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Abstract

:

In this study, indium–tin oxide (ITO)/Nb-doping TiO2 (TNO) double-layer transparent conductive oxide (TCO) films deposited using DC magnetron sputtering were used as a surface anti-reflection layer with an overall thickness of 100 nm for double-layer films. The simulated results showed that ITO and TNO thickness combinations of 90 nm/10 nm, 80 nm/20 nm, and 70 nm/30 nm had a higher transmittance and lower reflectance than others in the visible wavelength range. Compared to the single-layer ITO films, for ITO/TNO films deposited on the glass and silicon substrates with an optimum thickness of 80/20 nm, the reflectance was reduced by 5.06% and 4.63%, respectively, at the central wavelength of 550 nm and crystalline silicon photo response wavelength of 900 nm. Moreover, the near-infrared reflectance of the double-layer ITO/TNO with thickness combinations of 90 nm/10 nm, 80 nm/20 nm, and 70 nm/30 nm, when deposited on silicon substrates, was obviously improved by the graded refractive index lamination effect of air (1)/ITO (1.98)/TNO (2.41)/Si (3.9).
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1. Introduction


The development of transparent conducting oxides (TCOs) has led to the evolution of a variety of optoelectronic devices, such as flat panel displays (FPDs), touch panels, and Si-based solar cells [1,2]. In new devices, including organic light-emitting diodes (OLEDs), copper indium gallium diselenide (CIGS) solar cells, and GaN-based blue LEDs, TCOs have been key materials. At present, In2-xSnxO3 (indium-tin oxide (ITO)) is the most widely used TCO because of its excellent transparent conducting properties [3,4] and its ease of fabrication. However, there is still a strong demand for new TCOs. This is due to the industrial need for high-efficiency optoelectronic devices. The properties of TCO greatly improve device performance by adopting a TCO whose refractive index matches that of the substrate. Furthermore, appropriate TCOs with high transmittance in the infrared region improve the efficiency of solar cells and OLEDs. A new TCO, anatase Ti1-xNbxO2 (TNO) [5,6], has similar electrical and optical properties to ITO. TNO has properties that ITO does not possess, such as a high refractive index, high transmission in the infrared region, and high chemical stability in the reduction of the atmosphere. The recombination of electrons and optical losses of the transparent conducting oxide (TCO) is one of the most serious issues in solar cells. It can be achieved using a suitable anti-reflection layer and contact coverage. Double-layer antireflective coatings based on a combination of silicon nitride (SiN) and silicon oxide SiO2 result in a reflectance of 0.044, based on an AM I.5 photon flux ranging from 300 to 1150 nm [7]. Turkoglu et al. [8] recently represented the optimization of Zinc Tin Oxide/Silver/Zinc Tin Oxide (ZTO/Ag/ZTO) multilayers and implemented them in thin film solar cells as transparent electrodes. An electrical and optical characterization of these multilayers revealed that reduced sheet resistance and improved optical transmittance can be acquired for solar cells by the optimization of thin film thicknesses and position of the Ag within the multilayer.



