controlled growth in height and diameter (in steps  < 10 nm) of TiO 2  nanoparticles as a function of the number of cycles of TiCl 4  expo-
sure used. The thickness of TiO 2  thin fi lm grown on a bare Si substrate under the identical conditions of TiCl 4  vapor exposure is shown as reference. 
c) Plot shows localized energy dispersive X-ray (EDX) analysis of TiO 2  nanoparticle masks performed in situ using transmission electron microscopy. 
The clear absence of Ti between particles can be seen. Inset shows the cross section of a TiO 2  nanoparticle with burnt portion corresponding to the 
spot where EDX analysis was performed.  

    Figure  9 .     Schematic shows lithographic pattern-transfer process sequence 
employed to etch Si substrate using PS-b-P4VP (25000-b-7000 g mol  − 1 ) 
arrays exhibiting features with sub-10 nm thickness and separation. 
i-iii) schematic of process steps employed for incorporation of TiCl 4  
precursor into the polymeric template and used as-such for dry etching. 
i) as-coated PS-b-P4VP micelle arrays ii) After exposure to TiCl 4  vapors 
iii) Si nanopillar arrays with separation of  ∼ 8 nm (SEM cross-section in 
a)) resulting after pattern-transfer of TiO 2  containing polymer composite 
into Si by Cl 2  plasma, and subsequent template removal. iv-v) schematic 
of steps employed to create nascent TiO 2  nanoparticle arrays and their 
subsequent use as nanolithography templates. iv) TiO 2  nanoparticle 
arrays obtained upon removal of polymer by O 2  RIE. v) Si nanopillar 
arrays with a separation of 15nm (SEM cross-section in b)) obtained 
upon pattern-transfer of TiO 2  nanoparticle masks into Si and subsequent 
removal of the mask.  
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m-xylene were obtained as anhydrous solvents with purity  > 99% from 
Sigma-Aldrich Pte Ltd. Prime grade silicon wafers were obtained from 
Silicon Valley Microelectronics (Santa Clara, CA, USA). Point Probe 
Plus silicon tips for tapping mode imaging measurements with atomic 
force microscopy were purchased from Nanosensors (Neuchatel, 
Switzerland). 

  Methods : The silicon substrates were cleaned by ultrasonicating 
in acetone followed by 2-propanol and fi nally treated with UV/ozone 
for 10 min. Spin-coating was carried out in CEE model 100CB spinner 
(Brewer Science Inc., MO, USA). Polymer solutions were prepared by 
dissolving the polymer in respective solvents, and were stirred until 
dissolution. The solutions were coated at a relative humidity of 55% 
and ambient temperature of 22  ° C. Vapour phase exposure to create 
TiO 2  masks was carried out in home-built atomic layer deposition 
equipment. N 2  gas was used both as a carrier gas and purge gas. TiCl 4  
and H 2 O (de-ionized water) were introduced into a viscous fl ow ALD 
chamber in pulses. The length of each pulse (or exposure duration) 
precisely determines the amount of precursor available for the surface 
adsorption. The vapor concentration per pulse can be controlled 
down to nano moles per pulse by controlling the exposure duration. 
This duration in turn can be estimated from the vapor pressure of 
precursor (using the Antoine equation,  Lo g (p) = A − (B / (T + C ))
  , where  P  is vapor pressure in bar,  T  is temperature in Kelvin and 
coeffi cients A, B and C are obtained from the NIST Chemistry Web 
book) and the fl ux of gas molecules impinging on the surface (using 
equation:  J (m2 s − 1) = P √(2πmkT)  , where  m   =  molecular mass, 
k  =  Boltzmann constant). For TiCl 4 , these values were estimated 
to be  P   =  12.4 Torr and  N = 1.839 × 10 21 mo le cu le s / cm2/s )  . For 
the two step pattern transfer process, the polymer templates were 
fi rst transferred into underlying SiO 2  fi lm of 25 nm thickness by dry 
etching using C 4 F 8 /CH 4  for 10 s duration using AMS 200 DSE, an 
inductively coupled plasma (ICP) etcher (Alcatel Micromachining 
Systems, Annecy, France). The subsequent Si etching was carried 
out using Cl 2  plasma for 30 s duration using STS etcher (Surface 
Technology Systems, New Port, UK). The etching recipe for Si was 
common for both the two-step transfer, and for pattern-transfer 
of TiO 2  nanoparticle patterns into silicon substrate. The polymer 
patterns were characterized using DI 3100 atomic force microscopy 
(Veeco Instruments Inc., NY, USA) equipment operated in tapping 
mode. Image analysis and production was performed using in-built 
DI 5.12 version software from Veeco, ImageJ (National Institutes of 
Health, USA) and WSxM 4.0 [  62  ]  (Nanotec Electronica S.L., Spain). X-ray 
photoelectron spectroscopy (XPS, VG ESCALab 220i-XL) was carried 
out to confi rm the absence of TiO 2  when the Si nanopillar arrays were 
obtained following steps shown in Figure  9 . SEM was performed 
using JSM-6700F FESEM (JEOL, Tokyo, Japan). Transmission electron 
microscopy was performed using Philips CM300 TEM operating at 
300 kV and equipped with DX4 EDS system and Gatan Filter. Light 
scattering measurements were performed using BI-200SM Research 
Goniometer System (Brookhaven Instruments Corporation, NY, USA) 
equipped with 633 nm laser. Refl ectance measurements were carried 
out using a micro-spectrometer from CRAIC (Craic Technologies, CA, 
USA). The samples were measured on areas of 77  µ m  ×  77  µ m. Bulk Si 
samples were used as a reference, to obtain absolute refl ectance data. 
The optical modelling of refl ectance spectra were performed using 
multilayer model as used before in literature. [  44  ,  63  ]   The pillar arrays 
were divided into 100 imaginary layers, and the effective refractive index 
of each layer was calculated using effective medium approximation. [  64  ]   
The refl ectance of the whole system was then calculated by solving 
Maxwell’s equations of the multilayer system. More details can be 
found in the Supporting Information. 

