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VASE method to extract thickness and refractive index of materials.

In order to find the real thickness and refractive index of WO3 and Ag, we perform 

ellipsometric measurements on three different structures: 1) WO3 single layer deposited on 

glass, named D, 2) WO3/Ag layers deposited on glass, named DM and 3) the WO3/Ag/WO3 

layers deposited on Glass, named DMD. Figure S1 shows the data and fit results for nominal 

thickness of 30 nm, 15 nm and 30 nm for WO3 bottom, Ag and WO3 top layers respectively, in 

the three configurations. The Cauchy and Drude-Lorentz models for WO3 and Ag layers have 

been used to reproduce the 𝜓 and ∆ ellipsometric data, finding excellent fits. The fitting result 

is a thickness of the WO3 bottom of about 32 nm in the D configuration and n=1.85 (see also 

Figure 1b). These thickness and refractive index values have been fixed for fitting the DM 

configuration, where only the Ag thickness and refractive index have been used as free 

parameters in the Drude-Lorentz model. In this case, an Ag thickness of about 14 nm is found 

and the dispersion curves are reported in Figure 1b. Finally, in the DMD configuration, the 

previous values have been fixed while only the WO3 top thickness and refractive index have 

been used as free parameters in the Cauchy model, finding a thickness of about 29 nm and a 

refractive index similar to that of the bottom layer. The same procedure has been replied for the 

other thicknesses.
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Figure. S1: Ellipsometric data and model, at incident angle of 45°, for WO3, WO3/Ag and 

WO3/Ag/WO3 layers deposited on Glass, named D, DM and DMD respectively. 

Figure. S2: Cryo-FIB/SEM image cross-section of DMD40. As we can see, the section of the 

deposited film is composed of layers with a total thickness of about 100 nm in agreement with 

the thickness achieved by ellipsometric measurements (WO3/Ag/WO3, 40 nm/15 nm/40 nm, 

respectively) and, in particular, we can observe a slight difference in contrast in the central part 

of the trilayers, due to the thin Ag layer (15 nm) placed between the two dielectric layers.
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Theoretical model

The s-mode reflection coefficient at the interface 1-2, namely 𝑟12, is opposite to that at 

interface 2-3, namely 𝑟23, giving

𝑟12 = ―𝑟23 = 𝑛𝑐𝑜𝑠𝜃 𝑖 𝑚2 𝑛2𝑠𝑖𝑛2𝜃
𝑛𝑐𝑜𝑠𝜃 𝑖 𝑚2 𝑛2𝑠𝑖𝑛2𝜃

= 𝑒―𝑖2𝜓  (1)

where 𝜃 is the incidence angle from medium 1 (dielectric-bottom) to medium 2 (Ag-layer), 𝑛 

is the refractive index of the dielectric layer and 𝑚 is the imaginary part of refractive index of 

the Ag layer, while 𝜓 = 𝑎𝑟𝑐𝑡𝑎𝑛 𝑚2 𝑛2𝑠𝑖𝑛2𝜃
𝑛𝑐𝑜𝑠𝜃

. 

The reflection coefficient at the interface 3-4, namely 𝑟34 between medium 3 (top 

dielectric) and medium 4 (air) is 

𝑟34 = 𝑛𝑐𝑜𝑠𝜃 1 𝑛2𝑠𝑖𝑛2𝜃
𝑛𝑐𝑜𝑠𝜃 1 𝑛2𝑠𝑖𝑛2𝜃

= 𝜌            𝑖𝑓  𝑛𝑠𝑖𝑛𝜃 < 1
𝑒―𝑖2𝛼   𝑖𝑓 𝑛𝑠𝑖𝑛𝜃 > 1       (2)

where 𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛 𝑛2𝑠𝑖𝑛2𝜃 1
𝑛𝑐𝑜𝑠𝜃

In the case of 𝑛𝑠𝑖𝑛𝜃 > 1 , we have evanescent transmitted waves and the light is almost totally 

back-reflected.

On the contrary, when 𝑛𝑠𝑖𝑛𝜃 < 1, corresponding to the angle range where light is able 

to escape outside the device, we have that the antireflection condition is given by (see ref. [32])

𝑟12 + 𝑟23𝑒𝑖2𝑞2𝑑2 + 𝑟34𝑒𝑖2𝑞2𝑑2𝑒𝑖2𝑞3𝑑3 + 𝑟12𝑟23𝑟34𝑒𝑖2𝑞3𝑑3 = 0      (3)

where 𝑞𝑥𝑑𝑥 = 4𝜋
𝜆 𝑛𝑥𝑑𝑥𝑐𝑜𝑠𝜃𝑥, with 𝑛𝑥, 𝑑𝑥, and 𝜃𝑥 are the refractive index, the thickness of the 

medium 2 or 3 and 𝜃𝑥is the refractive index into the medium 2 or 3. In the case of metal layer 𝑛2

