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Study on nano thickness inspection for residual layer of nanoimprint lithograph
using near-field optical enhancement of metal tip
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1. Introduction

Nanoimprint lithography (NIL), allowing fabrication of micro/
nanometer scale features with low cost, high throughput and high
resolution [1–3], is one of the best candidates for meeting the
requirement of the next-generation semiconductor patterning [4].
The process steps of UV-based NIL (Fig. 1) are as follows: (I) A mold
made of transparent material like fused silica, quartz with nano-
patterns on its surface is pressed into the resin layer on the Si
substrate, after dispensing a UV-curable liquid photopolymer as
resist on a Si substrate. (II) The resist is cured by UV light exposure
and becomes solid. (III) The mold is realized from the solidified resin.
(IV) Here, a thin resin layer with thickness of several 10s nm remains
as a residual film (residual layer) between the imprinted patterns
and the Si substrate. (V) Finally, a reactive ion etching (RIE) is
performed to remove the residual layer. (VI) As a result, we can form
fine patterns on the Si substrate like conventional photolithography.
In the NIL process, in order to get the fine resist mask patterns
accurately, an optimization of the RIE based on the residual layer
thickness (RLT) is one of the most important factors. Therefore, in
order to realize the NIL as a next-generation semiconductor
photolithography process with high reliability, it is urgently needed
to develop a nondestructive evaluation technique of the RLT,
allowing optimization the RIE condition of the NIL processes [5,6].

There are various types of nondestructive thin film thickness
measurement techniques [7–10]. Especially, optical methods such as
ellipsometer and white light interferometer are well known for their
nondestructiveness [11,12]. It is true that these optical thickness
measurement methods have superior resolution power about 1 nm

of which is less than 100 nm. On the other hand, the cross-sectio
scanning electron microscopy (SEM) meets the requirement o
fine lateral resolution, but the cross-section imaging requires
physical cleaving of the device, meaning destructive process [13]
to the present time there has been no useful method to evaluate
without using the cross-sectional SEM, while even discrimina
between the 10-nm-scale-RLT and the 50-nm-scale-RLT nond
tructively is useful for adjusting the RIE conditions.

In order to improve the lateral resolution of optical met
beyond the diffraction limit, we have proposed an applicatio
near-field optics [14] to inspection of the RLT of NIL. We h
already developed the RLT measurement system using the n
field optical fiber probe [15,16]. It is true that measurem
method based on near-field optics does not depend on 

diffraction limit but the lateral resolution of the fiber-type n
field optical probe is almost 100 nm, which means that it doe
meet the next-generation fine semiconductor patterns with 

half pitch of 20 nm scale, and moreover, the amount of the n
field optical response obtained with the fiber-type near-fi
optical probe is too weak to evaluate its signal with high-signa
noise ratio. In order to overcome the abovementioned problem
this research, by taking the advantage of the diffraction limit 

characteristics of the near-field optics, we propose a novel 

inspection method of NIL using a near-field optical enhancemen
a sharp metal probe instead of a fiber-type probe.

A R T I C L E I N F O

Keywords:

Inspection

Optical

Nanoimprint lithography

A B S T R A C T

We propose a novel nano thickness inspection method of residual layer film of nanoimprint lithogra

allowing nondestructive evaluation of residual layer thickness independent of the diffraction limit. In

proposed method, we applied near-field optical enhancement of a fine metal tip as a high sp

resolution measurement probe, with which we can get near-field optical response generated by dyna

interaction of the tip, thin residual layer film and a Si substrate. By performing theoretical analyses ba

on finite-difference time-domain (FDTD) method and fundamental experiments using a newly develo

near-field optical response detection system, we verified the feasibility of the proposed method.
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scale in the vertical resolution, but have lack of the lateral resolution
due to the diffraction limit. Therefore, it is difficult to directly apply
the conventional optical thickness measurement methods to
evaluation of the RLT of the NIL processes because the residual
layer is located only between the fine structure patterns, lateral size
Fig. 1. Process steps of UV-cured NIL for semiconductors.* Corresponding author.
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oncept of nano thickness inspection of RLT using near-field
cal enhancement of metal tip