   Supporting Information  

Supporting Information is available from the Wiley Online Library or 
from the author. 

Furthermore, the hemispherical geometry of the micelle masks 
allows for highly controlled variation of the diameter (not only 
template height) as a function of precursor quantity. 

 While the inorganic precursor route yields a robust litho-
graphic template, it also involves additional processing due to 
the vapor phase exposure step. However, this additional step is 
well justifi ed when lithography employs templates with feature 
sizes, or separations  < 10 nm. For templates with larger features 
or separations, the two-step pattern transfer shown in Figure  3 a 
is still advantageous, as the pattern-transfer can be achieved with 
a fewer number of steps and by using polymeric templates only.   

 5. Conclusions 

 In summary, we have demonstrated highly uniform and robust 
dot-array templates for nanolithography, exhibiting pattern 
resolutions down to the sub-50 nm scale, spanning 100 mm 
Si wafers. The nanopatterns were obtained by exploiting 
self-assembly and self-organization of polystyrene-block-
poly(vinylpyridine), chosen as a model amphiphilic copolymer 
system. Several issues of high importance to nanopatterning 
and nanolithography employing the self-assembled templates 
were addressed in this work. a) Investigation of the relation-
ship between the (mean and width of) distributions of micelle 
size in solution and the nanopattern variables (topography, 
diameter, and periodicity) on the surface has led to clearer 
understanding of the mechanism of pattern formation and 
the origin of inherent and spatial uniformity of the patterns. 
b) High-throughput measurements of sub-10 nm variations 
in geometric characteristics (diameter, periodicity, height, and 
shape) of lithographically etched Si nanopillar arrays across full 
wafers were successfully demonstrated. The physical basis of 
refl ectance variation in response to the nanopillar array geo-
metric characteristics was analyzed through theoretical mode-
lling and simulations. This also demonstrated the general 
capability of refl ectance spectroscopy as an effective tool for 
high-throughput nanometrology. c) Highly controlled and selec-
tive vapor phase decomposition of volatile inorganic precursors 
within block copolymer domains is demonstrated as  a prom-
ising means of enhancing integrity and robustness of the tem-
plates for nanolithography at high pattern resolutions. This was 
shown using TiCl 4  decomposition within PVP domains to form 
TiO 2  nanoparticle templates exhibiting tunability of size (height 
and diameter) in steps  < 10 nm. The lithographic capability 
using this approach was demonstrated for template heights as 
small as 6 nm and separations of  ∼ 8 nm. The techniques and 
concepts required to derive nanolithography templates demon-
strated throughout this report are general in nature, and have 
a high potential for exploitation in a wide array of applications 
where uniform, high-density nanopatterns are sought, e.g., bat-
teries, solar-cells, light-emitting diodes, self-cleaning surfaces, 
non-volatile memory devices, and plasmonic biosensors.   

 6. Experimental Section 

  Materials : All polymers were purchased from Polymer Source Inc. 
(Montreal, Canada) and used without further purifi cation. Toluene and 
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