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Abstract 
 
A small Fresnel lens machined into a soft semiconductor crystal was used as mold for experimental replication using 
poly(dimethylsiloxane) (PDMS). The replication fidelity of convex and concave Fresnel molds was analysed by measuring 
characteristic geometrical dimensions of the replicated microfeatures from the machined microcavity. Nano and micro-features were 
probed by optical profilometry to explore the replication accuracy of this polymer. Nano features were assessed using surface 
roughness replication fidelity. The variations in surface roughness Rrms between the mold and the PDMS replica were within ± 0.2 

nm. The average surface roughness Rq of the mold and the replica were about 6.7 and 7.0 nm (/100), respectively.  Micro features 
were assessed through sharp crest edge height and width of Fresnel zones. Results from the difference in zone crest height and zone 
width between the mold and the replica are considerably small and are found in the range of hundreds of nanometers. It was found 
that the height and width transfer rates for the concave Fresnel mold to the PDMS samples were about 95% and 99.75%, respectively. 
The height and width transfer rates for the convex Fresnel mold to the PDMS sample were about 94.5% and 99.6%, respectively.  
 
ultraprecision machining, replication fidelity, Indium Antimonide; Fresnel Lens, PDMS   

 

1. Introduction   

Single point diamond turning process has proven to be a 
suitable technique for fabricating optical mirrors as well as 
three-dimensional microstructures, with applications in 
diffractive optical elements and micro mirrors arrays [1]. 
Diamond turning is a more accurate and faster method than 
abrasive machining processes and is particularly suitable for 
generating microstructures with sharp or straight edges in 
semiconductor crystals [2]. Because of the lowest transition 
pressure value, Indium antimonide (InSb) is considered one of 
the semiconductor crystals with high potential to be applied in 
the fabrication of microstructures with diamond turning [3]. 

Replication processes are always considered an alternative 
when large quantities and low cost are required. 
Poly(dimethylsiloxane) (PDMS) is an elastomeric polymer and is 
not considered a machinable material because of the difficulty 
in precisely generating surface microfeatures by 
micromachining using mechanical material removal processes. 
Conversely, promising results concerning precise micro-end 
milling of micro channels in PDMS were achieved with cryogenic 
cooling. Nevertheless, PDMS shows advantages including simple 
fabrication by replica moulding and optical transparency [5].  

In this paper, we describe the replication of kinoform 
structures machined in a soft semiconductor crystal based on 
PDMS material. The performance evaluation of a low-cost low-
temperature embossing process of fine three-dimensional 
microstructures, namely (i) plano-convex aspheric Fresnel lens, 
and (ii) plano-concave aspheric Fresnel lens replicated by an 
optical quality silicon-based organic polymer.  

 

2. Experimental details      

 The workpiece was approximately 10 mm x 10 mm cut by 
cleaving from a 0.5 mm thick, 50 mm diameter wafer polished 
single crystal Indium Antimonide (100). The sample was glued 
with bee wax to a diamond turned aluminium blank with 20 mm 
diameter and 18 mm height then vacuum chucked to the 
machine spindle. The samples were machined on the ASG 2500 
2-axis ultraprecision machine using a single-point half-radit 
diamond tool. In this process, it was used a half radius diamond 
tool with a cutting radius of 0. 100 mm, 0o rake an 10o clearance 

primary and waviness < 0.25 m over 130o excluding elliptical 
form. The tool was tilted -37.5o so a negative rake was 
established. The surface finish was assessed as a function of rake 
angle to avoid brittle damage formed on the machined surface 
due to the anisotropic behavior of single-crystal machining. 
Surface roughness and ductile response as a function of tool 
rake angle were tested on the sample before the machining of 
the convex mold lens using a 0.762 mm nose radius, 0o rake and 
12o clearance. The tool tilted -10o, -30o and -45o. The feedrate 

and depth of cut were kept constant f= 1.8 m/rev and 20 m, 
respectively. 

Each lens was designed to have a diameter DL=3 mm and a 
focal length fL = 30 mm, with a corresponding f-number f/# = 10. 
Concave and convex Fresnel lenses were machined with a 

cutting depth fixed in 7 m and feedrate of 0.250 m/rev based 
upon cutting tests prior made with a half radius tool; two passes 
using these cutting conditions were carried out. 

The surface finish analysis and replication fidelity of machined 
mold and PDMS replicas were assessed using a VEECO non-
contact highresolutionprofiler Wyko NT 1100. The scanning 
areas for replication fidelity were kept constant at 184 x 242 

m2. The scanning areas for surface finish measurements were 
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kept constant at 462 x 608 m2.Four measurements of 
roughness and zone heights were taken, both on the lenses and 
on the replicas, every 90o and an average of the values is plotted. 

