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Abstract. Diamond turning of high-precision molds is a vital process for the roll-to-roll-based ultraviolet resin
imprinting process in fabricating subwavelength gratings. The effects of the grating shape and grating period on
diffraction efficiencies and diffraction angles were simulated. Experiments were then conducted to examine the
effects of shape design, grating period, and cutting speed on machinability of the mold. According to the optical
measurement results, the performance of the subwavelength gratings matched the design well at various inci-
dent angles. The results confirm that diamond turning of high-precision molds is a feasible approach for ensuring
the continual mass production of subwavelength gratings. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI:
10.1117/1.OE.55.6.064105]
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1 Introduction
Subwavelength structures are increasingly in demand for
various applications, such as optoelectronics, biomedical
components, environmental technology, and communica-
tions. Various techniques such as etching, lithography
electroforming, excimer laser ablation, E-beam lithography,
and the self-assembled technique have been used for forming
components with subwavelength features.1–13

However, these methods are not cost-effective and are
restricted to the processing of planar master tools with
dimensional size. Roll-to-roll imprinting processes based
on single-point diamond-turned molds are a competitive
solution for the large-scale and cost-effective production of
nanostructured components14–16 and in particular roll-to-roll
devices.17

Jones et al.18 presented a focused-ion-beam fabricated
diamond tool for producing submicron structures through
a roll-based mastering method. Burr formation was mini-
mized and the surface quality of the product was improved
by optimizing the cutting tool’s shape design and the micro-
cutting process conditions. Hocheng and Hsieh19 also used a
diamond tool in machining an electroless plated-nickel layer
to form a submicron-patterned prismatic mold. A sunlight
guide panel/film was then formed by imprinting prismatic
microstructures on a transparent substrate through ultraviolet
(UV) imprinting and a roll-to-roll process.20

Zhang and Kun21 suggested that when adopting the
processing, structural, and physical parameters of the con-
ventional forming for microforming, the influence of the
size effects must be taken into account. Ikawa et al.22

found that the sharper the microcutting edge, the smaller
the minimum thickness of cutting. The uniformity of the

work material and the affinity between the tool and the
work material are also important factors for microcutting
thickness. Drescher and Dow23 displayed that the cutting
forces generally followed expected trends, but at a small
depth of cut, the force was higher than expected in general.
Sawada et al.24 experimentally showed that the cutting speed
is the key component to manufacture the high-accuracy
microgroove grating without any burr formation.

The current study investigated the feasibility of employ-
ing diamond turning in high-precision roll-to-roll imprinting
molds for fabricating subwavelength gratings. First, the com-
mercial software G-solver, which is based on a rigorous
coupled wave analysis,25,26 was used to study the effects
of grating shapes and grating periods on the diffraction effi-
ciencies (DEs) and diffraction angles; this examination was
conducted to ensure that gratings with high efficiency were
designed. Subsequently, experiments were then conducted to
study the effects of cutting parameters on the quality of
machined molds to guarantee the quality of subwavelength
grating.

2 Optical Performance of Subwavelength Grating
Similar to designs in Refs. 27–30, subwavelength gratings
were designed in the current study to effectively out-couple
one of the primary colors (λR ¼ 650 nm, λG ¼ 520 nm, and
λB ¼ 473 nm) vertically through a light guide. The relation-
ship between the diffraction angle and incident angle can be
derived from the following grating equation:

EQ-TARGET;temp:intralink-;e001;326;155mλ ¼ Λðn2 sin θdif − n1 sin θincÞ; (1)

where Λ is the grating period, θinc is the incident angle, θdif is
the diffraction angle, n1 is the refractive index of the incident
medium polymethyl methacrylate, n2 is the refractive index
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of air, and m is the diffraction order. The incident angle θinc
was determined such that its diffraction angle of the first
order for a certain primary color, θdif , was 0 deg. The DE,
which is a function of the grating shape, grating period, and
grating refractive index, as well as the first-order transmis-
sion efficiency (−1T) of the optical element should be suf-
ficiently high. G-solver was adopted to study the effects of
the grating design on the DE. Table 1 lists the parameters and
levels used in these simulations. Figure 1 shows various tool
geometries for these tests.

Table 2 shows the DE derived from simulations involv-
ing the vertical out-coupling of the primary colors. The cor-
responding incident angles θinc were derived using Eq. (1):
80.20 deg for blue light (473 nm) vertically out-coupled
from a grating with a period of 320 nm, 62.46 deg for
green light (532 nm) vertically out-coupled from a grating
with a period of 400 nm, and 60.7 deg for red light (621 nm)
vertically out-coupled from grating with a period of
500 nm. These results revealed that the diffraction coeffi-
cient was based on the grating shape, attracted color, and
grating period. In general, a higher aspect ratio indicates
a higher DE. However, the results of this study showed
that the effects of the lead angle, grating period, and pri-
mary colors on efficiency varied significantly when an
asymmetric shape was used. The results also revealed
that the DE was higher when the light was incident from
a gentle side (such as cases d and e) compared with
when the light was incident from a steep side (such as
cases a and b). Therefore, design with a large lead side
angle (45 deg, 60 deg, and 75 deg) is preferred to ensure
high efficiency.

