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Abstract: A double-sided freeform lens is proposed for collimating light emitted from light emitting
diodes (LEDs). The surface profiles of the lens are mathematically characterized and precisely
determined based on a point-source assumption and differential geometry theory. The proposed lens
design method is straightforward, flexible, and effective. Moreover, the optical performance of the
lens can be intuitively adjusted by tuning just a small number of design parameters. The simulation
results showed that the proposed lens achieved an excellent collimating effect for a commercial
ultraviolet (UV) LED. A prototype lens is fabricated in UV-grade poly(methyl methacrylate) material
using a standard injection molding process. The light collimating effect of the lens/UV-LED assembly
was measured experimentally and was shown to be in good agreement with the simulation results.
The collimating angle at the half-energy level was equal to 1.88◦. The performance of the UV-LED is
thus comparable to that of conventional lithography UV light sources based on mercury arc lamps.
Consequently, the proposed double freeform lens showed significant potential for photolithography
applications within the industry.

Keywords: lenses; light emitting diodes; ultraviolet light; differential geometry; geometrical optics;
machining; lithography; collimator surfaces

1. Introduction

Compared to the traditional UV mercury lamps used in conventional photolithography systems,
ultraviolet (UV) light emitting diodes (LEDs) have the advantage of having a lower cost, a reduced
electricity consumption, a longer lifetime, improved stability, and being more environmentally friendly.
As a result, there has been growing interest in it being a potential light source for UV lithography
processes. However, collimating the UV light without losing too much of the light energy represents a
major challenge and requires the use of special lens designs.

Both primary and secondary optics are commonly adopted to adjust the distribution of light
so as to meet the overall specifications and create the desired beam pattern. Freeform surfaces, in
particular, have been widely used to refract and/or reflect LED light. For example, the authors in [1–3]
used lenses with a concave spherical surface on the LED side and a freeform refractive surface on the
other side to achieve a uniform illumination intensity over a rectangular area. In contrast, the authors
in [4–6] used double freeform surfaces to improve the optical performance by refracting the LED
light twice. In many cases, the freeform lenses are intimately integrated with the LED packaging
in order to achieve compactness [7,8], or better angular color uniformity [9]. For LEDs with a wide
radiation angle, more complex freeform surfaces are commonly employed to refract the light at a
lower angle and reflect the light at a higher angle [10–17]. The surface profiles in such lenses typically
comprise of several discontinuities separating a small number of analog profile sections with different
functions. The resulting freeform surfaces are generally designed using numerical schemes and
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computer algorithms. However, Fresnel surfaces have also been proposed for redistributing LED light
on the reflection surface [18,19]. Proposed freeform lens share the same purpose of many other lens
designs, such as the positive meniscus lens [20], by minimizing the spherical aberration. However,
conventional positive meniscus lenses consist of two spherical lens surfaces, and hence their light
collimating capability is limited only to paraxial rays. In practice, most LEDs have a large radiation
angle. Therefore, they cannot be easily collimated to a small collimating angle by a conventional
meniscus lens without losing the majority of their light energy. Furthermore, most commercial positive
meniscus lenses have a relatively long focal length of around 100 to 1000 mm and are therefore not
easily integrated with LEDs.

The majority of previous studies on the use of freeform surfaces for LEDs consider the problem of
optical lighting, which generally requires a certain distribution of illumination intensity on a target
area that is placed quite far from the LED. In such situations, the light collimating effect is not a
significant concern, provided that the light beam has a limited viewing angle in the far field. As a
result, when designing the lens, emphasis is placed mainly on the illumination uniformity and light
efficiency. However, when applying UV-LEDs to photolithography applications, light collimation is a
major concern since it has a direct effect on the dimensional accuracy of the developed photoresist
(PR) microstructure. Furthermore, in photolithography, the UV light source is relatively close to the
targeted PR layer, and hence the UV light should be collimated immediately after the freeform lens in
the near field. However, the uniformity of the projected light intensity is less important than in general
optical lighting applications since the UV patterned area is typically in the wafer size (up to 12”) or
panel size (up to 28”) and hence illumination is generally achieved using an array of lens/LED units in
which the overlapping exposures of the multiple units are controlled using a programmed scanning
movement [16].

