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Abstract The proposed optical systems are designed for
extending the depths of foci (DOF) of UV lasers, which
can be exploited in the laser-ablation technologies, such
as laser machining and lithography. The designed systems
are commonly constructed by an optical module that has
at least one aspherical surface. Two configurations of opti-
cal module, lens-only and lens-reflector, are presented with
the designs of 2-lens and 1-lens-1-reflector demonstrated
by commercially optical software. Compared with conven-
tional DOF-enhanced systems, which required the chro-
matic aberration lenses and the light sources with multiple
wavelengths, the proposed designs are adapted to the single-
wavelength systems, leading to more economical and effi-
cient systems.

1 Introduction

Along with the development of the semiconductor technol-
ogy and mechanic machining, various electronic and pho-
tonic devices have to be miniaturized. Either in semicon-
ductor lithography or in laser machining, UV light is an
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important tool for ablation [1–5], owing to its short wave-
length and the resultant high resolution [6]. Besides the res-
olution, the depth of focus (DOF) of UV light also affects
the quality of the fabricated sample. However, in an opti-
cal system, it is usually a trade-off between high resolution
and long DOF. Generally, when the resolution is enhanced,
the DOF will be reduced, and then the qualities of longi-
tudinal surfaces, such as the sharpness of the side wall and
the surface roughness of the whole sample, will be liable to
be degraded. Thus, how to generate a UV light source with
high resolution and sufficient DOF is a significant task for
further development of high-resolution fabrication technolo-
gies.

To extend the DOF of an optical system with a UV
laser source, a lens with chromatic aberration was used to
focus several narrow bands of radiation from an excimer
laser [7]. Since each band was focused at a different fo-
cal plane, the overall foci did contribute to a long DOF.
However, such an apparatus required a special light source
with closely spaced and narrow bands. Hence, the unifor-
mity of laser power along the optical axis is an issue and
the expense of source would be high. Another method to
extend DOF was demonstrated by applying diffractive op-
tical elements (DOEs) [8]. Since DOEs are wavelength-
sensitive elements, the DOEs for long-wavelength appli-
cations are fabricated by economical technologies; but for
short-wavelength applications, the fabrication requires high-
resolution technologies or complicated procedures. Mean-
while, if the number of levels of a DOE is not high enough,
the efficiency will be reduced due to the diffraction of un-
necessary orders. Thus, it is uneconomic to use DOEs for
improving the DOF of UV light. To generate satisfactory
DOF and resolution and to reduce the cost of the system,
a single-wavelength aspherical optical module is proposed
herein.
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2 Theory

To evaluate the DOF and the resolution of an optical sys-
tem, aberrations play an important role. For an aberration-
less optical system, diffraction dominates the spot size and
the DOF. The so-called diffractive depth of focus (DDOF)
has a relationship with the f -number, F , [9]:

DDOF = 16F 2Wd, (1)

where Wd is the axial defocus. From (1), the acceptable Wd

determines the DDOF when F of the system is fixed. Ac-
cording to Fourier optics, the axial intensity, as illustrated
in Fig. 1, is a function of the wavelength λ and the axial
defocus Wd:

I (0) = I0

[
sin(

πWd
λ

)

πWd
λ

]2

. (2)

Then, one can refer to the intensity function to decide Wd.
For example, if the required threshold intensity lies in the
half of the maximum intensity, i.e. I (0) = 0.5I0, Wd and
DDOF can be calculated from (1) and (2) as λ/2.26 and
7.08λF 2, respectively. As for the resolution, based on the
Rayleigh criteria [10], the minimal spot width at the focal
plane is known as 2.44λF.

On the other hand, the DOF of a system with aberrations
is determined by the blur spot, resulting from the light focus-
ing short of the paraxial focal plane or beyond it [9]. Then
the DOF can be counted from the geometry of the optical
system, i.e. geometrical depth of focus (GDOF):

GDOF ∼ 2FWB, (3)

where WB is the acceptable width of the blur spot at the focal
plane.

From (3), one can know that even though WB is as good
as the minimal spot width defined by Rayleigh criteria,
GDOF (∼4.88λF 2) is less than the DDOF of an aberration-
less (diffraction-limit) system under the condition of thresh-
old axial intensity lying in the half of the maximum inten-
sity. Therefore, a DDOF-dominated system will have better
performance than the GDOF-dominated system.

3 Design, and simulation results

The proposed systems are to acquire sufficient DOF and res-
olution for applications to UV lasers and collimated UV
lights. Generally, one system is constructed by a single-
wavelength UV light source, a target and an optical mod-
ule consisting of a single, double or multiple optical compo-
nents, as illustrated in Fig. 2. The characteristic of proposed

Fig. 1 Axial intensity distribution of an aberrationless optical system

Fig. 2 Illustration of a system with a UV laser, an optical module and
a target

Fig. 3 Geometrical ray-tracing of a single-lens module to determine
the lens profile

Fig. 4 Ray tracing of embodiment with one spherical lens and one
aspherical lens

optical module is that among the surfaces of the optical com-
ponents, at least one surface has an aspherical profile to re-
duce aberrations. Since the required aspherical profile can be
implemented by various configurations, lens–only and lens-
reflector configurations are investigated as examples in this
article.
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Table 1 Parameters of the embodiment with one spherical lens and one aspherical lens