Literature reviews on the application of double layers of TCOs on solar cells as an anti-reflection coating will be described in this paragraph. Ngaffo et al. [9] reported that although the single-layer ITO film has high transmittance, the transmittance of the double-layer ITO/TiO2 films using reactive pulsed laser ablation deposition (RPLAD) is higher than the single ITO films in the UV-visible region. They reported that the refractive index (n) dependence on λ for TiO2 films, annealed at 300 and 500 °C for TiO2 films deposited at 400 °C, increased with the post-annealing temperature. The n for TiO2 film annealed at 500 °C is close to that of the anatase phase. In a study of double-layer ITO/TiO2 films, TiO2 film was deposited on ITO film, revealing that a low IR transmittance leads to high IR reflectance, which is a desirable feature in window layer coatings, especially for applications in energy-efficient windows for solar cells [9,10]. Mardare et al. [11] reported that TiO2/ITO films have been deposited onto glass in order to obtain visible-transmitting but solar-heat-reflecting coatings. TiO2 doping with Ce, Nb, and Fe on ITO films achieves a higher transmittance in the visible range and a combined effect of dopants and substrate determined an increase in the reflectance and a decrease in the transmittance in the near-infrared (NIR) range. The effect is that the NIR optical transmittance of the ensemble TiO2/ITO films can be modified. Noh et al. reported that Nb-doped TiO2 (TNO) layers deposited on conventional ITO substrates using pulsed laser deposition (PLD) enhanced the optical-to-electrical conversion efficiency of the dye-sensitized solar cells (DSSCs) by as much as 17% compared to that of bare ITO-based DSSCs. The electrical properties and J-V characteristics of the multilayered TNO/ITO films showed that the improved cell performance was due to the electrons passing through the interface between TNO and ITO using the tunneling effect that resulted from the formation of an ohmic contact with ITO [12]. However, TNO/ITO substrates exhibit lower transmittances at wavelengths longer than 550 nm compared to the bare-ITO substrate, which leads to a decrease in the effective number of incident photons. In general, the front TCO layer is a source of significant optical and electrical losses in silicon heterojunction solar cells because of the trade-off between free-carrier absorption and sheet resistance. Barraud et al. [13] reported that sputtered hydrogen-doped indium oxide (IO:H)/ITO bilayers with a thickness of 110 nm had low contact resistance, sheet resistance, and free-carrier absorption, outperforming IO:H-only or ITO-only layers in solar cells. Feldmann et al. [14] applied ITO/AZO double-layer TCO films with a thickness combination of 55/20 nm to heterojunction crystalline solar cells as an anti-reflection layer on the surface. The reflectance can be decreased by using such multiple layers with high and low refractive index values; it was concluded that the double-layer TCO film is suitable for use in a crystalline solar cell. However, the resistivity of AZO films increased with a further increase in the substrate temperature to 350 °C as a result of the decrease in carrier concentration and mobility [15]. However, few studies focusing on the effects that double-layer lamination of ITO/TNO TCOs with different thickness combinations on the optical and electric characteristics have been reported. In this work, a chemically stable and non-toxic material TNO with a wide band gap and higher refractive index was chosen to replace AZO films as the anti-reflection layers of the silicon solar cells using ITO and TNO double-layer TCOs with low and high refractive indices. Compared to the single-layer ITO films, in ITO/TNO films with an optimum thickness of 80/20 nm deposited on the glass and silicon substrates, the reflectance is clearly reduced as a result of the graded refractive index lamination effect. At first, the experimental conditions of the single-layer TNO and ITO films deposited on glass substrates were determined to optimize optoelectronic characteristics of the TCO films. Then, to achieve the graded refractive index lamination effect of air (1)/ITO (1.98)/TNO (2.41)/glass (1.52), optical parameters were used for a Macleod optical simulation of double-layer lamination with various film thicknesses, with the overall thickness of double-layer films being 100 nm. Finally, double layers of ITO and TNO films with the mentioned thickness combination were deposited on the respective glass and silicon substrates to achieve the optimum optical and electric characteristics. The experimental results indicate that the combination of double-layer ITO/TNO thickness and 80/20 nm provides sufficient lateral conductivity and reduces the front surface reflection on the silicon substrate.




