
Micro Lens Array Milling  
on Large Wafers
More Design Freedom for Micro Optics  
– Aspheric Lenslets with Imaging Quality

 Micro Lens Arrays (MLA) containing 
thousands of lenses with an aspheric 
shape and a precise position on large sub-
strates are used in sensor devices directly 
or as master moulds for the low-cost rep-
lication of micro lenses in an array. They 
have to fulfill the high requirements in 
wafer scale manufacturing of small optics. 
This high volume manufacturing method 
for low-cost but effective micro optics re-
lies on the sandwich-like assembly of the 
sensors and optical components like lens-
es as well as mechanical components like 
apertures and spacers on wafer level. Af-
ter joining all components the dicing re-
sults in a batch of wafer level cameras for 
the use in cellular phones or webcams.
Micro Lens Arrays are also a centrepiece 
of today’s sensor products, either to raise 
the fill factor and collect more light on 
each pixel or to deflect the incoming 
beam to measure the aberrations of the 
wavefront, the working principle of the 
Hartmann-Shack sensor. Within illumina-
tion optics, MLA are commonly used for 
beam homogenization in projection sys-
tems. In all fields of application ranging 
from automotive, medical, consumer and 
industrial optics to high-end sensors for 
space instrumentation, high quality lens 
arrays for direct use or replication must 
be provided.

Micro Optics Fabrication

The field of application is closely connected 
to the requirements on the micro optic and 
the suitable manufacturing technology. 
While Micro Lens Arrays for illumination 
purposes are less demanding regarding the 
form and surface quality, MLA for imaging 
optics are challenging to manufacture. 
 Typically the form deviation from the as-
pheric shape of each lenslet shall not ex-
ceed 500 nm (peak to valley – p-v). Also the 
roughness must be kept as small as possib-
le. Typical values are ranging from 5 nm 
(root mean square – rms) to 1 nm (rms), 
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depending on the wavelength of the desig-
nated application. The position of the len-
ses on the wafer must be accurate on a mi-
crometer level. Each misalignment would 
lead to a decentration in the assembly.

A variety of micro technology manufac-
turing methods can be used for MLA struc-
turing [1]. Lithographic approaches with a 
subsequent reflow process, laser lithogra-
phy, UV-curing of resin droplets and step- 
and repeat moulding of polymers are state 
of the art processes for the master manufac-
turing. The lithographic approach is based 
on exposing and developing resist columns 
on a substrate. Therefore, the resulting pro-
file is determined by the shape of the lens’ 
footprint and the volume of the resist to be 
melted. In case of the most relevant rota-
tionally symmetric lenses, the footprint of 
the lens is a circle and the resulting profile is 
spherical due to the surface tension of the 
liquid melt.

Another way to manufacture very similar 
MLA with spherical or slightly aspherical 
lenslets is to apply a number of liquid resin 
droplets on a substrate. The wetting angle, 
the volume of resin and the gravitation can 
be used to shape the lenslets. The subse-

quent UV-exposure cures the resin droplets 
to their final form under a volume lost due 
to the shrinkage during the reaction. 

More design freedom offers laser lithog-
raphy, which is a direct writing technique 
that enables the generation of freeform 
profiles, not limited to spherical shapes. 
Here, a laser beam is scanned over a photo 
resist layer while the intensity of the beam is 
modulated [1]. The height of the resulting 
profile at a given position is determined by 
the local dose of the writing beam. How-
ever, the technology is limited to structures 
of several ten micrometers in height. 

All technologies of this kind have in com-
mon that a large number of lenslets can be 
manufactured. Lenses that are shaped in a 
fluid phase have an excellent surface quali-
ty. On the other hand the surface figure and 
the design freedom regarding true aspheres 
or freeform surfaces are process limited. 
Nevertheless, these techniques are proven 
tools for a widespread field of application 
and used by Scientists at Fraunhofer IOF for 
MLA structuring.

Besides the above mentioned technolo-
gies, diamond chipping of arrays or master 
arrays for replication is emerging into the 
market due to its potential to structure truly 
aspheric or freeform lenslets.

Micro milling of MLA

The recently developed approach to mill 
aspheric MLA on an ultra precision lathe is 
promising for the operators of the more 
common turning machines. The chipping is 
based on cutting with a hard and geometri-
cally defined diamond cutting edge, which 
is fed into the softer material [2]. The dia-
mond ball end mill rotates about its axis 
with high speed and removes µm-sized 
chips. Non ferrous metals like aluminium, 
brass, copper and their alloys are machina-
ble metals, but also plastics and some crys-
tals can be milled with diamond tools.

