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Abstract. A silver-based transparent heat mirror for ophthalmic lenses was developed using 

optimal layers design techniques, to achieve high visible transparency and low solar infrared 

(IR) transmittance properties. After a comprehensive analysis of materials properties, 

ITO/Cr/Ag/Cr/ZrO2/SiO2 nano-multilayers, with a visible transmittance (τV) of 60%, visible 

reflectance (RV) less than 1% and IR Solar Transmittance (τSIR) of 14%, were designed and 

prepared by Ion Assisted Deposition (IAD) technique. Mechanical tests widely used in the 

ophthalmic industry, such as adherence, ageing, scratch and abrasion, have confirmed the 

durability of the developed layers and their suitability for real applications. 
      

Keywords: multilayer silver-based solar filter, ultra-thin silver coating, Chromium seed 

layer , Ion Assisted Deposition (IAD), solar ophthalmic lenses. 

1. Introduction 
In recent years there has been an increased interest in the biological effects and possible health 

consequences of low level electromagnetic fields. In particular, because of their continue exposure to 

sun light, the eyes need to be properly protected.  In organic tissues mainly interactions with infrared 

(IR) give rise to thermal effects, such is the case of exposure to infrared lasers. Although the eyes are 
well used to protect themselves against intense optical radiation, injuries from environmental 

sunlight, e.g. direct exposure to the sun, or a welding arc, or other environmental effects, such as 

snow field or deserts, can cause a temporary (sometimes permanent) loss of vision [1]. In addition 

long-term exposure to IR solar radiation, even at relatively low levels, can cause eye discomfort and 

dry eye symptom [2] [3]. 

In addition to block types A and B ultra-violet radiation, to prevent or minimize infrared solar 

radiation glasses coated with a low emission filter able to be mass produced, have been designed and 

performed. Low emission filters or solar control coatings, have been employed since the end of the 

seventies, thanks to the development of vacuum coating technology for the deposition of optical thin 

films on large area glass substrates. In the late 90’s, low emission filters generated a new interest due 

to major progress made in the deposition processes, which had enabled both a stable and high rate of 

deposition. Nowadays, the main applications are low emissivity and solar control thin films in 

architectural glass as well as transparent electrodes for flat panel displays.  

Solar light on the earth surface consists of ultraviolet (280nm-380nm), visible (380nm-780nm) 

and solar infrared radiation (IR) (780nm-2000nm) [4], having an energy distribution with a peak at 

around 500nm (see figure 1), where the human eye has also its maximum sensitivity. 

When a glass (or lens) is irradiated, solar radiation can be transmitted, reflected or absorbed, and 

energy must be conserved such that: T � R � A � 1      (1) 

Where T, R and A are transmittance, reflectance and absorbance, respectively. 
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Figure 1. Transparency of glass in the solar radiation wavelength. 

 

An idealized solar control system is the optical band-pass filter which reflects as much as possible 

the solar infrared radiation, while transmitting as much as possible visible light [5]. Hence an ideal 

spectrally efficient coating should have � � 1 and � � 0	for the visible region and � � 0 and � � 1	 
for the infrared region [6]. Nowadays, there are three main different strategies to obtain an effective 

low emission filter using coating technology. 

A. Dielectric multilayers  
The multilayer coating based on interference effects can be realized by stacking a high index 

dielectric (e.g. TiO2 or ZrO2) with a low index dielectric (e.g. SiO2, MgF2) [6],[7],[8],[9]. It is 

required that ten or more layers are stacked. This type of coating is considered to be inapplicable for 

large area or mass production. Each layer must be stacked with a precisely controlled thickness 

(accuracy better than 2%) and uniformity as well as low cost. The required precision over large area 

cannot be achieved without using expensive equipment and long deposition times, which thus 

increase the cost. 

B. Monolayer of TCO-doped system 
Solar filter can be achieved with a monolayer of transparent conductive oxide film (TCO), such as 

SnO2, In2O3, ITO or ZnO, highly doped using several dopants belonging to the IVA and IVB groups 

[10]. These coatings are known as one of the semiconductor Drude mirrors [11]. They are 
characterized by a wide band gap (>3eV), transparent in the visible region and have a high enough 

free-carrier concentration to reflect IR light. For this reason they are also called low-emissivity 

coating. They are quite durable but too transparent to solar infrared radiation. 