ig. 2 shows a schematic diagram of the new concept of the RLT
ection method for NIL using near-field optical enhancement of
al tip. In order to get the information of RLT, a sharp metal
e with the tip diameter of 10 nm scale is set just above residual
r located between fine patterns formed with NIL. Sample
ace is obliquely illuminated with gently focused incident light.
er this condition, at the vicinity of the metal tip, localized light
gy can be generated by near-field optical enhancement of
al tip [17,18]. This enhanced light energy, the size of which

 not depend on the diffraction limit but mainly on the tip size,
 localized that this can interact with only the area of the
ual layer of NIL sample. Therefore, by detecting the far-field
agating light which is radiated from the interaction of the
nced light with the Si substrate through the residual layer

, information of RLT is expected to be analyzed.

umerical simulation based on FDTD method

Simulation model

irstly, we tried to confirm the proposed concept theoretically.
, in order to analyze detailed behavior of near-field optical
ncement, we performed numerical simulations using a finite-
rence time-domain (FDTD) method [19], with which three

ensional electric field vector components interacted with
tral material structures can be numerically calculated.
ig. 3 shows typical FDTD simulation model employed in this
arch. 5-nm-unit cells with the simulation range of

700 nm � 700 nm � 1500 nm were set. As an initial study, we treated
flat thin resist film as the residual layer to analyze the optical
enhancement interacted with metal tip, residual layer, and Si
substrate. A metal probe tip made of silver having the tip diameter
of 15 nm was modeled with the gap distance of 10 nm from top
surface of residual resist layer. As the external light illuminator, a
plane wave with the wavelength of 632.8 nm, assuming a He–Ne
laser, was employed, incident angle of which was 458.

3.2. Near-field optical enhancement characteristics of metal tip

interacted with residual layer and Si substrate

Fig. 4 shows numerically calculated intensity distributions on
XY-plane including central axis of the metal probe with the RLT of
10 nm (a) and 50 nm (b), respectively, where p-polarized incident
light is employed. We see that an optical intensity enhancement
can generate at the vicinity of the metal tip and this enhancement
gets into the residual resist layer.

Next, in order to carry out detailed analyses of behavior of the
interacted enhancement, three dimensional electric field vector
components were calculated. In Figs. 5(a), (b) and 6(a), (b) visualize
electric field vector components under p-polarized incident light
with the RLT of 10 nm and 50 nm, respectively. Fig. 5 means result
on the XY-plane including central axis of the metal probe and Fig. 6
means one on the YZ-plane. The Ez component (z-component of
electric field) of Fig. 5 and the Ex component of Fig. 6 cannot be
observed well, but both the Ex and the Ey components of Fig. 5 and
both the Ey and the Ez components of Fig. 6 surround the metal
probe with higher amplitude. Taken together, the Ex component and
the Ez component are also enhanced depend on the polarization of
the incident light and the metal tip structure, but only the enhanced
Ey component can get into the residual resist layer, which suggests
that detecting the Ey component from the near-field optical
enhancement of the metal tip plays an important role for analyzing
the RLT. On the other hand, in the case of s-polarized incident light,
distinct enhancement of the metal tip interacted with the residual
resin and the Si substrate was not found under various conditions.
(Fig. 7 is a typical example in the case of s-polarized incident light.)

3.3. Far-field optical response from near-field optical enhancement

Next, we estimated intensity of far-field propagating light
radiated from the near-field optical enhancement, which can be
detected for the RLT evaluation in the practical situation. Fig. 8

. Concept of proposed method using near-field optical enhancement by metal tip.

Fig. 3. Simulation model for near-field optical enhancement analyses.