= 𝑖𝑚 is imaginary giving a negative exponential contribution, meaning absorption. In our 

configuration light is coming from the bottom WO3 (medium 1), then being reflected back at 

the interface WO3 bottom-Ag (medium 1-2) giving a Fresnel coefficient 𝑟12,  passes through 

the Ag layer and it is reflected back at interface Ag-WO3 top (medium 2-3), thus contributing 

with the term 𝑟23𝑒𝑖2𝑞2𝑑2. Since 𝑞2 is imaginary due to the refractive index of the metal layer, 

this exponential corresponds to an absorption coefficient given by 𝑒―2|𝑞2|𝑑2. Then light passes 

through WO3-top being reflected at interface 3-4, namely WO3 top-air, giving a contribution 𝑟34

𝑒―2|𝑞2|𝑑2𝑒𝑖2𝑞3𝑑3. The last three-order term came from the multiple reflection inside the layers. 

Therefore, in order to satisfy the antireflection conditions, we obtain from Eq.3 

                         𝑟12 ― 𝑟12𝑒―2|𝑞2|𝑑2 + 𝑟34𝑒𝑖2|𝑞3|𝑑3𝑒―2|𝑞2|𝑑2 ― 𝑟34𝑟12
2𝑒𝑖2|𝑞3|𝑑3 = 0          

from which, taking in account equations 1 and 2,

𝑒―𝑖2𝜓(1 ― 𝑒―2|𝑞2|𝑑2) +𝜌𝑒𝑖2|𝑞3|𝑑3(𝑒―2|𝑞2|𝑑2 ― 𝑒―𝑖4𝜓) = 0             (4)

A simple algebraic manipulation leads to 

(1 ― 𝑒―2|𝑞2|𝑑2)2 = 𝜌2(𝑒―𝑖4𝜓 ― 𝑒―2|𝑞2|𝑑2)(𝑒𝑖4𝜓 ― 𝑒―2|𝑞2|𝑑2)
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1 ― 𝜌2 𝑒―4|𝑞2|𝑑2 + 1 ― 𝜌2 ― 2(1 ― 𝜌2𝑐𝑜𝑠4𝜓)𝑒―2|𝑞2|𝑑2 = 0

From which we can get the absorption coefficient into the metal layer: 

𝑒―2|𝑞2|𝑑2 =
1 ― 𝜌2𝑐𝑜𝑠4𝜓

1 ― 𝜌2 ―
1 ― 𝜌2𝑐𝑜𝑠4𝜓

1 ― 𝜌2 ― 1 = 𝑓

Moreover from eq. 4, we get

𝑒―𝑖2|𝑞3|𝑑3𝑒―𝑖2𝜓(1 ― 𝑒―2|𝑞2|𝑑2) = ―𝜌(𝑒―2|𝑞2|𝑑2 ― 𝑒―𝑖4𝜓)

The real part being

cos(2|𝑞3|𝑑3 ― 2𝜓) 1 ― 𝑓 = 𝜌 𝑐𝑜𝑠4𝜓 ― 𝑓

while the imaginary part is

sin(2|𝑞3|𝑑3 ― 2𝜓) 1 ― 𝑓 = 𝜌𝑠𝑖𝑛4𝜓

From which    

|𝑞3|𝑑3 = ―𝜓 +
1
2 𝑎𝑟𝑐𝑡𝑎𝑛

𝑠𝑖𝑛4𝜓
𝑐𝑜𝑠4𝜓 ― 𝑓

= 𝑔

From these equations, we can get the thickness of the metal and dielectric layers which satisfy 

the antireflection conditions as functions of the incident angle and wavelength, namely:

𝑑2 = 𝑑𝐴𝑔 =
𝜆𝑙𝑛 (1 𝑓)

4𝜋 𝑚2 + 𝑛2𝑠𝑖𝑛2𝜃

𝑑1 = 𝑑3 = 𝑑𝑊𝑂3 =
𝜆𝑔

2𝜋𝑛𝑐𝑜𝑠𝜃

The reason for neglecting the real part of the Ag refractive index is due to the negligible 

contribution on the optical path. Indeed, the phase of the reflected light by Ag and WO3 bottom 

layer is φ′ = 4π
λ cosθ(2nWO3dWO3 + nAgdAg). If we ignore the real part of Ag refractive index 

the phase becomes φ = 4π
λ cosθ(2nWO3dWO3). Therefore, the percentage variation of the phase 

is  φ
′ φ
φ =

nAgdAg

2nWO3dWO3
≈ 0.01, resulting in a variation of just 1%.
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Figure S3: Reflection of p-mode as a function of the dielectric thickness and the angle of the 

light incidence for downward (left) and upward (right) directions.

Figure S4: CRI values for DMD transparent electrode (top emission from OLED) as a function 

of the viewing angle (0°, 30° and 60°). The dashed lines at 80 has been added to evidence the 

very small variation of the CRI value of the DMD as the viewing angle varies. 
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