C. Noble metal-based filter  
Thin noble metal films, such as Cu, Al, Au and Ag, are also transparent conductors, since, besides 

high optical transmission in the visible, they present low electrical sheet resistance (R□). Among 
those, silver is especially suitable owing to its small absorption and high reflectivity over the whole 

solar infrared spectrum [12]. Until now, practical applications, on an industrial scale, have only been 

found for gold and silver layers on flat glass. Gold layers were among the earliest transparent 

conductive coatings, because they are resistant to corrosion and easy to deposit onto the panes. It is 

only in the last two decades that silver layers have been developed, which display adequate 

resistance to corrosion and abrasion and thus have sufficient ageing resistance. A disadvantage of 

silver and gold is that they adhere to the flat glass surface very poorly during the coating process, 

because they have a low bonding energy. Thus the deposition of comparatively large amounts of 

coating material is necessary to achieve sufficiently homogeneous layers. Assuming a Volmer-

Weber growth[13][14], the deposited material undergoes a number of intermediate, discontinuous 

structural stages until a homogeneous layer is grown, which are shown in figure 2. The growing 

pattern of the gold and silver layers on a flat glass surface can be observed by measuring their 

electrical conductivity (�� or their infrared reflectance (see equation 2) depending on the average 

covering with coating materials, quantified by the so-called effective layer thickness l
eff

, (figure 3 

with the example of thin silver layers). From this figure it can be seen that the infrared reflectance is 

initially low and does not increase as the effective layer thickness l
eff 

increases. The coating consists 

of single nuclei which grow to form islands (see figure 2 a)). It is only when the islands begin to join 

each other and channels are formed that the infrared reflectance start increasing to the high values 

typical for homogeneously thick silver layers [15]. The point at which the channels appear is known 

as the ‘percolation limit’ (see figure 2 b)).  



3 

Ultra-thin silver based infrared solar filter for ophthalmic lenses 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. a) Top SEM image of 5nm (nominal thickness) silver deposited onto glass. Comparing with b) 

growing pattern. 

 

By applying suitable seed layers, e.g. Chromium, Germanium, Titanium, the percolation limit can be 

shifted to a lower effective layer thickness l
eff 

(see figure 3) [16][17][18]. Special attention has to be 

paid in seed layers because of their high absorption even at ultra-thin film thicknesses, which alter 

the total multilayer transmittance and reflection (i.e. antireflective properties) in the visible range. It 

is crucial to find a seed layer as transparent as possible and at same time that shifts toward lower 

values the percolation limit of silver, and also contributes to protection against corrosion and 

abrasion. 

 
Figure 3. Infrared reflectance of thin silver layers on flat glass (glass/Ag) compared to that of a silver layer on 

an adhesion-enhancing layer of bismuth oxide (glass/Bi oxide/Ag) depending on the effective layer thickness leff  
(source: STOLLENWERK) 

 

Because the described coatings grow discontinuously when there is a low surface coverage, it is very 

difficult to deposit transparent gold, which must be very thin. Typical film structures (figure 4) used 

for antireflection in the visible region and also to protect silver layers from corrosion are DE/Ag/DE 

(single silver stacking), where DE denotes the dielectric layer. High refractive index dielectrics, such 

as In2O3, ZnO, SnO2, ZnSnOX, Bi2O3, Si3N4 [19], TiO2 and ZrO2, can be used as dielectric layer.  

 
Figure 4. Layer stack of industrially-produced, transparent, conductive, silver-based layer systems on flat glass 

 

To maximize transmission in the visible and reflectance in the IR range, according to classical 

Drude-Zener theory [20], that relates reflection coefficient in the infrared spectra range with 

electrical conductivity (equation 2), it is desirable, as we explained above, to produce a very thin 

silver film that is as conducting as possible. The reflectance obtained from its electrical conductivity, 

σ0 can be approximated at Near Infrared (NIR) range by 

 

                                    (2) 
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Where �� is the static (or dc) electrical conductivity, �	 is the angular frequency and �	is the relaxation time � 
defined by 

� � �∗��
���                                                                               (3) 

Where m* is the optical effective mass, N is the free-electron density, and e the electron charge. 