The present study proposes a single lens with two freeform lens surfaces to collimate the light
emitted from an UV-LED. The two surfaces are characterized mathematically as functions in a
polar coordinate system. Furthermore, based on fundamental ray optics and differential geometry,
the solutions for the two lens surfaces are analytically determined using a point source assumption
and an imaginary point source. One of the freeform lens profiles is solved numerically from a simple
ordinary differential equation, while the other has a closed-form solution. The designed double
freeform lens is evaluated both numerically and experimentally for a real UV-LED. It is shown that the
light beam emitted from the UV-LED is refracted twice by the designed freeform lens’ surface and is
incident on the target image plane with a good collimation accuracy.

2. Double Freeform Lens Design for Collimating Light from Point Source

This paper proposes a method for designing a LED light collimating lens with two analog freeform
surfaces. As shown in Figure 1a, the LED light source was first approximated as a point source, S,
located at the origin of a (x, z) coordinate system in which the +z-axis is the optical axis of the LED.
The lens under consideration was axially symmetrical with respect to the z-axis. Therefore, the x-axis
could be any direction perpendicular to the z-axis. It is noted that a real LED is not a point source
and its radiation pattern may thus deviate slightly from axial-symmetry. However, after completing
the lens design, a real LED light source was modeled with the designed freeform lens and the overall
optical performance was evaluated. In addition, the designed lens was fabricated and characterized
experimentally using a commercial UV-LED.

As shown in Figure 1a, the two freeform lens surfaces are denoted as S1 and S2, respectively.
The lens was designed such that the light emitted from the point source S was refracted at points P and
P′ by surfaces S1 and S2, respectively, and became parallel to the z-axis in air as a result. The optical
refractive index of the lens material is n. The key element in the proposed freeform lens design method
was to individually assign surfaces S1 and S2 with different functions such that they perfectly collimate
the light emitted from the point source, S. The function of surface S1 was to refract all rays emitted by
S in such a way that they appear to originate from a new imaginary point source S′ (see Figure 1a,b).
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Let ro be the distance between the point source S and the apex point A of surface S1. Note that the
location of S′ is chosen to be at z = −ξro where ξ is a parameter to be determined. As shown in
Figure 1c, the function of surface S2 is to refract all of the rays emitted from point S′ at the lens/air
interface such that they become parallel to the +z axis in air.
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Figure 1. Double freeform lens for collimating light from point source: (a) Overview, (b), and (c) details
for constructing front (S1) and back (S2) surfaces of lens.

To mathematically derive the equations and solutions for surfaces S1 and S2, the present analysis
adopted the polar coordinate systems (r1, θ) and (r2, α) shown in Figure 1b,c, respectively. The lens
design problem then becomes one of finding the functions of r1 = r1(θ) and r2 = r2(α) which
uniquely characterize and represent surfaces S1 and S2, respectively, and fulfill the refractive functions
assigned to them.

As shown in Figure 1b, let
→
n and

→

t be the normal and tangential unit vectors of surface S1 at
an arbitrary point P, respectively, and let

→
e r and

→
e θ be the two unit base vectors of polar coordinate

(r1, θ). Furthermore, let the angle between the incident ray and the normal direction
→
n be denoted as

φ1. From simple geometry and Snell’s law, it follows that:

r1 sinθ = (ξr0 + r1 cosθ) tanα (1)

and
1 · sinφ1 = n · sin[φ1 − (θ− α)] (2)

Since
→
r 1 = r1

→
e r,

d
→
r 1

dθ = dr1
dθ
→
e r + r1

→
e θ, and

→

t is parallel to d
→
r 1

dθ , one has

tanφ1 =
1
r1
(dr1/dθ) (3)
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From Equation (2), one can derive:

tanφ1 =
sin(θ− α)

cos(θ− α) − (1/n)
(4)

Furthermore, from Equation (3), Equations (4) and (1), one has:

dr1

dθ
=

[
sin(θ− α)

cos(θ− α) − (1/n)

]
· r, and α = tan−1

(
r1 · sinθ

ξ · ro + r1 cosθ

)
(5)