Surface Radiusa Thicknessb Materialc Note

(mm) (mm)

Beam-emergence – 1.00 × 1020 Air –

The 1st surface of the 1st lens 117.717 10.000 Silica –

The 2nd surface of the 1st lens −1.018 × 103 5.033 Air –

The 1st surface of the 2nd lens −2.603 × 103 10.703 Silica Aspherical

The 2nd surface of the 2nd lens −307.307 159.800 Air Aspherical

aCurvature radius
bDistance between current and next surfaces
cMaterial between current and next surfaces

Fig. 5 Point-spread function of
embodiment with one spherical
lens and one aspherical lens (a)
at the focal plane (b) at the plane
310 µm away from the focus

3.1 Lens-only configuration

For simplicity, a system with a single-lens module, as shown
in Fig. 3, is considered. The first surface of the lens is as-
sumed to be flat while the second one is an aspherical sur-
face. Every differential segment of the second surface con-
tributes to a certain focal length. Assume that the ith seg-
ment leads to a focal length fi and its edge has a tilt angle
of θi , a sag height of zi and a radius of ri . According to
geometrical optics, θi is derived as:

θi = tan−1 sinαi

n − cosαi

, (4)

where αi and n are the focal angle resulting from the ith
segment and the refractive index of the lens, respectively.
The focal angle αi can be expressed as:

αi = tan−1 ri

fi − zi

. (5)

The focal length of the ith segment, fi , shall be designed ac-
cording to the uniformity of the focal spots along the optical
axis; thus, it can be a function of its corresponding radius,
i.e.:

fi = f (ri) (6)

Substituting the initial conditions of the maximum radius R,
its corresponding sag Zmax and the designed focal length

function (6) into the (4) and (5) successively, one can derive
the corresponding θi . Assume that the projection of every
segment is a constant �r , which means:

�r = ri+1 − ri . (7)

From (7) the tilt angle θi can be also derived as:

θi = tan−1 zi+1 − zi

�r
. (8)

From (7) and (8), the successive ri+1 and zi+1 can be calcu-
lated. Reiterating the above steps, the profile of the lens will
be obtained.

Because using double to multiple optical elements can
divide the optical power with every element, resulting in
an optical system more adaptive to the paraxial approxima-
tion, the optical performance, such as point-spread function
(PSF) [11], will be better than that of the single-lens config-
uration. Therefore, the designed single-lens module can be
decomposed to double or multiple lenses to acquire higher
performance.

Numerical examples with two lenses, which have been
simulated by OSLO, are described as follows. A UV laser
with the wavelength of 355 nm and the beam diameter of
10.92 mm is applied as a light source. Assume that an opti-
cal system with F = 15.93 is used, and the threshold axial
intensity lies in the half of the maximum intensity. Then,
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the minimal spot width is 13.8 µm, and the DDOF counted
from (1) is 638 µm. After optimization, a conventional sys-
tem with two spherical lenses brings about a simulated DOF
of 440 µm. When the proposed aspherical module is applied
and optimized as a diffraction-limit system, the ray-tracing
result is shown in Fig. 4 and the lens data are listed in Ta-
ble 1. In Fig. 4, fEFL represents the effective focal length
of the system, while other parameters are the same as above
definitions. The PSF at the focal plane and the plane where
the peak intensity is attenuated to half maximum are simu-
lated based on the diffraction beam propagation, as shown
in Fig. 5(a) and (b), respectively. By simulating the PSF on
the planes perpendicular to the optical axis, the plane with
the peak intensity attenuated to the half maximum is found
as 310 µm away from the focus in this example. From the
results, the spot width at focus is ∼13.8 µm and the DOF is
620 µm, close to the theoretical results and superior to the
conventional spherical lens module.

If a higher resolution is demanded, one spherical surface
might not be enough to reach the requirement. One solution
is to increase the number of aspherical surfaces. An exam-
ple is given as follows. Assume that the wavelength and the
beam diameter are as those in the above example. The re-
quired output spot size is 5 µm. The working distance of the
double-lens module (60.19 mm in this example), the lenses
thicknesses and the lens spacing are assumed to be fixed.

Then, after optimization, a conventional module with dou-
ble spherical lenses brings about a simulated DOF of 52 µm.
When an optical module with two aspherical lenses is ap-
plied and optimized, the ray-tracing result is shown in Fig. 6
and the lens data are listed in Table 2. In Fig. 6, the def-
initions of parameters are the same as those in Fig. 4. The
PSF at the focal plane and the plane where the peak intensity
is attenuated to the half maximum (100 µm away from the
focus in this example) are simulated, as shown in Fig. 7(a)
and (b), respectively. The results show that the spot width
at focus is ∼5 µm and the DOF is 200 µm, superior to the
conventional spherical lens module. Noticeably, the relative

Fig. 6 Ray tracing of embodiment with two aspherical lenses

Fig. 7 Point-spread function of
embodiment with two aspherical
lenses (a) at the focal plane (b)
at the plane 100 µm away from
the focus