 

The silver coating is embedded between two layers, the so-called adhesion-enhancing layers, both of 

which are low-absorptive (κ ~ 0). The adhesion- enhancing layer improves not only the adhesion of 

the film to the substrate, but also confers anti-reflection in visible range and, together with the cover 

layer, protects the silver layer from mechanical and chemical attacks. The adhesion layer also 
enhances the uniform growth of the film on the substrate. The interface layers are deposited on the 

sides of the silver layer. They are very thin and aim to protect the silver layer from oxidizing during 

the following coating process. In addition, the interface layer protects the silver layer from corrosion. 

 

2. Experimental 

 
2.1. Design of low-E filter 

The geometry chosen to mass produce an IR solar filter is the design based on the three-layer system 

DE/Ag/DE with the addition of interface layers on both silver sides and the cover layer. Silver is the 

metal of choice because of its high conductivity and color-neutral transmission in the visible range of 

the spectrum. To design an IR solar filter, first we have to consider the case of a single dielectric 

layer with a refractive index �� and thickness l between two infinite media of indices �� and ��, 

respectively (figure 5). For simplicity we shall develop the theory for normally incident light 

[21][22]. The case of no normal incidence can be readily investigated with quite straightforward 

changes. The amplitude of the electric vector of the incident beam and the reflected bean are named �� and ��� , respectively. The transmitted beam, ��. The electric–field amplitudes in the film are �� 
and ��� for the forward and backward traveling waves, respectively, as indicated in the figure. 

 

 

 

 

 

 

 

 
Figure 5. Interaction geometry of the electromagnetic field with the dielectric multilayers. The E-field 

components are indicated. 

 

 The boundary conditions require that the electric and magnetic fields are continuous at each 

interface. These conditions are expressed as follows: 

The phase factors ���� and � ��� result from the fact that the wave travels through a distance 

l from one interface to the other.  If we eliminate the amplitudes �� and ���, we obtain: 

 

1 � !�"
!� � #cos '( ) * +,+- sin'(0 !,!�                   (4) 

 

�� ) �� !�"!� � 1)*�� sin'( � �� cos '( !,!�                       (5) 

Or, in a matrix formalism, 

2 1��3 � 2
1)��3

!�"
!� � 4

cos '(  �
+- sin'()*�� sin'( cos '( 5 2

1��3
!,
!�                (6) 

 

This can be abbreviated as  

2 1��3 � 2
1)��3 6 � 72

1��3 8           (7) 

 

We have here introduced the reflection coefficient  
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6 � !�"
!�            (8) 

and the transmission coefficient  

8 � !,
!�            (9) 

The matrix, known as the transfer matrix 

7 � 4 cos '(  �
+- sin'()*�� sin'( cos '( 5                 (10) 

 

Where �� is the refractive index, and ' � 2	:/	( � 2	:	��/	<	. 
 Now let us assume that we have N layers, numbered 1, 2, 3 ….N, having refractive indices ��, �>, �?, … ��  and thicknesses (�,	(>,	(?,…	(�	 , respectively. In the same way that we derived 

Equation 4.24, we can show that the reflection and transmission coefficients of the multilayer can be 

expressed by similar equations: 

2 1��3 � 2
1)��3 6 � 7�7>7?…7� 2

1��3 8 � 72
1��3 8                (11) 

 

Where the transfer matrices of the various layers are indicated by 7�7>7? …7� . Each transfer 

matrix is of the form given by Equation (8) with appropriate values of n, l, and k. The overall transfer 

matrix M is the product of the individual transfer matrices. Let the elements of M be A, B, C and D, 

that is 

7�7>7?…7� � 7 � AB CD EF                       (12) 

 

We can solve Equation (9) for r and t in terms of these elements. The result is 

 

6 � G+�HI+,+� J K+,
G+�HI+,+�HJHK+,       (13) 

 

8 � >+�
G+�HI+,+�HJHK+,     (14) 

 

The reflectance R and the transmittance T are then given by � � |6|>,		and � � |6|>, respectively.  