Equation (5) can be viewed as a first order ordinary differential equation (ODE) for function
r1(θ), which mathematically characterized freeform surface S1. Due to its complexity, the ODE cannot
be solved analytically. However, the solution of r1(θ) can be precisely calculated by converting
Equation (5) into an equivalent finite difference equation, i.e.,

r1(θi+1) = r1(θi) +

[
sin(θi − αi)

cos(θi − αi) − (1/n)

]
· r1(θi) · (θi+1 − θi) i = 0, 1, 2, . . . (6a)

αi = tan−1
(

r1(θi) · sinθi

ξ · ro + r1(θi) · cosθi

)
i = 0, 1, 2, . . . (6b)

along with a given initial condition:
r1(θ = 0

◦

) = ro (6c)

Based on the explicit numerical marching scheme shown in Equation (6a,b), the discrete data of
r1(θ) at different angles can be calculated precisely using a very small angular increment. The calculation
of r1(θ), or the surface of S1, can proceed to any arbitrary stopping point B, as shown in Figure 1b.
Let θB be the angle of point B with respect to the +z axis when viewed from point source S. In other
words, θB is the light collecting angle of the designed lens from the point source.

A similar approach can be taken for analyzing surface S2 under the polar coordinate system (r2, α).
As shown in Figure 1c, the polar coordinate system was mounted at the imaginary point source S′

with two unit base vectors,
→
e r and

→
e α, respectively.

→
n and

→

t again denote the normal and tangential
unit vectors of surface S2 at the refraction point P′, respectively. Furthermore, φ2 denotes the incident
angle. After refraction, the ray should be parallel to the +z axis. Thus, based on simple geometry and
Snell’s law, it follows that:

n sinφ2 = 1 · sin(φ2 + α) (7)

or
tanφ2 =

sinα
n− cosα

. (8)

Since
→
r 2 = r2

→
e r,

d
→
r 2

dα = dr2
dα
→
e r + r2

→
e α, and

→

t is parallel to d
→
r 2

dα , one has:

tanφ2 = −
1
r2
(dr2/dα) (9)

Furthermore, from Equations (8) and (9) one has:

1
r2

dr2 =
− sinα

n− cosα
dα (10)

Integrating both sides, the analytical solution for r2(α) becomes:

r2(α) = r2∗ ·

(n− cosα∗
n− cosα

)
(11)
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where (r2∗, α∗) are integration constants and can be the coordinates of any arbitrarily chosen point on
the curved surface S2. One obvious choice is point B, i.e., the ending point of S1 since, by choosing
this point, one can connect profiles S1 and S2 at point B, as shown in Figure 1. Let (r2B, αB) be the
coordinates of point B in the coordinate system (r2, α). The lens profile of S2 can then be analytically
determined in the following mathematically closed-form:

r2(α) = r2B ·

(n− cosαB

n− cosα

)
(12)

The apex point A′ of surface S2, as indicated in Figure 1, can be determined by setting α = 0, and hence:

r2(0) = r2B ·

(n− cosαB

n− 1

)
= ξro + ro + tro (13)

where t represents the total lens thickness (see Figure 1).

3. Lens Design and Simulation with UV-LED

The goal of the present study is to design a collimating lens for UV-LEDs for use in proximity/contact
UV photolithography applications, in which highly-collimated UV light is required. Once the UV light
is collimated, a uniform distribution of the UV dosage over the wafer/substrate surface area can be
achieved by overlapping the UV exposures of multiple LED/lens units arranged in the form of an array
using a pre-programmed mechanical scanning movement.

In the method proposed in Section 2, only three parameters are required to complete the lens
design, namely ro, ξ, and θB. However, since there is only one characteristic length (ro) involved in
the analysis, ro can be set equal to one such that all of the other dimensions become normalized with
respect to ro. As a result, only two parameters, i.e., ξ and θB, were actually needed for the lens design
under a point-source assumption. In real applications based on the use of true LEDs as the light source,
the light is actually emitted from a finite size area with a dimension of d. The larger the ratio of ro to d,
the better the point source assumption is, and hence the better the light collimating effect achieved by
the proposed double freeform lens. Regarding the two design parameters, ξ dominates the shape of
the lens profile and the Fresnel losses, while θB determines the total light collection angle from the
LED and therefore governs the energy efficiency of the collimated LED light.