2. Materials and Methods


First of all, TNO films were deposited on Eagle XG glass substrates at room temperature using a nominal composition of Ti0.94Nb0.06O2 (purity, 99.99%) ceramic target with a 3 in. diameter. TNO films were prepared using a direct-current (dc) magnetron sputtering system (LJ-UHV LJ-303CL) at a fixed deposition power of 175 W. The background pressure in the sputtering system was 4 × 10−4 Pa and the process pressure was 0.67 Pa. The flow rate of the Ar and O2 gas mixture was fixed at 40 sccm, in which the oxygen (O2) flow ratios varied from 0.1% to 0.3% to find the optimum optoelectronic properties of TNO films. After TNO deposition, the samples were annealed for 1 h using a horizontal annealing furnace tube at a vacuum pressure of 0.4 Pa at temperatures varying from 400 °C to 600 °C. Afterwards, ITO films were deposited on SCHOTT B270 glass substrates at room temperature using a nominal composition of (Sn2O3: In2O3 = 10 wt%: 90 wt%, target purity: 99.99%) ceramic target with an 8 in. diameter. ITO films were deposited by dc magnetron sputtering system (GENCOA SW/PP300) at room temperature, in which the deposition power density was fixed at 0.54 W/cm2. The background pressure in the sputtering system was 4 × 10−4 Pa and process pressure was 0.267 Pa. The flow rate of Ar was fixed at 20 sccm, and O2 flow rates varied from 0 to 0.6 sccm to find the optimum transmittance and resistivity of ITO films. In order to improve the transmittance and electrical conductivity of ITO films, the hydrogen (H2) flow rate was added, ranging from 0 to 0.3 sccm. The crystallinity of TNO films was also investigated using grazing incidence X-ray diffraction (GIXRD) (PANalytical X’Pert Pro) analysis with a Ni-filtered Cu Kα (λ = 1.5418 Å) source at a glancing incident angle of 1°. The scanning range was between 2θ = 20° and 80°. The film thickness, refractive index, and extinction coefficient were examined and fitted by using a spectroscopic ellipsometer (SE) (M-2000U) and CompleteEASE software (J. A. Woollam Co., Inc., Lincoln County, NE, USA), respectively. The measurement was carried out in the wavelength range of 370–1000 nm at the incident angles of 50°, 60°, and 70°. The optical transmittance (T%) and reflectance (R%) spectra of these films were scanned in the wavelength (λ) range of 340–1200 nm using a UV–visible spectrophotometer (LAMBDA UV Lambda 900). The film resistivity was performed by the four-point probe method using 3S, MFP series (Swin). Optical coating design and simulations with the Essential Macleod (Thin Film Center Inc., Tucson, AZ, USA) were carried out using the refractive indices (n) and extinction coefficients (k) of the mentioned ITO and TNO experiments after optimizing optoelectronic properties. The trends of transmittance and reflectance spectra in the wavelengths (λ) range of 350–1000 nm for double-layer ITO/TNO thickness combinations of 100/0, 90/10, 80/20, 70/30 and 60/40 nm were simulated. In addition, the optical designed layers from the top surface were a medium, ITO, TNO, and substrate in sequence, and the refractive indices of the air medium and the glass substrate are set as 1.0 and 1.52, respectively. Figure 1 shows the schematic figure of double-layer ITO/TNO on the glass substrate and the direction of light used in this study. Finally, the aforementioned thickness combination of double-layer ITO/TNO films was deposited on the respective glass and silicon substrates, and ITO films were deposited on the TNO film by controlling the overall thickness of 100 nm. The optical transmittance (T%), reflectance (R%) spectra, and film resistivity of double-layer ITO/TNO films were measured to find the optimum thickness combination. The methods of measuring and fitting the film thickness of the ITO/TNO bilayer film are as follows.



First, measure the thickness data of the first layer of the TNO film, and use the effective medium approximation (EMA) model with Cauchy equation to fit the film thickness, refractive index, and extinction coefficient. The formula is as follows [16,17]:


n(λ) = A + B/λ2 + C/λ4



(1)




where n is the refractive index, λ is the wavelength, and A, B, and C are coefficients that can be determined for a material by fitting the equation to measured refractive indices at known wavelengths.


  k ( λ ) = α ·  e   β      12,400     1 / λ –   1 / γ          



(2)




where α, β, and γ are coefficients that can be determined for a material by fitting the equation to the measured extinction coefficient at known wavelengths. Then, the substrate data and TNO film data were fixed to use these values to find the fitting parameters of the second layer of the ITO film (the n value varies slightly, between about 1.8 and 2.1).