To design a silver-based low-E filter, a short computer program based on the above mathematical 

formalism has been implemented using Octave. To run simulations, the following parameters must 

be provided (as shown in eq.(8)): the number of layers of the stack, optical constants (ni  ,ki) for all 

different materials deposited, and corresponding thicknesses li of all thin films. These theoretical 

calculations are only applicable to the ideal cases, such as perfectly flat area of substrate and thin 

film coatings. Once we are able to simulate R and T spectra (from visible to solar IR range), we are 

able to design a multi-stacking system that fulfil the optical requirements, as it was explained before. 

 

2.2. Low-E for lenses 

The ophthalmic lenses market is a very mature market, where there exist well known properties or 

minimum requirements that a treated lens has to pass according to quality standards [23]. 
Accordingly, the different properties to assess can be separated in two general groups: 

 

(i) Optical properties. The evaluation of optical properties is performed by measuring 

transmittance and reflection with visible and near infrared spectrometer. 

 
Optical Properties Accepted limit ranges (%) 

Visible reflection (Rv) < 2.5 

Visible transmittance (τv) Tone A  80 

Tone B 80 - 44 

Tone C 44 - 27 

Tone D 27 - 14 

Solar transmittance 

in the infrared (τSIR) 
> τv 

Table 1. Required optical parameters of a solar filter 
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�MN1<: Solar spectral distribution at sea level and for an air mass coefficient of 2. C1<: Human spectral sensitivity. PKQRN1<:	Spectral distribution of radiation standard illuminant D 65 of the CIE. 

 

Typically the infrared solar filter is manufactured in series with PVD machines designed for 

production. To be profitable, the machines require a minimum volume of coated lenses per batch. 

Therefore, it would be preferable that one could coatdifferent colored-in-mass lens tones with a 

single solar infrared filter design. This implies that, to achieve protection against infrared radiation 

according the European standard EN 1836:2005, the solar transmittance of the filter in the infrared 

(τSIR) should be less than its visible transmittance (τv) of the lower tone, i.e. the tone D with a τv = 

14%. 
τSIR < τv = 14% 

 

(ii) Mechanical Properties. Mechanical tests in ophthalmic industry, are focused in order to asses 

quality of manufactured lenses. They are also important to predict possible problems that can arise 

during the lens lifetime. These tests are intended to be simple and fast and their evaluation is 

performed at macroscopic level, suitable to be made in production environments. The results of these 

tests are usually pass or not pass (fail), based on previously established scales.  

The initial design is determined in terms of optical requirements. This is RV, τv, τSIR (see table 1). In 

addition due mass-production constraints, as it was explained above, τSIR cannot exceed 14%. 

In figures 5 a) and b) the transmission and reflection curves for two possible designs of anti-

reflective IR solar filter are shown. 

 
     Design A. Substrate – ITO (8nm) – Cr (2.2nm) – Ag (9nm) – Cr (2.2nm) – ZrO2 (25nm) – SiO2 (40nm). 

 

     Design B. Substrate – ITO (8nm) – Ag (9nm) – Cr (2.2nm) – ZrO2 (25nm) – SiO2 (40nm). 
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Figure 5. Simulated (a) transmission and (b) reflection spectra of two Ag based IR solar filters (A and B). 

 

The main difference between the two designs is the first interface layer of Cr. Due to the high 

absorption in the visible range of Cr, it would be particularly advantageous to obtain a design as 

transmissive as possible in the visible region while keeping optimal other optical properties (i.e. RV 



7 

Ultra-thin silver based infrared solar filter for ophthalmic lenses 

and τv). Theoretical optical parameters are for the design A: RV = 0.45%, τv = 58% and τSIR = 13.5%, 

and for the design B: RV = 0.63%, τv = 67% and τSIR = 12%. Therefore, both designs fulfill optical 

requirements of an IR solar filter.  
 

2.3 Silver deposition process 

One of the most critical steps to produce IR solar filter is, as mentioned above, to reduce percolation 

thickness, so that a good quality silver film with the simulated thicknesses  (e.g. (GS ≅ 9�V) can be 

achieved. Therefore, depositions of ultra-thin silver film were carried out onto different materials and 

subsequent reflection and transmission spectra were measured to evaluate the silver film quality. 