The present study used an NCSU276A UV-LED (Nichia Inc., Tokushima, Japan) for illustration
purposes. As shown in Table 1, the main features of the UV-LED include a peak wavelength of 365 nm,
an optical power of 780 mW, and a radiation angle of 130◦ (full angle at half intensity). The analysis
was performed using commercial Zemax optical design software (OpticStudio, Kirkland, WA, USA).
Figure 2a,b show the angular distribution of the illumination intensity of the NCSU276A UV-LED, as
simulated using the source model file provided by Nichia Inc. [21]. The results confirmed that the full
angle of divergence measured at half the maximum intensity was indeed around 130◦. Furthermore,
the light emitting area size is around 1 × 1 mm2.

Table 1. Main features of NCSU276A UV-LED (Nichia Inc., Tokushima, Japan).

Model No. NCSU276A

Peak Spectrum 365 nm
Typical Optical Power 780 mW

Forward Voltage (VF) 3.8 V (Typ.)
4.4 V (Max.)

Directivity (2θ, Half Max.) 130◦

Forward Current (IF) 500 mm
LED Size 3.5 × 3.5 × 2.0 mm3

Light Emitting Area 1.0 × 1.0 mm2
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The UV-LED collimating lens designed in this study was manufactured using an injection molding
technique since it can precisely control the lens surface profiles and enables the mass production of the
lens with a high throughput and low cost. The lens was manufactured in PLEXIGLAS® 8012 (Evonik
Performance Materials GmbH, Essen, Germany), which is a poly(methyl methacrylate) (PMMA)
material suitable for making lenses with a working UV-A spectrum of 365~395 nm and has an optical
refraction index (n) of 1.51 – @365 nm [22]. Figure 3a,b show the calculated optical transmission
coefficients of the chosen material at the air/lens and lens/air interfaces, respectively, as a function
of the incident angle (note that the calculated coefficients are used in the later lens design process).
As shown in Figure 3b, the total reflection angle at the PMMA/air interface was around 41◦.
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Figure 3. Fresnel optical transmittance as function of incident angle for: (a) Air to poly(methyl
methacrylate) (PMMA) interface, and (b) PMMA to air interface. (Note that the refraction index of the
chosen PMMA material is 1.51).

Using the method described in Section 2, several double freeform lenses were designed with
ξ-parameter values ranging from 0.1 to 0.9. The calculated S1 and S2 surfaces obtained from
Equations (6a,b) and (12) are shown in Figure 4a,b, respectively (note that the refraction index (n)
was taken as 1.51 in every case and the collecting angle (θB) was set as 60◦). The numerical labels in
Figure 4a,b represent the Fresnel transmittance values at the corresponding locations on the boundary
surface. It is seen that for the S1 surface, most of the optical transmittance values were around 95%
for radiation angles θ = 0◦~60◦ irrespective of the value of ξ. However, for the S2 surface, the optical
transmittance at higher radiation angles reduced rapidly (and even reached zero) with increasing ξ
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due to the effects of internal total reflection. In other words, the flux energy received at larger radiation
angles of the LED was completely rejected by the lens.
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Based on the angular distribution of the radiation intensity of the chosen NCSU276A UV-LED (see
Figure 2a,b) and the Fresnel losses computed at surfaces S1 and S2 (see Figure 4a,b), one can roughly
estimate the intensity distribution of the collimated LED beam on a projected plane perpendicular
to the z-axis. Figure 5 presents the corresponding results for the ξ values considered above. In the
present study, the lens profile design calculated for ξ = 0.3 was chosen for illustration purposes since,
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compared to larger values of ξ, a value of ξ = 3 generally resulted in lower Fresnel losses and limits the
lens aperture size and projected area size thereby assuring a higher average projected light intensity.
Moreover, a smaller value of ξ (e.g., ξ = 0.1) resulted in a positive slope of surface S2 at point B and
hence complicates the computer numerical control (CNC) machining of the steel mold and makes the
injection molding of the lens almost impossible.
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The optical performance of the double freeform lens with ξ = 0.3 was evaluated by means of
Zemax simulations. The simulations commenced by determining the collimating performance of the
lens given the radiation pattern of the NCSU276A UV-LED shown in Figure 2. The simulation results
showed that the light emerging from the lens was perfectly collimated with a zero divergent angle.
In other words, the accuracy of the proposed collimating lens design under the assumption of a point
source was confirmed.