An additional milling spindle, which 
holds the diamond tool, is integrated into 
an ultra precision diamond lathe for struc-
turing the small optics on the wafer. Three 
machine axes are used to position the tool 
relative to the substrate and to feed the tool 
on its spiral tool path. In case of a turning 
machine these axes are two linear axes (X, 
Z) and one rotational axis (C) as shown in 
figure 1. In contrast to conventional dia-
mond turning, the rotational axis is operat-
ed discontinuously in C – axis mode. It can 
be positioned like a rotary table to arbitrary 
angles.

Although the MLA is machined on an ul-
tra precision turning machine, the structure 
on the wafer is not rotationally symmetric 

FIGure 1: Setup for 
micro milling on an 
ultra precison lathe.

FIGure 2: Tool  
path calculation of  
an aspheric lenslet: 

cutting location 
(blue); cal culated  

tool center trajectory 
(green).
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to the C-axis. Hence the MLA has to be han-
dled like a freeform regarding operation 
mode and commands. The programming 
of the numeric control is based on the cal-
culation of nodes on a spiral tool trajectory. 
The tool center points are derived from the 
3D surface information of the design as-
phere and the radius dimension of the dia-
mond tool tip, considering the slope of the 
lenses. The contact zone of the tool can be 
described as an Archimedean spiral from 
the lens rim to its center as shown in figure 
2. The command set of each lenslet con-
tains the shifted tool center point of each 
node. The resulting machine program for 
the whole array sums up the cutting data of 
every lens in the array and additional infor-
mation about speeds and feeds. The mo-
tion of the machine during the cutting 
process is a slow and harmonized oscilla-
tion of the linear and the rotary axis, while 
the linear feed-axis plunges the tool into 
the material.

Tool setting

The setting of the diamond tool in the ma-
chine is important for the high quality of 
the MLA regarding a minimal form error 
and high position accuracy. The tool’s axis 

of rotation must be aligned within sub-µm 
accuracy to the C-axis due to the special se-
tup. This is accomplished using test samp-
les, to set the tool position in the X-Z-plane 
and normal to this plane independently. 
The high surface quality and low wear of 
the diamond tip can be ensured by fine ba-
lancing the tool in the high speed spindle.

The form quality can be further im-
proved by milling one of the many lenslets 
in the array and correcting systematic rota-
tional form errors, which are caused by the 
waviness of the diamond tool tip and the 
misalignment of the cutting edge in the 
high speed spindle. The form error of the 
measured sample is recalculated on the tool 
path. Achievable minimal form errors are in 
the range below 200 nm (p-v).

Figure 3 shows an array containing more 
than 1300 lenses during ultra precision mill-
ing on the machine. The equal lenses have 
a design radius of 1.286 mm and a sag  
of 257 µm. The edge slope is 37°, which 
makes it an unfeasible geometry for servo 
enhanced diamond turning due to the 
tool’s clearance angle of around 22° since 
this would cause a collision with the mate-
rial [3]. The milling of 1310 lenses is accom-
plished in three milling steps, two for rough 
cutting and one super finish. To reduce the 

cusp height and the chip size, the machine’s 
high speed spindle rotates at 40,000 rpm – 
60,000 rpm. The cutting parameters are 
optimized for an adequate kinematic rough-
ness at acceptable cutting times. Each cut 
takes around 30 h due to the feed rate of 
around 50 mm/min and the low feed on 
the spiral trajectory of around 20 µm. 

Measuring the quality of MLA

The measurement of one lens with an accu-
racy of a fraction of a micrometer is challen-
ging. Measuring the form and alignment of 
a large number of lenses in an array is even 
more demanding. The form error of spheri-
cal concave lenses or ones with a small de-
viation from a sphere can be measured in-
terferometrically. The metrology with light 
is an appropriate method for simple geo-
metries and test samples for the setting of 
the machine.

For the characterization of an array con-
taining a large number of wild aspheres, a 
different measurement technology has to 
be applied. Tactile measurement is benefi-
cial regarding the ability to measure the 
aspheric shape of lenses directly and also 
monitor their position on the wafer. On the 
Ultra Accuracy 3D Profilometer (shown in 

FIGure 3: Micro lens 
array for wafer scale 
replication during  
the micro milling  
with monocrystalline 
diamond tool.