Each lens was designed to have a diameter DL=3 mm and a 
focal length fL = 30 mm, with a corresponding f-number f/# = 10. 
Concave and convex Fresnel lenses were machined with a 

cutting depth fixed in 7 m and a feedrate of 0.250 m/rev 
based upon cutting tests prior made with a half radius tool; two 
passes using these cutting conditions were carried out. 

 

 
a) 

b) c) 
  Figure 1. PDMS cladding layer poured onto a) 2D profile Concave and 
b) 2D profile Convex molds. 

 
The PDMS used was Sylgard 184 ® from Dow Corning. To 

obtain the PDMS resin, it was necessary to mix the curing agent 
with the prepolymer; for each 10 g of a prepolymer, 1 g of the 
curing agent was added (10:1). The obtained mixture is 
deposited on the face of the machined sample used as the mold. 
To eliminate any air bubbles in the uncured PDMS mixture, it 
was left to rest for about 40 minutes in a desiccator connected 
to a vacuum pump. Next, the molds with the cladding layer were 
put in an oven that controlled temperature and time. The 
mixture was then cured at 80ºC for 45 minutes. Finally, the 
molds' parts were separated, and the PDMS specimens were 
obtained (Fig.1a). 

In order to quantitatively evaluate the characteristics of the 
replication process at the nanometer level, comparative 
measurements on the mold and replica, considering the RRMS 
values, were carried out. To this end, a figure of merit called 
roughness transfer ratio, TRROUGH, was introduced, which is 
defined as: 

𝑻𝑹𝒓𝒐𝒖𝒈𝒉 = {𝟏 − (
|𝑹𝒒 𝒎𝒐𝒍𝒅−𝑹𝒒 𝑷𝑫𝑴𝑺|

𝑹𝒒 𝒎𝒐𝒍𝒅
)} × 𝟏𝟎𝟎     (1) 

 
where Rq mold is the root mean square roughness of the mold 
insert and Rq PDMS is the root mean square roughness of the 
PMMA replica [1].    

Considering the Fresnel lens, the replication process was also 
evaluated in terms of the dimensional variations of the replica 
for the mold. To this end, two other figures of merit were 
introduced, namely, the height transfer ratio of the Fresnel 
structure, TRheight, and the width transfer ratio of the Fresnel 
structure, TRWIDTH, and the width transfer ratio of the Fresnel 
structure, TRWIDTH, defined as the absolute difference between 
mold and replica characteristic dimensions, concerning mold: 

𝑻𝑹𝒉𝒆𝒊𝒈𝒉𝒕 = {𝟏 − (
|𝒉 𝒎𝒐𝒍𝒅 𝑴𝒂𝒙,   𝑭𝒁 − 𝒉𝒓𝒆𝒑𝒍.𝑷𝑫𝑴𝑺 𝑴𝒂𝒙,   𝑭𝒁|

𝒉𝒎𝒐𝒍𝒅 𝑴𝒂𝒙,   𝑭𝒁

)} × 𝟏𝟎𝟎,  

(𝟏 < 𝑭𝒁 < 𝟏𝟎)         (2) 

𝑻𝑹𝒘𝒊𝒅𝒕𝒉 = {𝟏 − (
|𝑾 𝒎𝒐𝒍𝒅 𝑴𝒂𝒙,   𝑭𝒁 − 𝑾𝒓𝒆𝒑𝒍.𝑷𝑫𝑴𝑺 𝑴𝒂𝒙,   𝑭𝒁|

𝑾𝒎𝒐𝒍𝒅 𝑴𝒂𝒙,   𝑭𝒁

)} × 𝟏𝟎𝟎,  

(𝟏 < 𝑭𝒁 < 𝟏𝟎)       (3) 

 
where hmold Max, FZ is the hMAX of the FZth Fresnel zone (ring) of the 
mold insert, hrepl.PDMS, FZ is the hMAX of the FZth ring of the PDMS 
replica, WMOLD Max, is the width of the FZth ring of the mold insert, 
and Wreplic. PDMS, FZ is the width of the FZth ring of the PDMS replica 
[1]. Both hMAX and W are measured at their correspondent FZth 
zone, as shown in Fig. 1 b) and 1c). 

3. Results and Discussion     

Figure 2 summarizes the results from the machining test 
carried out to assess the replication fidelity of surface roughness 
obtained by machining an InSb (100) sample under different 
Rake angle values. The roughness level of Rq ~(λ/100) was 
registered under different rake angle conditions in both, mold 
and PDMS replica. This level os surface roughness is also 
acceptable to be used in most visible range applications. 