The angular distribution of the collimated LED light was then re-simulated using the true
finite-sized model of the NCSU276A LED provided by the manufacturer. In performing the simulations,
the LED illuminating chip size was set as 1.0 × 1.0 mm2, while the distance between the LED and
lens surface (i.e., ro in Figure 1) was set as 10.65 mm based on a practical consideration of the
injection-molded lens size and the LED intensity level after collimating. Based on the light source
model of the NCSU276A, one million rays were used in the Zemax simulation process together with
design parameters of ξ = 0.3, θB = 60◦, and ro = 10.65 mm. The angular distribution of the light
intensity was statistically analyzed at a detector plane with a size of 40 × 40 mm2 located at z = +40 mm.
Figure 6a shows a two-dimensional view of the ray-tracing results between the finite LED light source,
double freeform lens, and detector plane. As shown, not all of the rays collimated and incident on the
detector plane. Thus, while the LED used in the simulations had a total emitting power of 821 mW,
the total light power received on the detector plane was just 400.3 mW. In other words, the double
freeform collimating lens had an energy efficiency of 48.8%, where the losses were due mainly to the
collecting angle of the lens and the Fresnel losses at the air/lens interfaces.

To better understand the light collimating effect of the double freeform lens, for each ray reaching
the detector plane, the collimated angle γ, that is, the angle between the incident ray and the +z axis,
was determined, together with the associated light energy of the ray following refraction by lens
surfaces S1 and S2. A statistical analysis was then performed to determine the variation of the total light
intensity with the collimating angle γ. As shown in Figure 6b, around one half (50%) of the collimated
UV-LED light intensity was provided by rays with a collimating angle of less than 1.56◦, while around
90% of the intensity was contributed by rays with a collimating angle of less than 3.62◦. Notably, this



Appl. Sci. 2019, 9, 5452 9 of 13

performance was better than that of a conventional mercury lamp and fly’s eye homogenizer system,
in which the typical collimating angle is around 1.5◦ at a 50% light intensity level. In other words,
the proposed double freeform lens and UV-LED have good potential to replace the mercury light
sources used in conventional lithography applications within the industry.
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4. Experiment Results

As described in the previous section, the designed double freeform lens was manufactured
by injection molding in UV-grade PMMA polymer PLEXIGLAS® 8012 (Evonik Industries, Essen,
Germany). A two-piece steel mold was first fabricated by a CNC machining system in accordance with
the designed lens profile shown in Figure 5 for ξ = 0.3, θB = 60◦, and ro = 10.65 mm. The dividing point
between the profiles of the two injection molds was set as point B. Mass-production of the PMMA lens
was then carried out using a standard injection molding system. Figure 7 shows a photograph of the
double freeform lens produced in a typical molding cycle.
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Figure 8 presents a schematic illustration of the experimental setup used to measure the optical
performance of the fabricated lens with the NCSU276A UV-LED illumination source. As shown,
the system consisted mainly of the collimating lens and UV-LED with correct distance and positioning
between them, a CCD camera (FLIR Systems Inc., CM3-U3-13S2M-CS, Wilsonville, OR, USA), and a
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pin-hole plate. The pin-hole had a diameter of 50 µm and was placed at a distance of 4 mm from the
sensing pixels of the CCD. Moreover, the assembled pin-hole/CCD unit was mounted such that it faced
the lens/LED along its optical axis (z-axis). Consequently, following the lens collimation, the LED light
passed through the pin-hole and was incident on the sensing pixels of the CCD. The intensity and
distribution of the light incident on the pixel surface were determined using a calibration process with
an optical power meter. Briefly, the distribution of the light intensity with respect to the incident angle
was obtained using a simple geometry relationship between each sensing pixel and the pin-hole, while
the overall light intensity and its distribution as a function of the collimating angle was determined
by scanning the pin-hole/CCD or lens/LED along both x- and y- directions. The LED used in the
experiment had a total emitting power of 348.5 mW under drive current of 500 mA, and the total
light power received on the detector plane was just 152.6 mW. In other words, the double freeform
collimating lens had an energy efficiency of 43.79%. Figure 8b shows the results obtained for the
accumulated light intensity within a collimating angle of γ. It is seen that around one half (50%)
of the collimated UV-LED light intensity was obtained within a collimating angle of less than 1.88◦,
while 90% of the intensity was obtained within a collimating angle of less than 4.84◦. In other words,
the experimental results are in good qualitative agreement with the simulation results shown in
Figure 6b. The discrepancy between the two sets of results arose most likely from machining errors of
the lens profiles, experimental misalignments between the lens and the LED, and slight variations in
the lens material constants. Nevertheless, the overall performance of the proposed lens in collimating
the LED light was confirmed.
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UV-LED: (a) Schematic illustration of experimental setup, and (b) measured total light intensity within
collimating angle (γ).

