
Supplementary information 

Optical spectra of ITO/Ag/ITO structure  

Figure S1 shows the influence of Ag thickness on the transmittance, reflectance, and absorption of 

glass/ITO/Ag/ITO. The 20 nm thick Ag thin film shows a better compromise between high transparency in the 

visible and high reflection in the infrared range. 

 

Figure S1 - Transmittance, reflectance, and absorption of IAI coatings with different Ag layer thickness (10, 20 and 30 nm).   

 

Elemental analysis of IAI multilayers 

Helium ions are less efficient at exciting X-rays from materials, due to their lower excitation cross-sections and 

lower penetration in the matter: the excitation of elements in the substrate is much weaker, providing a better 

separation of the X-rays emitted by the elements in the film. Figure S2 shows that the contributions of In and Sn 

are clearly visible in the 40 nm thick ITO film and 20 nm IAI structure deposited onto glass, while that of Ag is 

detected only in the IAI structure. Spectral analysis with the GUPIX software further shows that the corresponding 

In-Sn concentration ratios are similar in both films. The Ca and Si contributions (the latter being well apart at 1.74 

keV, and thus not shown in Figure S2) belong to the glass substrates; no other elements were detected. In addition, 

the substrate was further investigated through 2 MeV proton beams but only substrate glass elements were 

detected. Therefore, one can conclude that these samples have no contaminants at detectable levels. 
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Figure S2 - PIXE spectra from samples of ITO and IAI deposited onto glass (gl-ITO40 and gl-IA20I, respectively), ITO and 

Ag having nominal thickness of 40 nm and 20 nm respectively.  

 

The compositions found by PIXE are consistent with the nominal compositions indicated by the supplier for ITO 

target. As such analysis of the RBS spectra were carried out with the compositions known for ITO and the glass 

used as substrate. Figures S3 depicts the RBS spectra obtained from two samples: ‘gl-ITO40’ made by deposition 



of nominally 40 nm thick ITO onto glass, and ‘gl-IA20I’ made by deposition of nominally 40 nm thick ITO onto 

glass, followed by a sequential deposition of nominally 20 nm thick Ag and 40 nm thick ITO over layers. Spectra 

in Figure S3 A were collected under normal incidence of the ion beam, while spectra in Figure S3 B were collected 

under tilted incidence, at high exiting angle (10º take-off from the surface), to gain sensitivity on the state/quality 

of the interfaces and check the thicknesses. The full lines represent the simulations that best fit the experimental 

data as calculated with the RUMP code. For each sample a unique set of compositions-and-thicknesses adequately 

reproduce all corresponding spectra. Although the compositions found are as specified by the manufacturer for 

the target material, the thicknesses found deviate from the nominal values. However, an important aspect to bear 

in mind is that RBS does not measure true thicknesses (i.e. physical thicknesses). Rather, it measures areal 

densities (atoms/cm2 or μg/cm2), which can be converted into physical thicknesses once densities are known 

(atoms/cm3 or g/cm3). Notice that local inhomogeneities and structural irregularities, such as holes, voids, and 

islands, affect density and thus the physical thickness reported. As such, discrepancies between thicknesses 

reported from the analysis of RBS results and those obtained by methods of direct measurement of physical 

thicknesses provide strong evidence for the occurrence of irregularities like inhomogeneities and/or structural 

defects – holes, voids, islands, etc. – in the analysed materials. The case is that for ITO layers sitting on the glass 

substrate, the surface densities (atoms per cm2) calculated from analysis of the RBS spectra correspond to physical 

thicknesses (~30  2 nm), that are smaller than measured with the stylus profilometre (40  3 nm) if nominal density 

of 7.14 g/cm3 (or 7.821022 atoms/cm3) is taken for ITO; likewise for Ag atop this layer (~10  1 nm vs. 20  4 

nm). It is as if the media densities are smaller than in the bulk materials. This may be an indication of holes, voids, 

