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Abstract. The manufacturing method developed to obtain Achromatic Doublet on Glass (ADG) Fresnel lenses results in 
an optical system with high concentration while maintains a reduced cost. Recent improvements in the manufacturing 
process are presented in this paper. First, an adhesion promoter has been used in order to enhance adhesion between plastic 
and elastomer interface. This avoids the efficiency drop caused by delamination due to changes in temperature through the 
day. . Second, the whole lamination process has been almost completely automatized, requiring the intervention of a human 
operator only to place the lens inside the laminator. Finally, a new injection mold based on nickel stamper technology has 
been manufactured improving the geometrical characteristics of the plastic element of the lens (lower draft angle and tip 
rounding). 

INTRODUCTION 

High Concentrating Photovoltaic (HCPV) systems have the capacity to reduce the cost of solar-based electricity 
because they can take advantage of the rapid increase in the efficiency of advanced multijunction (MJ) solar cells. 
This type of cells has attained the highest recorded efficiency among photovoltaic devices, reaching values up to 46% 
[1]. Due to their cost, in order to get a system cost competitive, MJ solar cells are assembled in HCPV modules which 
use converging lenses or mirrors in order to concentrate the light and reduce the area of the solar cell needed. Currently, 
most of the commercially available HCPV modules are based on Silicone-on-Glass (SOG) hybrid Fresnel lenses [2]. 

In CPV-12, we introduced the Achromatic Doublet on Glass (ADG) Fresnel lens [3] that is, as its own name 
suggests, a Fresnel lens with reduced chromatic aberration which is able to attain, without any secondary optical 
element, a concentration factor three times higher than a conventional SoG Fresnel lens [3-4]. The design of 
achromatic lenses using two materials with distinct dispersion is well-known in literature. The classic achromatic 
doublet is composed of a crown glass whose dispersion is low and a flint glass with high dispersion [5]. However, the 
cost of this architecture makes it unaffordable for HCPV systems. Our design consists in an achromatic doublet 
composed of two low cost materials and manufactured using plastic injection molding and lamination processes. In 
fact the manufacturing process is divided in two steps [3]. First, a high dispersion plastic part having Fresnel grooves 
on both its sides is molded using injection molding. Second, the plastic part is laminated to a glass substrate using an 
elastomer with low dispersion as a glue.  

Later, in CPV-13, we presented a comprehensive experimental characterization of such lenses where we 
demonstrated both higher tolerance to a displacement of the lens with respect to the optimal lens-to-cell distance and 
lower sensibility to temperature variation when compared to a conventional SoG Fresnel lens [6]. The experimental 
characterization, despite demonstrating significant achievements, showed that ADG lenses, when submitted to thermal 
cycling, suffer delamination in the plastic-elastomer interface. We initially believed that the delamination could be 
caused either by a poor adhesion between the elastomer and the plastic elements due to their intrinsic material 
properties, or because of an unequal thermal dilatation. 
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The first part of this paper describes works performed in order to enhance the adhesion between the materials 
comprising the ADG Fresnel lens, making the lens more resistant to temperature changes through the day. Several 
methods have been investigated and experimentally tested. Among them, the most efficient solution identified was 
the application of a liquid adhesion promoter in the plastic-elastomer interface. The second part of the paper describes 
some general improvements applied to the manufacturing process that aim, first, to get closer to an industrial process 
suitable for high-volume production, and second, to further improve ADG Fresnel lens optical efficiency.  

ENHANCEMENT OF THE PLASTIC-ELASTOMER ADHESION 

The ADG Fresnel lens is composed of a glass substrate and a plastic bi-Fresnel lens (a lens having Fresnel profile 
on both its sides) glued together by an elastomeric material which is also an optical element. As already mentioned in 
the introduction, the delamination takes place in the elastomer-plastic interface. Compared to the polycarbonate (PC) 
the elastomer has a higher coefficient of thermal expansion [7]. As a consequence, when the temperature rises, the 
elastomer expands and pushes out the plastic causing delamination (see Fig. 1a).  

In order to investigate this problem, several samples of ADG Fresnel lenses have been thermally cycled in a 
thermal chamber. The temperature has been varied from -5 ºC to 65 ºC for 120 cycles (see Fig. 1b).  

 

 

a b
FIGURE 1. a) Scheme representing the force that the elastomer applies on the plastic element as a consequence of the different 

coefficients of thermal expansion of the two materials. b) Graph representing the temperature evolution during the thermal 
cycling through which the ADG Fresnel lenses have gone through. 

In order to avoid the delamination it is necessary to enhance the adhesion between the elastomer and plastic 
material such us the bond can withstand stresses appearing in the thermal cycle.  

Several strategies commonly used to increase the strength of the bond at the  PC surface are well documented in 
literature [8]. However their benefit is not clear when used in optical systems, as the bonding surfaces need to maintain 
high optical quality. After a comprehensive investigation over these methods and their compatibility with the materials 
composing the ADG lens, we tried five different strategies: two kinds of surface treatments (i.e., corona treatment and 
vacuum plasma treatment), the application of an adhesion promoter in the elastomer-plastic interface, and the 
application of two different formulation of tie layers (A and B). 

The figure of merit used to quantify the delamination is the relative optical efficiency, which is defined as the ratio 
between the absolute efficiency of the ADG Fresnel lens and the optical efficiency of a conventional SoG Fresnel 
lens.  

 
 (1) 

 
The relative optical efficiency of all laminated samples has been measured before and after the thermal cycling 

allowing to assess both the efficiency of the method and its compatibility with optical applications. Results are 
represented in Fig. 2a. 