When applying UV-LEDs to conventional proximity/contact photolithography, two of the most
important requirements include a small collimating angle and a uniform distribution of the UV light
intensity over a large area. The results presented in Figure 8 confirm the ability of the proposed
double freeform lens to collimate the UV light from a UV-LED with a small collimating angle. In other
words, the proposed lens satisfied the first requirement. However, to meet the second requirement,
it is necessary to utilize an array of LED/lens units and an oblique scanning method. For example,
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as shown schematically in Figure 9a, a tilted array of LED/lens units were deployed at an angle
with respect to the nominated scanning direction (e.g., the y-axis) and the arrayed UV light sources
are then scanned together across the surface of the photoresist-coated substrate at a constant speed.
Each LED/lens unit in the array draws its own scanning line, and the aim is thus to equally space
all of the scanning lines such that the UV light energy is evenly distributed in both the x- and the
y-directions. As shown in Figure 9a, such an approach results in an effective exposure area in the
central area of the array within which the accumulated UV light intensity is uniform and can hence
be applied for photolithography. The proposed double freeform lens had an aperture diameter of
24.5 mm. Hence, the center-to-center distance in the 6 × 6 array was chosen as 25.4 mm (see Figure 9a)
such that the assembly of the arrayed LED/lens units was mechanically feasible. Figure 9b shows
the simulation results obtained for the accumulated UV intensity after scanning by the array (note
that the results are based on the simulated radiation intensity pattern for each LED/lens unit given in
Figure 5). The results confirm that a uniform intensity distribution was obtained within the effective
exposure area. It is noted that in real applications, the intensity uniformity is inevitably degraded by
the variation and positional accuracy of the UV-LEDs and lenses in the array. However, the simulation
results presented in Figure 9b nevertheless confirmed the general feasibility of applying LED/lens units
for large-area photolithography.Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 13 
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5. Conclusions

This paper presented a double-sided freeform lens for collimating light emitted from a LED.
In developing the proposed lens, the analyses assumed a point light source, and the continuous lens
profiles were characterized mathematically by polar coordinates. It was shown that the two surface
profiles of the lens could be analytically represented and determined using an ordinary differential
equation and a closed-form solution, respectively. Notably, the overall performance of the lens/LED
unit could be adjusted by tuning just two design parameters. As a result, the proposed double
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freeform lens provided a more attractive and feasible solution for collimating light produced by
commercial UV-LEDs.

The optical performance of the proposed double freeform lens was simulated for a commercial
UV-LED with a finite light emitting area of approximately 1 × 1 mm2 and a full radiation angle of 130◦.
The simulation results showed that the lens had a power efficiency of approximately 48.8% and the
power efficiency of experiment’s result was 43.79%. In addition, the collimating angles for 50% and
90% of the total light intensity were 1.56◦ and 3.62◦, respectively. A prototype lens was fabricated in
UV-grade PMMA polymer using a standard injection molding technique. The optical performance
of the lens/LED was characterized experimentally. It was shown that for a lens aperture diameter of
24.5 mm with a central distance of 10.65 mm between the lens and the LED, and an opening aperture
angle of ±60◦, the collimating angles for 50% and 90% of the total light intensity were 1.88◦ and 4.84◦,
respectively. The results therefore confirmed the potential for applying the proposed double freeform
lens and UV-LED not only to photolithography, but also to other applications, such as a printed circuit
board and integrated circuit package.
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