3. Results and Discussion


3.1. TNO Films by Changing O2 Ratios and Annealing Temperature


Figure 2a shows the XRD patterns of the TNO films deposited at various powers with an O2 ratio of 0.1% and annealed at a temperature of 600 °C. Figure 2b,c show the XRD patterns of the TNO films deposited at a power of 175 W with the O2 ratio of 0.1% and 0.2%, respectively, and annealed at various temperatures. As shown in Figure 1, all films presented the mixed crystalline phases between anatase TiO2 (JCPDS file no. 21-1272) and Nb2O5 (JCPDS file no. 43-1042). All the samples exhibit A(1 0 1) as their preferred orientation. The A(1 0 1) and A(2 0 0) dominated peaks, which confirm the TiO2 structure can show the crystallite quality of samples [18,19]. Previous results [20] showed that when the deposition power increased, the average transmittance (Tavg.) in the visible light wavelength range of 400–800 nm and the average refractive index (navg.) increased. Moreover, the resistivity of TNO films decreased as the deposition power and annealing temperature increased, which could be ascribed to the grain growth of the anatase TiO2 crystalline phase measured from XRD spectra of TNO thin films, as shown in Figure 2a,b. Fallah et al. [19] confirmed that oxygen in the annealing process plays an important role in the optical transparency and electrical conductivity of TNO thin films, so gradual vacuum annealing could offer TNO thin films a chance to obtain better nucleation and more desired crystallites in the anatase TiO2 crystalline phase. The optical and resistivity properties of TNO films by changing O2 ratios and annealing temperatures at a fixed deposition power of 175 W are summarized in Table 1. The Tavg of TNO films deposited at an O2 ratio of 0.1% decreased from 78.2% to 72.3%, and the resistivity decreased from 4.4 × 103 Ω·cm to 3.4 × 10−3 Ω·cm as the annealing temperature increased. Neither the Tavg. nor resistivity of TNO films deposited at an O2 ratio of 0.2% significantly decrease as the annealing temperature increases. The lowest resistivity of TNO films is 1.8 × 10−3 Ω·cm at an annealing temperature of 400 °C. This is ascribed to the significant grain growth of the anatase TiO2 crystalline phase measured using the XRD spectra of TNO thin films deposited at the O2 ratio of 0.2% and annealing at 400 °C, as shown in Figure 2c. Although both the average transmittance and refractive index of TNO films deposited at the O2 ratio of 0.3% increased, the resistivity rose between −2.2 × 10−2 and 4.5 Ω·cm at different annealing temperatures. Figure 3a shows the transmittance and reflectance spectra for TNO films deposited at an O2 ratio of 0.2% as a function of wavelength with various annealing temperatures. Figure 3b,c show the fitted refractive index (n) and extinction coefficient (k) of TNO films deposited at an O2 ratio of 0.2% with various annealing temperatures as a function of wavelength, respectively. The refractive index and extinction coefficient of the TNO films maintained a fixed value with various annealing temperatures, except the extinction coefficient of the TNO films annealed at 600 °C slightly increased.