or islands in the deposited films. On the contrary the top ITO layer (in gl-IA20I) shows apparently thicker than 

nominal (48  4 nm vs. 40  3 nm). This effect may be explained by filling of the underlying voids and cavities: 

in such case the beam ions effectively probe a larger areal density. Furthermore, part B of Figure S3 clearly shows 

that the RBS spectra change markedly upon large tilts, more so for the thicker gl-IA20I sample: the spectral 

contribution from the ITO elements broadens and its low energy flank spreads significantly. Although the fit 

model still describes adequately the main features of the experimental data – spectral intensities and energy profile 

widths – overall agreement requires that an energy dependent spread is allowed for to get a better fit. Such spread, 

increasing as energy decreases is consistent with rough interfaces, comprising irregularities (holes, voids, islands, 

etc.) that introduce extra scattering and energy spread of the beam particles. 
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Figure S3: RBS spectra from samples of ITO and IAI deposited on glass (gl-ITO40 and gl-IA20I, respectively) under 0º (A), 

and 40 (B) incidence (exit angle 80º), ITO and Ag having nominal thicknesses of 40 nm and 20 nm, respectively. Notice (in 

B) the significant spectral broadening and the particularly large spread of the low energy flank (0.9-1.1 MeV) in the case of 

the thicker gl-IA20I sample. Simulation/fit curves are ploted with red solid lines and the expected positions of the elements 

(sitting at the surface) are indicated by arrows. 

 

Morphology of silver layer and IAI multilayer 

Additional information about the influence of Ag thickness on the surface morphology of glass/ITO/Ag/ITO top 

layer and Ag layer can be observed in the SEM images of Figure S4 (first two columns) and compared with the 

surface roughness of Ag film with the same thickness deposited on glass substrate. The AFM analyses of Ag 

layers on glass reveal a smooth surface independent of thickness. The root mean square roughness (RMS) values 

are ~1.4 nm, ~2.1 nm and ~1.8 nm for 10 nm, 20 nm and 30 nm of Ag thickness, respectively. However, the top 

raw of SEM images show that samples with an Ag layer of 10 nm have several agglomerates with possible empty 

spaces in between. This was also observed in previous work, the very thin Ag nucleates in small clusters and then 

the films start growing from there 12. Indeed, SEM images of 20 nm and 30 nm Ag films show very small grains 

but form a like-continuous film. This agrees with the transmittance values presented in Figure S4.  

 

Figure S4 – Influence of Ag thickness in the surface morphology of glass/ITO/Ag/ITO top layer and glass/Ag samples. SEM 

images display the surface morphology of the top ITO layer in the IAI structure, and the AFM maps show the surface roughness 

of Ag layers deposited on glass. 



Optical spectra of AZO/ITO/Ag/ITO structure 

The influence of Ag thickness on the transmittance, reflectance and absorption of glass/AZO/ITO/Ag/ITO 

samples is shown in Figure S5. The most important evidence is a drastic decrease in transmittance for Ag thickness 

around 30 nm corresponding to a reflector behaviour of this structure. For the 20 nm Ag thickness, the one used 

in the thermoelectric studies, the structure has a low reflectance in the visible region of the spectra which increases 

for infrared region, and the transmittance has the opposite behaviour (high in the visible range and low in the 

infrared region). The absorption is 20% in the visible range and 10% in the infrared range. 

 

Figure S5 - Transmittance, reflectance and absorption of glass/AZO/IAI with three different thickness of Ag layer (10, 20 

and 30 nm). 

Optical band gap 

The band gap was determined for the ITO and AZO individual layers and for the multilayer IAI structures on 

glass (with and without AZO layer). The graphs of Figure S6 shows the plot of (h)2 versus photons energy and 

the respective linear regression considered for obtaining the optical band gap from Tauc’s plot 3, (h)1/n =A(h-

Eg), where h is the Planch’s constant,  is the photon’s frequency,  is the absorption coefficient, Eg is the optical 

band gap and A is a proportionality constant. Depending on the optical absorption strength the band gap can vary 

with n = 1/2 for direct allowed transitions, n = 3/2 for direct forbidden transitions, n = 2 for indirect allowed 

transitions, and n = 3 for indirect forbidden transitions. For oxide materials the transitions are mostly direct 

allowed transitions. 