Table 2 Parameters of the embodiment with two aspherical lenses

Surface Radiusa Thicknessb Materialc Note

(mm) (mm)

Beam-emergence – 1.00 × 1020 Air –

The 1st surface of the 1st lens 40.064 7.595 Silica Aspherical

The 2nd surface of the 1st lens −190.280 5.028 Air Aspherical

The 1st surface of the 2nd lens −18.538 4.497 Silica Aspherical

The 2nd surface of the 2nd lens 0.239 60.190 Air Aspherical

aCurvature radius
bDistance between current and next surfaces
cMaterial between current and next surfaces
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irradiance of the designed system does not reach the unity,
indicating an aberrated system. Then the simulated DOF is
larger than the theoretical DDOF of 84 µm due to the aber-
ration onto the sagittal plane.

3.2 Lens-reflector configuration

Besides lenses, the optical module can also include reflective
elements such as ellipsoid or paraboloid mirrors. The advan-
tage of using reflective elements lies in the shrinkage of the
module length. Figure 8 is an example of two paraboloid
mirrors arranged in a way of off-axis, followed by a focus-
ing lens. Such a lens-reflector design can be further com-
bined into one chip, which is known as planar integration of
free-space optical components and is rather robust and com-
pact [12].

Consider the configuration illustrated in Fig. 8. Assume
the diameters of the incident and modulated beams are B

and D, respectively. Then the magnification, m, is defined
as D/B . According to the theory of planar beam expander
[13], the focal lengths of the two paraboloid reflectors, fa

and fb, have the relationships with the magnification and
the distance between the apexes of the reflectors, d :

|fa| + |fb| = d, (9)

Fig. 8 Illustration of embodiment with lens and reflector

|fb|/|fa| = m. (10)

Since the f -number is equivalent to the ratio of the effective
focal length of the focusing element, f , to the modulated
beam diameter, (10) can be rewritten as:

|fb|
|fa| = m = D

B
= f

FB
. (11)

From (1) and (11), the focal lengths of the two paraboloid
reflectors have the relationship with DDOF:

|fb|
|fa| = 4f

B

√
Wd

DDOF
. (12)

Consequently, using (9) and (12), one can derive the fa and
fb for the two paraboloid reflectors.

A numerical example, which has been simulated by
OSLO, is provided as follows. Assume the wavelength and
the beam diameter are as those in above examples the dis-
tance between the apexes of the reflectors is: d = 5 mm,
and the demanded DOF is 630 µm with the threshold axial
intensity lying in the half of the maximum intensity. Then
from (1) and (2), f -number can be counted as F = 15.83,
while from the Rayleigh criteria, the minimal spot width at
the focal plane is calculated as 13.7 µm. Consequently, ap-
plying (9) and (12), the focal lengths of the two reflectors
are derived as: |fa| = 2.597 mm and |fb| = 2.403 mm. The
third component is designated as a glass lens with the re-
fractive index = 1.5, while other significant parameters are
listed in Table 3. This design has been verified in simulation,
as shown in Fig. 9. By means of the simulation of PSF, the
plane where the peak intensity is attenuated to the half max-
imum is obtained as 338 µm away from the focus herein.
From the results, the spot width at focal plane is ∼13.8 µm
and DOF is 676 µm, closing to the theoretical calculation
and achieving the requirements. Compared with the first ex-
ample with the double-lens module, this reflector-included
design exhibits a shorter total track of module (reducing
15 mm) and a longer DOF under the same spot width at
the focal plane.

Fig. 9 Point-spread function of
embodiment with two reflectors
and one lens (a) at the focal
plane (b) at the plane 338 µm
away from the focus
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Table 3 Parameters of the lens-reflector example

Surface Radiusa Thicknessb Materialc Note

(mm) (mm)

Beam-emergence – 1.00 × 1020 Air –

The surface of the 1st reflector −5.194 −5.000 Mirror Paraboloid

The surface of the 2nd reflector 4.806 10.000 Mirror Paraboloid

The 1st surface of the lens 80.000 1.000 Glass n = 1.5

The 2nd surface of the lens 0 159.207 Air –

aCurvature radius
bDistance between current and next surfaces; negative sign means reflection
cMaterial between current and next surfaces

4 Conclusions

Optical modules with aspherical components for extend-
ing the depths of foci (DOF) of UV lasers have been pro-
posed. According to the theory of diffractive depth of fo-
cus, the lens-only and the lens-reflector configurations have
been theoretically investigated, and their function of ex-
tending DOF has been demonstrated by simulations. From
the simulated embodiments, the reflector-included aspher-
ical module has presented the longer DOF with a more
compact module size. Because of the advanced machining
techniques, such as ultra-precision machining with diamond
tools [14, 15], aspherical optics currently can be fabricated
with the roughness beneath 0.01 µm and form error beneath
0.2 µm [14, 16]. Consequently, the proposed designs can be
realized with the demanded performance. With proper de-
signs, the proposed aspherical optical modules can be also
applied to extend the DOF of the lasers with other wave-
lengths. Thus, various applications of the proposed modules
shall be expected.
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