3.2. ITO Films Deposited by Changing O2 Flow Rates and at Various H2 Flows


The optical and resistivity properties of ITO films by changing O2 flow rates are summarized in Table 2. As the oxygen flow increased, the Tavg of ITO films increased, and the deposition rate and resistivity decreased. navg does not change much when the oxygen flow is between 0 and 0.4 sccm, but navg. tends to increase when the O2 flow rate is between 0.5 and 0.6 sccm. Table 2 shows that the O2 flow rates with the best transmittance and electrical conductivity are 0.3 and 0.4 sccm. Figure 4a shows the transmittance and reflectance spectra of ITO films deposited at various hydrogen flows at an oxygen flow of 0.3 sccm as a function of wavelength. The Tavg. slightly increased in ITO films, to the saturation value of 81.6%, and the resistivity of ITO films gradually decreased to 3 × 10−4 Ω·cm at a hydrogen flow of 0.3 sccm. Zhang et al. [21] developed low-temperature deposition of thin films of ITO prepared by the radio frequency magnetron sputtering method by introducing H2 into the sputtering gas mixture during the film preparation. The presence of H2 gas in the sputtering processes was also shown to increase the number of charge carriers in the ITO films. At optimal deposition conditions, thin films of ITO were achieved, with a resistivity of 4.66 × 10−4 Ω·cm and an optical transmission of over 86% in the visible spectrum range. The relatively low film resistivity was attributed to the increased oxygen deficiency. Figure 4b,c show the fitted refractive index (n) and extinction coefficient (k) of ITO films deposited at various hydrogen flows at an oxygen flow of 0.3 sccm as a function of wavelength, respectively. The refractive index of the ITO films deposited at various hydrogen flows maintained a fixed value. The extinction coefficient of the ITO films gradually decreased as the hydrogen flows increased.




3.3. Simulated and Experimental Results of Double-Layer ITO/TNO with Different Thickness Combination


Using refractive indices (n) and extinction coefficients (k) of ITO and TNO films with optimized optoelectronic properties, the optical design and simulation of the double-layer anti-reflection films were carried out. Optimum optical results of the single-layer TNO and ITO films and experimental conditions with a thickness of 100 nm deposited on glass substrate are shown in Table 3. The average transmittance (Tavg.(%)), average reflectance (Ravg.(%)), refractive index (navg.), and extinction coefficient (kavg.) were calculated in the wavelength range of 400–800 nm. To achieve the graded refractive index lamination effect of Air (1)/ITO (1.98)/TNO (2.41)/Glass (1.52), the parameters listed in Table 3 were used for a Macleod optical simulation of double-layer lamination with varying film thicknesses. Double-layer ITO/TNO was adopted for the anti-reflection layers in this study. The overall thickness for optical simulation was 100 nm. Figure 5a shows the simulated transmittance and reflectance spectra of double-layer ITO/TNO with different thickness combinations on the glass substrates as a function of wavelength. Double-layer ITO/TNO had a higher transmittance and a lower reflectance than the single-layer ITO in the visible wavelength range of 450–650 nm. Figure 5b shows the corresponding absorpance (A) spectra in the wavelength range of 350–1000 nm, calculated from the equation A = 1 − (T + R), in which T and R are the respective transmittance and reflectance, as shown in Figure 5a. Double-layer ITO/TNO had a lower absorptance than the single-layer ITO for all the simulated wavelengths. Figure 5c shows the corresponding simulated average transmittance, reflectance, and absorptance in the wavelength range of 400–800 nm. The results showed that ITO and TNO thickness combination with 90 nm/10 nm, 80 nm/20 nm, and 70 nm/30 nm achieved higher transmittance and lower reflectance than others in the visible wavelength range. Moreover, the average absorptance gradually decreased as the thickness of the TNO film increased, which is ascribed to the lower extinction coefficient of the TNO film. Double layers of ITO and TNO films used to experiment with the mentioned thickness combination will be conducted as follows.