Polycarbonate (�� � 1.586) plane lenses (∅ � 65VV) were used as a substrate. All the substrates 

were cleaned using common ultrasonic methods. Before the coating process, the substrates were also 

introduced in a 60ºC furnace for one hour to remove residual humidity and gases. An initial scanning 
to evaluate the percolation thickness of silver onto polycarbonate substrate was performed. Among 

the different materials suitable to reduce the percolation thickness of silver, ITO and Cr wer chosen 

because of their transparency and readability. To measure the percolation thickness, different ultra-

thin silver thicknesses have been deposited onto the polycarbonate substrate, 2nm of ITO and 2nm of 

Cr (see figure 7 and figure 6). ITO – Silver and Cr – Silver bilayer coatings were evaporated using 

an e-type electron gun and ion assisted deposition (IAD) in a CCS250 LeyboldOptics vacuum 

evaporator. The substrate was kept at room temperature during deposition. The base pressure was 1\10 RV]^6 and the deposition rate was 0.1 – 0.3 nm s
-1

. The thickness of films was controlled in 

real time by a XTC/2 Inficon type quartz crystal monitor. One should stress that thicknesses 

determined in this way are to be considered nominal, especially at the beginning of the deposition 

process when the “film” actually consists of islands. The specular reflection and transmittance 

spectra were measured by using a Shimadzu 1800 UV-VIS spectrophotometer, located at Indo 

facilities.  

 

2.4 IR solar filter deposition and mechanical evaluation 

Once able to reduce the percolation thickness of silver to the required thicknesses calculated by 

initial designs, we proceeded with the first attempts to deposit multistak IR solar filters onto 

polycarbonate and doped Flint glass (�� � 1.594 substrates. To avoid the absorption bands of 

polycarbonate in NIR range, the Flint glass samples were used to measure reflection and 

transmittance spectra. R and T were measured with a Perkin-Elmer Company’s Lambda 900 type 

UV/VIS/NIR spectrophotometer at ICFO facilities. Thanks to the previous experience in evaporating 

and characterizing optical constants, all the other materials that are part of the design, i. e. ITO, ZrO2 

and SiO2, were evaporated with no specific issues. The deposition rate was 0.01 nm·s
-1

, 0.4 nm·s
-1

 

and 1.2 nm·s-1,respectively. with a base pressure of 1\10 RV]^6. 
Once the dielectric multi-stack was deposited onto the lens, mechanical tests were performed. As it 

was previously explained, different analysis are used, depending on the property of system lens-

coating to asses. A set of polycarbonate lenses was coated with designs A and B. A list of all 

different mechanical tests that were used is shown in table 2. Among those, special attention has 

been paid to severe abrasion test and saline test due to their severity. 

 

3. Results 
Transmission (T) and reflection (R) spectra during growth of Ag films are shown in figure 6 a). As 

effective thickness decreases, the spectrum of silver changes with respect to the prediction model 

described above, therefore, other absorptions mechanism arose when silver thickness decreased 

below  percolation (see figure 6 b)). For nominal thicknesses above 7.5nm, the spectrum of silver 

indicates that the optical response is very similar to that of bulk silver, indicating a continuous silver 

film. In addition, as the Drude model predicts for high electron mobilities (`, high reflection values 

in the near IR are achieved when the silver film are continuous. This is what we observe in figure 6 

a). Below 7.5nm, in particular for 3nm and 6nm, the changes in the R and T spectra don’t correspond 

to a continuous silver film. For these nominal thicknesses, the deposit Ag most likely diffuses locally 

and forms small isolated islands. Reflectivity in the NIR zone, about 1100nm, decreases 

dramatically, indicating that low electron mobility. In addition, in the 500nm range (figure 6 b)), 

large absorption peaks appear, which tend to narrow as the nominal thickness reduces. This 
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unexpected absorption is due to surface plasmon resonance [24] due to nanosized silver particles. 

The percolation thickness, although in the range of 7.5-12nm, is not low and far enough to ensure 

optimum optical response between 8nm and 9nm, i.e. the required silver thickness.   
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Figure 6. a) Reflection and transmittance and b) calculated absorption for different silver thicknesses 

deposited onto polycarbonate substrate.  
 