Figure 3 shows hmold Max, FZ , hrepl.PDMS, FZ , and TRHEIGHT for each 
of the ten zones of the Concave and Convex Fresnel lens. From 
Fig. 3a, one can observe that hMAX initially increases and then 
decreases slightly as the Fresnel annular zone location gets 
farther from the center. This is due to the highest aspect ratio of 
the annular zone when distancing from the lens center, this 
turns more difficult with the tool nose half radius employed 

since the annular zone becomes narrower: ~98.6 m at zone 5th  

down to 70.5 m at the 10th zone. For all zones, TRHEIGHT remains 
approximately constant between 95 and 99 %. Fig. 3b, it is 

noticed that hMAX decreases slightly, lens than 1 m, as the 
Fresnel annular zone location is distancing from the lens center 
zone. Nevertheless, TRHEIGHT decreases from approximately 94 % 
up to about 100%. 

 

 
Figure 2. Results for the surface quality and replication fidelity 

of PDMS replica obtained from the machined sample cut under 
the same cutting conditions and different rake angles. a TRROUGH 
and Rq as a function of rake angles. 

 
From Fig. 4a, the TRWIDTH decreases as a Fresnel zone 

approaches the periphery of the lens. From the measurements 
of the annular distance and maximum height, one can note a 
very good agreement between InSb (100) mold and PDMS 
replica. The high quality of the replication process is clear. 
TRWIDTH is constant and equals to 100% for both, mold and 
replica. Error bars were not considered in the graphs because 
the standard deviation values were calculated and are in the 

range of  0.2-0.5 nm for both the mold and the replicas. 
Fig. 5 a) and 5 b) show the results for the aspheric Fresnel lens 

molds and PDMS replicas. Figures 5a and 5b show the mold 
insert with a 2D cross-section a concave aspheric Fresnel profile 
mold and a replica respectively. Figures 5c and 5d show the 
images and profile cross sections of mold and replica with a 



  

 

convex profile, obtained by the embossing process described in 
section 2. 

 

 
a) 

 
b) 

Figure 3. Fresnel lens characterization as a function of Fresnel 
annular zones. a hMAX,FZ MOLD, hMAX,FZ REPLIC, and TRheight as a 
function of Fresnel annular zones (FZ). a) Concave mold/Replica 
PDMS, b) Convex mold/Replica PDMS. 

 

 
a) 

 
b) 

Figure 4. Fresnel lens characterization as a function of Fresnel 
annular zones. a Wmold Max,P MOLD, hRepl, PDMS,FZ, and TRwidth as a 

function of Fresnel annular zones (FZ). a) Concave mold/Replica 
PDMS, b) Convex mold/Replica PDMS.  

 
In the case of heights, the average standard deviation was only 

 0.1 m. In this case, as well as for the roughness Rq, the error 
bars would not possibly be visible plotted over the points shown 
in the graph. In the case of width of Fresnel zones, no deviation 
were probed, so the replication fidelity was 100%. 

 

 
a) 

 
b) 

c) 
d) 

Figure 5. Characterization of the aspheric Fresnel lens mold 
and replica. a SEM of the concave mold insert and b its 
respective 3D images and cross section profile; c SEM of the 
convex PMMA replica and d its respective 3D images and cross 
section profile. 

4. Concluding Remarks      

Small Fresnel lenses machined into a soft semiconductor 
crystal were used as mold for experimental replication using 
poly(dimethylsiloxane) (PDMS).  

Nano features were assessed by means of surface roughness 
replication fidelity. The variations in surface roughness Rrms 
between the mold and the PDMS replica were within ± 0.2 nm. 
The average surface roughness Rq of the mold and the replica 

were about 6.7 and 7.0 nm (/100), respectively.  
Micro features were assessed through sharp crest edge height 

and width of Fresnel zones. The mold and the replica show an 
extremely small difference in zone crest height and zone width, 
measured in the range of hundreds of nanometers.  

It was found that the height and width transfer rates for the 
concave Fresnel mold to the PDMS samples were about 95% and 
99.75%, respectively. The height and width transfer rates for the 
convex Fresnel mold to the PDMS sample were about 94.5% and 
99.6%, respectively. It is worth noticing that the height of the 
zone crests was compromised as the Fresnel annular zone 
location is getting farther from the center. This is due to the 
highest aspect ratio of the annular zone when distancing from 
the lens center, this turns more difficult with the tool nose half 
radius (0.100 mm) employed since the annular zone becomes 

narrower: ~98.6 m at the 5th zone  down to 70.5 m at 10th 
zone, 

Results from zone width replication were found to be constant 
and equal to 100% for both, concave and convex replicas. 

Finally, the presented results demonstrated that PDMS is a 
suitable material for replicating microfeatures and nanofeatures 
from diamond-turned molds. Future studies are being carried 
out for nonferrous metallic materials such as RSA6061-T6 alloy 



  

 

and electrolytic copper. Results presented in previous articles [6-
10] showed high fidelity replication results for PMMA through 
hot embossing and microinjection. In the future, lens replicated 
in PDMS will be evaluated by MTF (Modulation Transfer 
Function). MTF is a metric used to evaluate how well an optical 
system transfers contrast from an object to an image. It's a key 
parameter for measuring image quality. 
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