Figure 6a shows the experimental transmittance and reflectance spectra of double-layer ITO/TNO with different thickness combinations on glass substrates as a function of wavelength. The experimental results show that double-layer ITO/TNO had a higher transmittance and lower reflectance than the single-layer ITO in the visible wavelength range of 450–650 nm, except for 60/40 nm double-layer stacks. The results show that the double layer with 80 nm ITO and 20 nm TNO had the highest transmittance and the lowest reflectance, with the same tendency as the simulated result, as shown in Figure 6c. According to the equation of the optical thickness of   nd =  1 4   λ 0    (where n is the refractive index, d is the film thickness, λ0 is the central wavelength 550 nm), an ITO thickness of around 70–80 nm revealed the lowest reflectance from the double-layer combination. Figure 6b shows the corresponding absorptance (A) in the wavelength range of 350–1200 nm, calculated from the equation A = 1 − (T + R). In addition, the absorptance in the wavelength of 350–400 nm increased abruptly, by 10%, and was below 10% in the wavelength of 400–1200 nm. However, ITO/TNO (60/40 nm) had the highest absorptance of 5% in the wavelength range of 400–800 nm, as shown in Figure 5c. According to the equation of the optical thickness of   nd =  1 4   λ 0   ,    n 2  =  n  Si    n 0    where n is the refractive index, d is the film thickness, λ0 is the central wavelength 550 nm,    n 0  = 1  ,    n  Si   = 3.9  , the ITO thickness at around 70–80 nm reveals the lowest reflectance when the film refractive index is 1.97. From the double-layer ITO/TNO thickness combination of 60/40 nm, the R% abruptly increased (2.95%) and T% largely decreased (~5.9%); as a result, the absorption abruptly increased (~2.95%) compared to the double-layer ITO/TNO thickness combination of 70/30 nm, as shown in Figure 6c. Figure 7 shows trends in experimental reflectance (R%) at the center wavelength of 550 nm and resistivity for double-layer ITO/TNO with different thickness combinations deposited on the glass substrates. The resistivity of double-layer ITO/TNO films gradually increased with an increase in the thickness of TNO films. Compared with the ITO monolayer deposited on the glass substrate, the reflectance at the center wavelength of 550 nm is 16.1%, and the resistivity is 3.4 × 10−4 Ω·cm. The double-layer ITO/TNO thickness combination at 80/20 nm had the lowest reflectance of 11.06% and a good resistivity of 4.85 × 10−4 Ω·cm.



To compare graded refractive index lamination effects of Air (1)/ITO (1.98)/TNO (2.41) on the glass substrate, a double-layer ITO/TNO with different thickness combinations was deposited on silicon substrates. Figure 8a shows the reflectance spectra of double-layer ITO/TNO with different thickness combinations, deposited on silicon substrates as a function of the wavelength. The results indicated that, in the visible wavelength ranges of the 400~800 nm band, the reflectance on the silicon substrate is significantly greater than those on the glass substrate, whereas the reflectance on the silicon substrate in the near-infrared region decreased. The respective R% at the central wavelength of 550 nm and at a crystalline silicon photo response wavelength of 900 nm for double-layer ITO/TNO with different thickness combinations, deposited on glass and silicon substrates, are summarized in Table 4. The reflectance of the double-layer ITO/TNO thickness combination with 90 nm/10 nm, 80 nm/20 nm, and 70 nm/30 nm, deposited on the silicon substrate, decreased by less than 1% at a wavelength of 900 nm, and these three thickness combinations showed a better anti-reflection effect in the near-infrared region. However, at the central wavelength of 550 nm, the lowest reflectance on silicon substrates was 17.40% when the thickness combination of ITO and TNO films was 70 nm and 30 nm, respectively, and the lowest reflectance on glass substrates was 11.06% when the thickness combination of ITO and TNO films was 80 nm and 20 nm, respectively, as shown in Table 4. The best photon absorption wavelength for a single crystalline silicon solar cell was 900 nm for 300 nm−1200 nm [22]. Compared to the single-layer ITO films, with the double-layer ITO/TNO thickness combination with 80/20 nm, the reflectance on the glass substrate is reduced by 5.06% at a central wavelength of 550 nm and reflectance on the silicon substrate is reduced by 4.63% at a crystalline silicon photo response wavelength of 900 nm. Figure 8b depicts a schematic diagram of double-layer ITO/TNO on the silicon substrate. According to differences in the refractive index between Si (n = 3.9) and glass (n = 1.52), the near-infrared reflectance of double-layer ITO/TNO thickness combination with 80 nm/20 nm and 70 nm/30 nm, deposited on silicon substrates, decreased by less than 1% in Table 4, which is ascribed to the graded refractive index lamination effect of air (1)/ITO (1.98)/TNO (2.41)/Si (3.9).