3 Experiments for Mold Machinability
Figure 2 shows a schematic of a diamond cutting tool. This
study examined the effects of tool shape, grating period, and
machine speed on the machinability of the molds used for
processing the gratings. The levels of grating period were
320, 400, and 500 nm, the levels of turning speed were
63, 157, and 251 m∕min, and the levels of lead side
angle were 45, 60, and 75 deg. A fractional factorial design
of 33−1 was used for experiment planning. Table 3 shows the
arrangement of the experimental conditions.

Fig. 1 V shapes with various lead side angles.

Table 1 Parameters of simulation.

Parameter Levels

Tool vertex angle 90 deg

Lead side angle 15 deg, 30 deg, 45 deg, 60 deg, and 75 deg

Grating period 320, 400, and 500 nm

Wavelength 473, 532, and 621 nm

Incident angle 80.20 deg, 62.46 deg, and 60.7 deg

Table 2 Effects of design parameters on DE according to vertically
out-coupled primary colors.

Red light source Green light source Blue light source

Grating
shape DEð−1TÞ (%) DEð−1TÞ (%) DEð−1TÞ (%)

(a) Grating period: 320 nm with θinc of 80.2 deg

A 0.23 0.24 0.28

B 0.75 0.78 0.81

C 1.27 1.45 1.46

D 1.09 1.46 1.67

e 0.32 0.48 0.5

(b) Grating period: 400 nm with θinc of 62.46 deg

a 0.72 0.93 1.15

b 2.33 2.74 3.51

c 4.38 4.74 5.66

d 4.31 5.27 5.87

e 1.36 1.98 2.43

(c) Grating period: 500 nm with θinc of 60.7 deg

a 1.04 1.43 1.67

b 3.08 4.25 4.53

c 5.30 7.76 8.80

d 5.88 8.46 10.60

e 2.21 3.45 4.62

Fig. 2 Schematic of a diamond cutting tool.
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Figure 3(a) shows the diamond tool used to machine the
mold, and Fig. 3(b) shows the lathe used to machine the mold
on a drum roller. Figure 4 shows several molds with various
periods and shapes mechanically grooved by diamond turn-
ing on a hard-copper roller with a diameter of 200 mm.

Figure 5 shows a scanning electron microscope (SEM)
image of the diamond tool before and after machining.

The machining distance is around 30 km. As shown in
Fig. 5(b), the tool wear is limited and the tool can still main-
tain its original shape after such a long-distance machining
process. Therefore, the tool wear is not the major issue for
the machinability of the molds in the cases studied.

Directly examining the molds machined on the drum
roll shown in Fig. 4 was difficult. Therefore, the gratings
fabricated using these molds were examined instead to
evaluate the quality of the process. A UV resin was placed
on a 188-μm-thick polyethylene terephthalate (PET) film,
imprinted by the roller at a feed rate of 5 m∕min, and
then hardened with 100-W UV light (Fig. 6). An adequate
imprinting pressure was applied to realize an acceptable
replication rate (∼ > 95%) for processing the designed
gratings.31

Figures 7 and 8 show SEM images of subwavelength gra-
tings with a lead angle of 45, 60, and 75 deg. As shown in
Figs. 7(a) and 8(a), even when the molds were machined at
a low-feed rate (equivalent to a low-grating period), the
periods of the fabricated grating seemed to be consistent
with one another when the mold machining process was con-
ducted at a proper speed. However, when the molds were
machined at a higher speed, the periods of the fabricated gra-
ting became irregular, as shown in Figs. 7(b) and 8(b). A
comparison of the grating shown in Fig. 7(c) with those
shown in Figs. 7(a) and 7(b) indicated that machining the
molds at a higher feed rate (equivalent to a larger grating
period) and a lower speed resulted in the formation of sharper
edges; however, burrs occasionally formed at the top of
the edges.

Figure 7(d) shows that the periods of the grating formed
using molds machined at a higher speed were irregular, espe-
cially with the smallest period. The gratings formed using

Table 3 Experimental conditions.

Grating period (nm) Roller speed (m∕min) Lead side angle (deg)

320 63 45

320 157 60

320 251 75

400 63 60

400 157 75

400 251 45

500 63 75

500 157 45

500 251 60

Fig. 3 (a) Single-point diamond tool and (b) Industrial Technology
Research Institute drum roll lathe.

Fig. 4 Several molds with various periods and shapes on a roller for
imprinting the subwavelength gratings.

Fig. 5 SEM image of the diamond tool (a) before machining and
(b) after machining.

Fig. 6 UV resin was dispensed on the PET film, imprinted by the
roller, and cured with a UV source.
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Fig. 7 SEM images: the cross section of subwavelength gratings with a lead angle of 45, 60, and 75 deg.