Based on these results, it can be seen that the strategy which resulted in the best adhesion enhancement while non-
altering the optical surface is the application of an adhesion promoter, and consequently this was the selected option. 
However, the samples treated with adhesion promoter showed high dispersion (see error bars in Fig. 2a). 
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a b 
FIGURE 2. a) Graph showing the relative efficiency of the ADG Fresnel lens prototypes before and after the thermal cycling.  
Three samples have been manufactured with every treatment. The relative efficiency values shown are the average of the three. 
The adhesion promoter showed the best result although a significant dispersion is measured. This is probably caused by the low 

repeatability of the initial deposition process for the adhesion promoter. b) Photograph of the automated dispensing system that is 
used to deposit the adhesion promoter on ADG Fresnel lenses with a detail showing the spray valve. 

We believe that such dispersion is due to inadequate control of the amount and uniformity of the deposited layer 
of adhesion promoter. In fact, the manufacturer recommendation indicates that the adhesion promoter should be 
poured onto a soft lint-free cloth to be used to wipe the bonding area to guarantee the deposition of a very thin layer 
capable of improving the adhesion and, at the same time, not reducing the transmittance of the surface. However, in 
our case, because the plastic piece has Fresnel grooves, the method is inapplicable. In order to obtain a similar thin 
layer an automated system including a spray valve has been implemented (See Fig. 2b).  

 
FIGURE 3. Graph showing the relative efficiency of the ADG Fresnel lens samples before and after the thermal cycling. Three 

samples have been treated with every combination of the parameters. Each bar represents the average of the three samples. 
Single-color bars represent samples treated with a low atomizing pressure while striped bars represents samples treated with high 

atomizing pressure. Results suggest that, in order to optimize the adhesion without compromising the optical efficiency, the 
lowest quantity (among the tested) for the adhesion promoter should be selected. 
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Through the spray valve it is possible to precisely control the amount and the uniformity of the adhesion promoter 
layer deposited on the lens sample. Changing the dispensing time three different amounts of adhesion promoters have 
been experimented (low, medium and high quantity in Fig. 3). In parallel, the pressure of the atomizing air, responsible 
of the dispensed particles size, has been varied between low and high pressure.  

Finally a total of three ADG lenses for each one of the six possible combination (more three untreated lenses used 
as reference) have been laminated and thermally cycled and their efficiency has been measured before and after the 
cycle. Results are represented in Fig. 3. 

MANUFACTURING PROCESS IMPROVEMENTS 

As already mentioned in the introduction, the manufacturing process is divided in two steps: the plastic injection 
of the high dispersive lens with Fresnel grooves on both sides, and the following lamination of the glass-elastomer-
plastic sandwich. The plastic injection is carried out in a specialized company while the lamination take place at the 
Solar Energy Institute – UPM using a built-in laminator [3].  

Two main improvements to the ADG Fresnel lens manufacturing process have been implemented: 
1. New mold used to inject the (PC) bi-Fresnel pieces. 
2. An Automatic controller for the lamination system. 

The first improvement allows us carry out the whole lamination process without the need of human intervention, 
and therefore approach the ideal of a large scale production. The second aims to meet higher geometrical requirements 
that result in a better efficiency. 

New Mold 

The first plastic-injected bi-Fresnel lens prototypes, due to the complex geometry of the “fresnelized” faces, had 
tip rounding values higher than expected, especially in the lens peaks (mold valleys).  Although the expected value 
was approximately 5 µm, the values measured using a microscope and silicone replicates (see Fig. 4) reached up to 
15 µm. We believe that this is caused by the high tilt angle required for the tool during the precision diamond turning 
of the mold that is used in the injection. A new mold based on Nickel stampers technology has been manufactured. 
Thanks to this new technology, the tip rounding measured for the pieces injected closer to 5 µm (see Fig. 4). 
Consequently, we expect an increase of the prototypes optical efficiency. The efficiency measured for samples 
manufactured using the new mold increases of 1.2% with respect the previous prototypes. 

 
GROOVE 1 GROOVE 15 

OLD MOLD NEW MOLD OLD MOLD NEW MOLD

FIGURE 4. Plastic injected ‘bi-Fresnel’ lens. Measured tip rounding using silicone replicates 

Automatization of the Lamination Process 

The lamination of the ADG sandwich (rigid glass substrate – elastomer – PC bi-Fresnel lens) has been carried out 
at the IES – UPM using a laminator built for this purpose [3]. Recently, an automatic controller has been implemented 
allowing to set up all the lamination parameters. Thanks to it the repeatability of the process has been significantly 
improved. The automatic controller includes electro-valve switches and temperature controller Fig. 5 shows the 
lamination system including the automated controller.  
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FIGURE 5. Photograph of the lamination system including the automatic controller. 

CONCLUSIONS 

Several improvements to the ADG manufacturing process have been presented. In the first place, the delamination 
of the ADG lenses observed as a consequence of temperature variation through the day has been thoroughly 
investigated and a solution was found. By depositing a very thin layer of adhesion promoter on the plastic-elastomer 
interface, we are able to enhance adhesion between materials such as the stress generated by the difference in the 
thermal expansion coefficient of both materials does not cause delamination of the bonding surface.  

In the second place, the lamination system has been almost completely automatized. Thanks to the implemented 
controller it is possible to set-up all the parameters of the lamination process and the operator is only needed to place 
the sample inside the lamination machine. This can be considered a preliminary approach to high-volume production. 

Finally, the optical efficiency of ADG prototypes has been increased thanks to the use of a new mold based on 
nickel stamper technology which allowed to significantly reduce the tip rounding of the injected PC pieces. 
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