Fig. 4. Calculated intensity distribution [p-polarized incident light/XY-plane]. (a)

RLT: 10 nm. (b) RLT: 50 nm.
Fig. 5. Three dimensional electric field components under p-polarized incident light [XY-plane]. (a) RLT:10 nm. (b) RLT:50 nm.
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shows the relationship between the degree of far-field propagating
light intensity and the RLT, which was calculated based on the dipole
radiation enhanced with the interaction of the metal tip and the
sample surface under p-polarized incident light. Here, as shown in
the upper right figure of Fig. 8, the far-field detection unit was
horizontally set with the angle of 458 against the incident optics view
from above, from the practical point of view that both the
deterioration of the signal-to-noise ratio due to the specular
reflection from the sample surface and the conflict of the incident
light optics should be minimized. Even under the p-polarized
incident condition, the s-polarized component of detection light can
be detected, which was thought to be generated from the Ex

component of Fig. 5 and the Ez component of Fig. 6. The p-polarized
detection light, however, clearly depends on the RLT compared with
the s-polarized component, which means good agreement with the

numerical results that the Ey component invades the residual la
well shown in Figs. 5 and 6.

4. Development of near-field optical enhancement detecti
system

A near-field optical enhancement detection system for verify
the basic concept of the proposed method was developed (Fig
and 10). This system mainly consists of metal probe tip con
unit, XYZ-PZT/stepping motor stage unit for sample position
and confocal microscopic unit of infinity corrected optics. A He
laser with the wavelength of 632.8 nm was employed as a l
source. After passing through the half wave plate for adjusting
polarization state and lens (f = 250), a gently focused laser beam
obliquely incident on the sample surface. Because of the 1st s
for verification, commercial available metal probes with Au c
(JASCO Corp.: NPN-500) designed for near-field scanning opt
microscopy (NSOM), having relatively larger size tips 

diameter: 500 nm), are employed. A shear-force method usin
tuning fork is applied for tip-sample distance control [20]. In or
to get the near-field optical response with high sensitivit
specially designed confocal microscopic unit based on infi
corrected optics with a polarizing beam splitter and 

photomultiplier tubes (PMTs) is installed as shown in Fig.
with which we can detect both the p-polarized and the s-polari

Fig. 6. Three dimensional electric field components under p-polarized incident light [YZ-plane]. (a) RLT: 10 nm. (b) RLT: 50 nm.

Fig. 7. Typical result under s-polarized incident light [RLT: 50 nm/XY-plane].

Fig. 9. Near-field optical enhancement detection system.

Fig. 8. Relationship between estimated far-field intensity and RLT.
Fig. 10. Photograph of developed near-field optical enhancement detection system.
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al simultaneously for studying fundamental detection char-
ristics.

erification experiment for proposed concept

irst, in order to verify the fundamental function of developed
em, optical response measurement experiment from the metal

as performed. Fig. 11 shows the relationship between the
nsity of optical response from the metal tip and the sample
e height, where the gap distance between the metal tip and the
ple surface was relatively controlled by changing the sample
e height. At the far-field region, periodical intensity fluctuation
to standing waves of oblique illumination and its specular
ction was observed. When the gap distance closes at about
nm, the detected signal sharply increases especially in the case
e p-polarized signal detection. That suggests that near-field

cal enhancement interacted with the sample surface can be
rly detected with the developed system.
inally, in order to verify the feasibility of the proposed concept,
etecting the near-field optical enhancement of metal tip with
developed system, we tried to discriminate between 10-nm-
and 50-nm-RLT, discrimination of which is even practically
ul for adjusting the RIE conditions of the NIL processes. Fig. 12

s the nanoimprint sample (PAK-01) employed in this
riment. Fig. 13 indicates the results with standard deviation

of 8 experiments. We see that the near-field optical response

can be detected with less than 5% deviations and the 10-nm-RLT
and the 50-nm-RLT can be clearly discriminated with our
developed system. A more quantitative analyses about the
resolution characteristics are important future tasks.

6. Conclusions

We proposed the application of the near-field optical enhance-
ment generated with the metal tip to the nondestructive residual
layer thickness inspection. Numerical simulations based on FDTD
method indicate that the perpendicular component of the
enhanced near-field electric fields can be expected to include
the thickness information of the residual layer with high
sensitivity. Fundamental experiments using a newly developed
near-field optical enhancement detection system with a specially
designed confocal microscopic unit based on an infinity-corrected
optical system confirmed that we can clearly discriminate between
the 10- and 50-nm-RLT nondestructively.
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