4. Conclusions


In this study, the optical and resistivity properties of the TNO films were optimized by changing O2 ratios and annealing temperatures at a fixed dc power of 175 W, and the optimum optical and electric characteristics of the ITO films were prepared by the dc magnetron sputtering method by introducing oxygen and hydrogen into the sputtering gas mixture during the film preparation. To achieve the graded refractive index lamination effect of air (1)/ITO (1.98)/TNO (2.41)/glass (1.52), optical parameters were used for the Macleod optical simulation of double-layer lamination with varying film thicknesses; the overall thickness of double-layer films is 100 nm. Simulated results showed that ITO and TNO thickness combination with 90 nm/10 nm, 80 nm/20 nm, and 70 nm/30 nm had higher transmittance and lower reflectance than others in the visible wavelength range. Compared with the ITO monolayer deposited on the glass substrate, the reflectance at the center wavelength of 550 nm is 16.1%, and the resistivity is 3.4 × 10−4 Ω·cm. The double-layer ITO/TNO thickness combination at 80/20 nm has the lowest reflectance of 11.06% and has a good resistivity of 4.85 × 10−4 Ω·cm. Compared to the single-layer ITO films, with a double-layer ITO/TNO thickness combination with 80/20 nm, the reflectance on the glass substrate is reduced by 5.06% at a central wavelength of 550 nm and the reflectance on the silicon substrate is reduced by 4.63% at a crystalline silicon photo response wavelength of 900 nm. The near-infrared reflectance of double-layer ITO/TNO thickness combination with 90 nm/10 nm, 80 nm/20 nm, and 70 nm/30 nm deposited on silicon substrates was improved by the graded refractive index lamination effect of Air (1)/ITO (1.98)/TNO (2.41)/Si (3.9). The experimental results indicate that the double-layer ITO/TNO thickness combined with 80/20 nm provides sufficient lateral conductivity and obviously reduces the front surface reflection for silicon solar cells.
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Figure 1. Schematic diagram of double-layer indium-tin oxide (ITO)/ Ti1-xNbxO2 (TNO) on the glass substrate and the direction of light. 
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Figure 2. XRD patterns of TNO films (a) deposited at various powers with an O2 ratio of 0.1% and annealed at a temperature of 600 °C, and deposited at a power of 175 W with O2 ratio at (b) 0.1%, (c) 0.2% and annealed at various temperatures. RT is the samples as deposited at the room temperature. 






Figure 2. XRD patterns of TNO films (a) deposited at various powers with an O2 ratio of 0.1% and annealed at a temperature of 600 °C, and deposited at a power of 175 W with O2 ratio at (b) 0.1%, (c) 0.2% and annealed at various temperatures. RT is the samples as deposited at the room temperature.
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Figure 3. (a) Transmittance and reflection spectra, (b) the fitted refractive index (n) and (c) extinction coefficient (k) of TNO films deposited at O2 ratio of 0.2% with various annealing temperatures as a function of wavelength. 
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Figure 4. (a) Transmittance and reflection spectra, (b) the fitted refractive index (n) and (c) extinction coefficient (k) of ITO films deposited at various hydrogen flows at an oxygen flow of 0.3 sccm as a function of wavelength. 
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Figure 5. (a) Macleod simulated transmittance and reflectance spectra of double-layer ITO/TNO with different thickness combinations on the glass substrates as a function of wavelength, (b) corresponding absorptance spectra, and (c) corresponding simulated average transmittance, reflectance, and absorptance in the wavelength range of 400–800 nm. 
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Figure 6. (a) Experimental transmittance and reflectance spectra of double-layer ITO/TNO with different thickness combinations on the glass substrates as a function of wavelength; (b) corresponding absorptance spectra; (c) corresponding average transmittance, reflectance, and absorptance in the wavelength range of 400–800 nm. 
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Figure 7. Trends of reflectance at the center wavelength of 550 nm and resistivity for double-layer ITO/TNO with different thickness combinations deposited on the glass substrates. 
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Figure 8. (a). Reflectance spectra of double-layer ITO/TNO with different thickness combinations deposited on the silicon substrate as a function of wavelengths. (b) Schematic diagram of double-layer ITO/TNO on the silicon substrate explains the graded refractive index lamination effect. 
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Table 1. Optical and resistivity properties of TNO films by changing O2 ratios and annealing temperatures at a fixed deposition power of 175 W.
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	fO2 (%)
	Annealing Temperature (°C)
	Tavg, (%) 1
	Refractive Index, navg. 1
	Extinction Coefficient, kavg. 1
	Resistivity