Fig. 8 SEM images: the top view of subwavelength gratings with a lead angle of 45, 60, and 75 deg.
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molds machined at lower speeds had much regular periods,
as shown in Figs. 7(e) and 7(f). However, overall, the shapes
of the gratings seemed deformed. This deformation is pos-
sibly because of the demolding process, which entailed
moving a mold from a grating in a perpendicular direction.

Notably, the periods of the grating fabricated using molds
machined at the lowest speed were no longer consistent,
as shown in Fig. 7(g). Moreover, all gratings shown in
Figs. 7(g)–7(i) exhibited deformed shapes.

By examining all gratings shown in Figs. 7 and 8, the
following observations were made:

1. Machining molds at the highest speed generally
resulted in irregular grating periods. This might be
due to vibrations that are readily engendered by high
machining speeds.

2. Adequately determining the mold machining speed for
fabricating gratings with small periods is critical for
preventing the appearance of irregular periods.

3. The shapes of the gratings were frequently deformed,
particularly when the shapes were asymmetric. The
gratings with a lead angle of 45 deg demonstrated
less shape deformations.

4. When the molds were machined at a higher feed rate
and an appropriate speed, the values of grating periods
were highly close to the desired values, with an error
of 3% or lower.

4 Experiments for Grating Performance
The measurement module as shown in Fig. 9 was designed
to evaluate the performance of the subwavelength gratings
made. An emitted laser beam was incident to the prism
horizontally. The wavelengths of three laser diodes were
633 nm (red), 532 nm (green), and 465 nm (blue). The
incident angle to the grating was determined according
to the direction of the rotator, as indexed by θrot. The rela-
tionship between the incident angle θinc and the prism
rotation angle θrot was derived using Snell’s law and
the prism geometry. An X − Y stage was used to move
the laser vertically and to direct the laser beam to a specific
grating area. Light propagating in the prism was extracted
outwardly by the grating, and the spot pattern was mea-
sured by a power meter.

Figures 10–12 show a comparison of the normalized
intensities of first-order transmission efficiency estimated

from the simulation results (S) and from measurement
results (E) for the primary colors at various incident angles.
According to these results, the following observations
were made:

1. Inconsistencies were observed between the measure-
ment results and simulation results. These inconsisten-
cies may be partly due to the shape and height of the
gratings formed being slightly different from those
designed and used in the simulation.

2. Although the deformation occurred in the grating with
a lead angle of 60 deg, the measurement results
matched the simulation results well. This might be
due to low-grating period variation and low-grating
depth difference between peaks.

3. The DE and diffraction angle of gratings strongly
depend on the value of the period and its shape.

4. As shown in Figs. 7(g)–7(i), the grating heights are
smaller than the designed value due to the deformation
when gratings with a lead angle of 75 deg wereFig. 9 Schematic of the measurement configuration.

Fig. 10 Relationship between the normalized intensity and incident
angle for grating with a period of 320 nm.
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fabricated. Therefore, the distributions of DEs are
smaller than the simulation results.

5. As shown in Figs. 11(b) and 11(c), the performance of
the grating with a lead angle of 60 deg was higher than
that of the grating with a lead angle of 45 deg when
a higher incident angle was applied. This might be
because the grating with a lead angle of 45 deg exhib-
ited an irregular shape when the mold was cut at the
highest speed.

6. Compared with Figs. 10 and 11, the grating with
a period of 500 nm has smaller errors than grating
with a period of 320 and 400 nm, as shown in Fig. 12.

A diffractive module has been designed, fabricated, and
tested. The main advantage of such a module is the conven-
ience to detect the DE of grating. From the measurement of
the subwavelength grating performance, the values matched
the DEs by carefully controlling the precision of incident
angles. For the consideration of uniformity and extracted

energy, it is useful for the optical system such as displays,
communication, and measurement.1,10,11,13,27–29,31

5 Conclusions
The DE of subwavelength gratings strongly depends on
the periods and profiles of the grating microgrooves. In
this study, the machinability of high-precision roll-to-roll
imprinting molds was studied through diamond turning by
using a single-point diamond cutting tool. Subwavelength
gratings were fabricated through a roll-to-roll-based UV
resin imprinting process executed using the fabricated
molds. The results revealed that higher cutting speed was
the most critical factor influencing the mold accuracy
resulted in irregular grating periods. According to the optical
measurement results, the performance of the subwavelength
gratings adequately matched the design at various incident
angles, particularly when a grating with a consistent grating
period and shape was formed. This study demonstrates that
through strict control of cutting parameters, diamond
turning of high-precision molds is a feasible approach for
ensuring the continual mass production of subwavelength
gratings.

Fig. 12 Relationship between the normalized intensity and incident
angle for grating with a period of 500 nm.

Fig. 11 Relationship between the normalized intensity and incident
angle for grating with a period of 340 nm.
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