FIGure 4: Lens array 
during tactil mea sure-
ment for quality 
ensurance on an ultra 
Accuracy 3d Profilo-
meter (uA3P).

diamond Machining

The unique properties of mono crystalline 
diamonds as cutting edge enable the 
production of high quality micro- and 
macroscopic optics. The diamond turning 
shows a constant development from the 
manufacturing of rotationally symmetric 
spheres or aspheres to modern freeform 
optics. The ability to machine an optical 
shape and a microstructure like gratings 
on top in a common process opens new 
perspectives for optic designers.

Besides the well developed ultra pre-
cision turning, micro milling with dia-
mond tools emerges more and more 
into practice. recently developed proc-
esses provide more freedom to optic de-
signers regarding design and quality. 
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FIGure 5: Form deviation of lenslets on their position in the array (scale in mm).

Geometries for Micro Milling

Typical designs are spherical or aspherical MLA with radii ranging from 0.2 mm to sever-
al mm. The lenses are a few micrometers to mm in depth. The edge slope should not 
exceed 60°, in certain cases 90°. Often more than 1000 lenses are demanded on a wafer 
up to diameter 300 mm. The number of lenses is limited by the growing cutting time, 
depending on the lens geometry. The distribution of lenses on the substrate is determi-
ned by the optics design and can be rectangular or arbitrary, free standing or intersec-
ting. Also different patterns or arbitrary spacings on one substrate are possible. The geo-
metry of the lenses may differ over the diameter or in sections. The achievable quality is 
promising for a variety of applications including imaging with micro optical lenses. The 
form deviation depends on the size of the array and ranges around 500 nm (p-v). The 
micro roughness is comparable to diamond turning with typically 5 nm (rms).
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figure 4), a stylus with a precision diamond 
probe scans the surface of sample lenses in 
three dimensions. The form deviation is de-
termined by comparing the measured data 
with the ideal aspheric surface of sample 
lenses. 

The measurement machine has an effec-
tive range of 200 mm x 200 mm, which ena-
bles the acquisition of the vertex points in 
their relative position on the wafer. Of course 
not each of more than 1000 lenses can be 
measured using this time consuming, but 
automated measuring technique, but a well 
distributed selection over the whole wafer 
shows the achieved form quality.

Figure 5 images the form deviation of 
every fourth lens of the described MLA. The 
form error of the measured lenslets is below 
750 nm (p-v) but depends on its position 
on the wafer. While the error near the axis 
of rotation is around 250 nm it grows to 
750 nm (p-v) on the outer diameter. It is 
noticeable that the form error is rotationally 
symmetric to the center of the C – axis and 
has the shape of a star. This pattern is 
caused by the limited resolution of the in-
cremental rotary encoder of the C – axis. 
The digital angular interpolation error caus-
es a form irregularity, which grows with 
higher axial distance. It can be narrowed 
using a higher resolution of the incremental 
encoder with twice the number of radial 
lines. Nevertheless these results show the 
potential of this manufacturing method.

The imaging quality of lenses strongly 
depends on the surface roughness after the 
finished cut. Measurement methods are 
 either white light interferometry, Atomic 
Force Microscopy or tactile metrology 
methods. The micro roughness of this chip-
ping process is determined by cutting pa-
rameters like chip thickness and feed as well 
as the grain structure of the substrate mate-

rial. Typical values for different materials 
and an adequate process are below 10 nm 
(rms). The white light interferogram of one 
of the lenses of the brass array is shown in 
figure 6. Its roughness value, measured in a 
field of 30 µm x 30 µm, is 2.1 nm (rms), 
which makes this master array suitable for 
imaging micro optics. 

conclusion

Scaled micro optics and their manufactu-
ring methods are a key issue for mass 
 production of consumer optics and smart 
sensors. Besides other well understood ma-
nufacturing methods, diamond milling 
emerges into the market of micro optic ma-
nufacturing. The ability to manufacture 
deep lenslets with true aspheric shapes on 
arbitrary positions on large substrates offers 
an additional degree of freedom for the de-
sign of high quality Micro Lens Arrays, eit-
her way directly structured or as master for 
the replication. These achievements show 
potential for the development of micro 
imaging systems on the wafer level for cel-
lular phone or computer cameras. The Mic-
ro Lens Array will be presented at the Pho-
tonics West 2010 in San Francisco, Both # 
4601.
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FIGure 6: Micro roughness of a sample 
lens measured with white light inter-
ferometry; 2.2 nm (rms), kinematic rough-
ness is visible.
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