(Ω·cm)





	0.1
	400
	78.2
	2.41
	0.016
	4.4 × 103



	0.1
	500
	75
	2.43
	0.029
	1.1 × 10−1



	0.1
	600
	72.3
	2.39
	0.041
	3.4 × 10−3



	0.2
	400
	76.9
	2.41
	0.0005
	1.8 × 10−3



	0.2
	500
	74.1
	2.41
	0.0005
	6.4 × 10−3



	0.2
	600
	74.9
	2.42
	0.0009
	2.3 × 10−3



	0.3
	400
	79.2
	2.48
	0.007
	4.5 × 100



	0.3
	500
	77.5
	2.49
	0.002
	8.2 × 10−1



	0.3
	600
	76.1
	2.45
	0.0001
	2.2 × 10−2







1 Tavg., navg, and kavg are averaged over the visible wavelength range of 400–800 nm.
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Table 2. Optical and resistivity properties of ITO films by changing O2 flow rates.
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	O2 (sccm)
	Deposition Rate (nm/s)
	Tavg.(%) 1
	Refractive Index, navg 1
	Extinction Coefficient, kavg 1
	Resistivity

(Ω·cm)





	0
	0.72
	72.1
	2.03
	0.07
	1.1 × 10−3



	0.1
	0.78
	75.2
	2.0
	0.03
	5.5 × 10−4



	0.3
	0.76
	78.3
	2.01
	0.03
	4.6 × 10−4



	0.4
	0.74
	77.5
	2.02
	0.01
	4.5 × 10−4



	0.5
	0.72
	75.6
	2.05
	0.02
	5.3 × 10−4



	0.6
	0.69
	75.3
	2.08
	0.02
	1.1 × 10−3







1 Tavg., navg, and kavg are averaged over the visible wavelength range of 400–800 nm.
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Table 3. Optimum optical experimental result of the respective single-layer ITO and TNO.
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	Materials
	Tavg. (%)
	Ravg. (%)
	Refractive Index, navg.
	Extinction Coefficient, kavg.





	TNO (Ti:Nb = 94 at%:6 at%)
	76.9
	19.7
	2.41
	0.0005



	ITO (Sn2O3:In2O3 = 10 wt%:90 wt%)
	81.6
	17.6
	1.98
	0.04
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Table 4. Respective R% at the central wavelength of 550 nm and at crystalline silicon photo response wavelength of 900 nm for double-layer ITO/TNO with different thickness combinations deposited on glass and silicon substrates.
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	ITO/TNO

Thickness (nm)
	R% on Glass at 550 nm
	R% on Si

at 550 nm
	R% on Glass

at 900 nm
	R% on Si

at 900 nm





	100/0
	16.12
	21.30
	14.30
	4.70



	90/10
	13.72
	27.65
	15.63
	1.01



	80/20
	11.06
	22.13
	18.27
	0.07



	70/30
	14.19
	17.40
	19.57
	0.95



	60/40
	21.23
	21.36
	14.99
	8.36
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