 

Figure S6 - Tauc’s plot of ITO (A), AZO (B), IAI (C) and AZO/IAI (D) samples.  

Optical properties of AZO and AZO/ITO/Ag/ITO structure 

Figure S7 shows the potential for configuration 2 (shown in figure 6 A) and the sum voltage corresponding to 

configurations 1 and 3, and likewise for configuration 1 and 4, evidencing that configuration 2 combines the 

thermoelectric effect (in configuration 3 or 4) with configuration 1.   

 

Figure S7– Potential versus temperature of substrate for configuration 2 (AZO/IAI sample heated and AZO at 

RT); sum of voltage of configuration 1 (whole sample heated uniformly) and 3 (AZO heated and AZO/IAI at RT 

and 1 + 4 (half of the entire sample heated and half cooled). 

 

 

 

 



Optical properties of AZO and AZO/ITO/Ag/ITO structure 

Table S1 - Transmittance, reflectance, and absorption of AZO and AZO/IAI samples, for the wavelengths corresponding to 

the emission peaks of the IR (1000 nm) and UV (365 nm) lamps used in the light test chamber. 

 %T365 nm %R365 nm %A365 nm  %T 1000 nm %R 1000 nm %A 1000 nm 

AZO 5 22 73  71 29 0 

AZO/IAI 3 29 68  38 47 15 

Optical properties of the materials used to filter the light: Black/white papers and Kapton film 

White and black papers as well as Kapton film were used to reflect, absorb or filter the sun radiation on the 

samples of Figure 7. The reflectance spectra of white paper, the absorption spectra of black paper and the 

absorption band of Kapton film were measured and shown in the Figure S8. These confirm a high reflectance of 

white paper, and a high absorption for the black paper, both in the entire spectral region, and high absorption in 

the UV region for the Kapton film (for higher wavelengths, i. e. after 400 nm, the absorption is almost null). 

 

 

Figure S8 – Reflectance of white paper (A), absorption of Kapton® film (B) and black paper (C). 

Kelvin probe force microscopy (KPFM) 

Kelvin probe force microscoy allows obtaining surface topography, morphology, roughness, surface potential and 

phase without contacting the sample 4. The obtained maps for the individual samples and multilayers IAI and 

AZO/IAI are shown in Figure S9. KPFM measures a contact potential difference (CPD) between the sample 

surface and the tip, that is, the difference between the work-function of the material and the probe 5. Therefore, it 

is possible to check if the surface potential is uniform all over the surface and compare it between samples to 

understand any possible difference of work-functions. The CPD map of individual AZO, ITO, and Ag layers are 

quite different, it ranges between 0.28 V and 0.36 V for AZO, 0.09 V and 0.17 V for ITO and -0.17 V and -0.1 V 

for Ag. For the multilayers ITO-Ag-ITO CPD ranges between -0.172 V and -0.1 V while for AZO/ITO-Ag-ITO 

is between 0.07V and 0.15 V. Thus, IAI structure CPD seems to be dominated by the Ag work function and AZO-

IAI by the ITO work function. Due to work-function differences between AZO and AZO/IAI sides was expected 

a Schottky like-barrier in the range of 0.21V, also in agreement with expected work-function of silver, around 

4.3-4.7 eV 6 and AZO or ITO 7 between 4.4-4.7 eV 7 8. The maps also confirm the uniformity of films either 

compositions (given by phase) or surface roughness (given by topography). 
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Figure S9 – Kelvin probe force microscopy performed on individual AZO, ITO, Ag layers and IAI, AZO/IAI multilayers, 

and the corresponding amplitude, topography, contact potential difference (CPD) and phase map. 
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