In figures 7 a) and b) R and T spectra of silver thin “films” are shown, where a seed layer, ITO and 

Cr respectively, had been previously deposited. Comparing with previous silver deposition, both 

graphs show high reflection values in the NIR zone, thus indicating an improvement of silver film 

quality at low thicknesses. In addition, surface plasma resonance peaks are not present, with the 

exception of 3nm thickness spectra with much less intense and wider peak with respect to single 

silver deposition. Therefore, both seed layers may be suitable to reduce the percolation thickness of 

silver and thus increase its uniformity at small thicknesses. Although Cr seed layer seems to reduce 

the percolation more than ITO, in both cases the percolation limit is close, possibly slightly below, to 

6nm. 
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Figure 7. Reflection and transmittance spectra for different deposited effective silver thicknesses and 

different predeposited seed layers a) 2nm ITO and b) 2nm Cr. Percolation thickness is reduced with respect to 
glass or polycarbonate substrate.  

 

After making sure that the silver film is continuous, the final IR solar filter designs A and B were 

realised. To point out the importance of the mechanical requirements of the coatings for lenses, 

design B (multistack with only upper Cr interface layer), although present higher visible 

transmission, had to be discarded because it not pass some of the mechanical tests required (see table 

2). In particular saline test and severe abrasion test. While reinforcing the idea that interface layers 

have to protect the coating, in particular the silver layer, against corrosion and improve adhesion. 

Thereby, only design with interface Cr layer on both silver sides, are mechanical resistant to pass all 

required tests. Because of the double Cr interface with a total nominal thickness of about 5nm, the 
visible transmission is lowered due to an increase of the absorption, while the visible reflection is not 

significantly affected (see figure 5). The measured IR solar filter spectra are shown in figure 8, 

together with the simulated spectra. The corresponding optical parameters are shown in figure 3, 

which come close to the predicted by values using simulation (see table 1).  
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Test Test results design A Test results design B 

Scratch test pass pass 

Adherence test pass pass 

Ageing/Saline test pass no pass 

Ageing/ UV-B test pass pass 

Severe abrasion test pass no pass 

Hydrophobic contact angle (º) pass pass 

 
Table 21. Mechanical tests results of designs A and B 

 

Due to the presence of high absorbing materials in our design, i.e. Cr, it was not possible to realise an 

IR solar filter with very high visible transmittance, able to be applied onto tone A lenses and, of 

course, non-coloured lenses. Further experiments with other possible materials and, possibly, new IR 

solar filter designs have to be searched to achieve high transparency. 

 
Optical Properties Value (%) 

Visible reflection (Rv) 0.57 

Visible transmittance (τv) Tone A 55 

Tone B 44 

Tone C 27 

Tone D 13.5 

Solar transmittance 

in the infrared (τSIR) 
12.8 

     

Table 3. Calculated optical properties of design A.  
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Figure 8. Transmission and reflection spectra of IR solar filter design A. This design, in addition to be an 

effective IR solar filter, fulfills all mechanical and mass production requirements. 
 

4. Conclusions 
In this project we have designed and successfully fabricated an infrared solar filter based on ultra-

thin silver films for ophthalmic lenses. To demonstrate the feasibility of the proposeds structures, 

several optical and mechanical requirements were met. In fact, a trade-off between optical and 

mechanical properties had to be achieved. 

 The spectral behaviour of ultra-thin silver film deposited onto different materials has been 

theoretically and experimentally investigated, showing that when silver growth is below percolation, 

                                                   
1 Although the aim of this paper is not to focus on the test used to assess mechanical and hydrophobic coatings applied on 

lenses, it is necessary to emphasize the importance of compliance with these standard requirements which, in many ways, 
they have conditioned the final design of the IR solar filter for ophthalmic lens. 
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i.e. the film is discontinuous and presents a metal island structure, the NIR reflection decreases while 

new absorption appears in the visible range. These features are related to the reduction in free 

electrons’ mobility and the appearance of localised surface plasmon resonances, respectively.ce. To 
achieve continuous silver film for small thicknesses, as required by the initial design, two interface 

Cr layers on both sides of the silver film were necessary. This geometry also allow passing the 

mechanical and environmental tests, such as saline corrosion and abrasion. 

 During the thesis an IR solar filter with antireflective properties in visible range (RV=0.57%), 

maximum visible transmission (τv) of 55% and solar transmittance in the infrared (τSIR) of 12.8%, 

was demonstrated. This filter has become part of Indo’s product portfolio and is currently produced 

at Indo’s facilities. 
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