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Abstract 

This study deals with the production of zinc silicate thin films employing a solid-state reaction 

at temperatures ranging from 300 °C to 560 °C, to develop new inorganic, n-type materials 

with seemingly incompatible properties as low work function, high mobility, and high visible 

transmittance. Depending on a careful reaction control, zinc silicates can preserve reagents 

(silicon and/or ZnO) as nanoaggregate guests, exhibiting tunable light absorption and 

emission properties that make them useful for different applications, e.g., LED phosphors, 

photovoltaic windows, mesoporous photocatalytic materials for solar fuel production, etc. 

The main aim of this work is to obtain a zinc silicate single-phase and then determine its 

dielectric properties through ellipsometry. Simultaneously, as an example of application, a p-

n photovoltaic junction is fabricated that exhibits a remarkable collection of photo-generated 

charge carriers at very high bandgaps (>2 eV). The obtained results are promising in tailoring 

the zinc silicate guest-host composition (appropriate Si nanostructures sizing and quantity, 

improved charge carrier transport properties due to the simultaneous presence of bulk zinc 

oxide islands) in the function of the desired application, and taking into account that proposed 

selected low-temperature fabrication process is strategic for safeguarding the underlying 

junctions of tandem devices.  
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1. Introduction 

Zinc silicates having good chemical stability, low cost, high visible transmittance, luminescence 

properties, tunable dielectric constants, and mesoporous structures have received considerable 

attention in the recent literature for different applications like catalysts [1], optoelectronic devices 

[2], high k-dielectric nanoscale transistors [3], phosphors [4], innovative matrices for dispersing 

silicon nanostructures [5], etc. The characteristics of n-type materials with low work function, high 

mobility, and eminently visible transmittance, apparently incompatible, make them ideal for 

developing novel and interesting metamaterials with tailorable NLO properties [6].  

Practically, several zinc silicates exist in amorphous and crystalline phases: orthorhombic, 

monoclinic, and rhombohedral (corundum type) phases like zinc meta-silicate, ZnSiO3, and 

rhombohedral, tetragonal, and cubic (spinel-type) phases like zinc orthosilicate, Zn2SiO4 [7]. The 

most diffused and utilized ones are willemite and Zn2SiO4, extracted by the homonym mineral and 

the pyroxene-like compound of ZnSiO3 [8]. Different synthetic procedures for zinc silicates are 

known: sintering from the ZnO and SiO powders [9], the hydrothermal method [10], spray pyrolysis 

[11], sol-gel method [12], etc., and they often require high temperatures. 

In a previous work [13], we described an original approach based on a simple chemical reaction 

in a vacuum between sputtered zinc oxide and amorphous silicon reagents for dispersing silicon 

quantum dots (Si-QDs) in an amorphous matrix of zinc silicates. The overall process can be regarded 

as innovative because it was performed at a comparatively low temperature, around 500 °C (the 

typical temperature for producing silicon nanostructures is higher than 1000 °C [14]). The thickness 

of a sputtered thin layer of Si and ZnO, annealing temperature, and annealing duration strongly 

affect the reaction mechanism and, as a consequence, the final products that are zinc silicates, Si-

QDs, ZnO nanocrystals. The peculiar properties, such as quantum confinement, luminescence 

emission, and electric tunneling, of the silicate dielectric matrix, guesting Si-QDs, are bestowed by 

the guest [15].  

Here, we deepen and enlarge the said approach with further control of the process and dielectric 

characterization of the zinc silicate thin film. The main aim of this work is to obtain zinc silicate 

single-phase as a product to study its dielectric properties. In particular, using UV-Vis-NIR and 

ellipsometric analysis, the dielectric constant, refractive index, and optical bandgap of such matrix 

are determined. The second aim is to produce composites with high electrical conductivity by 

combining them whit a p-type material and verifying if the resulting p-n junction exhibits 

photovoltaic properties. 
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2. Materials and Methods 

We synthesized multi-layered Si-ZnO structures by magnetron sputtering technique, using a 

planar magnetron multi-cathode sputtering apparatus by Material Research Corporation Mod, MRC 

643. Boron doped Si and undoped ZnO sputter targets (dimensions: H = 38 cm and L = 12 cm) were 

used, coupled with bi-polar pulsed DC and RF generator, respectively. Quartz sheets, borosilicate 

glasses, and silicon wafer <111> were used as substrates. Sputtering depositions were carried out 

at pressures ranging from 0.53 to 2.0 Pa, starting from a base vacuum of about 2 × 10–4 Pa, with 

variable powers supplied to the targets of silicon and zinc oxide, comprised in the range 350-450 W 

and 700-1000 W, respectively.  

The different sputtered Si-ZnO samples were utilized as reagents for the solid-state reaction 

conducted in air or inside a programmable oven operating at a vacuum of 2 × 10–2 Pa and 

temperatures ranging from 300 °C to 560 °C. The molar ratio of Zn/Si was determined from the 

deposition rate and thicknesses of single material films deposited in all conditions. The annealing 

duration (tann) ranged from 3 to 18 h in air or vacuum, with the criterion of prolonging until the 

disappearance of reagents for obtaining thin zinc silicates samples or interrupting after 3-6 h for 

preserving reagents as silicon nanostructures and bulk zinc oxide islands or nanocrystals. A large 

number of samples were produced and analyzed, starting from different initial Zn/Si molar ratios 

and stopping the reaction at different times. The thickness of the sputtered samples was measured 

using a Tencor P-10 surface profiler. Ultraviolet-Visible-Near Infrared (UV-VIS-NIR) reflectance and 

transmittance measurements were carried out in the range 250-2000 nm utilizing a Perkin Elmer 

Lambda 900 double beam spectrophotometer, and the spectral absorption coefficient α(λ) was 

calculated. Scanning TEM (STEM) and High-Resolution TEM (HRTEM) images were recorded using a 

JEOL JEM 2010F TEM operating at 200 kV accelerating voltage and equipped with a field emission 

gun. The dielectric constants, refractive index n, and extinction coefficient k of zinc silicates were 

determined by mathematical inversion of the experimental reflectance (R) and transmittance (T) 

data. The model of the structure used for the mathematical inversion is presented in Figure 1. The 

total reflectance and the total transmittance of the structure are given by the Fresnel equations as 

follows: 

R =  f1 (n0, nT, kT, ns, ks, dT,ds, θ0) 

T =  f2 (n0, nT, kT, ns, ks, dT,ds, θ0) (1) 

 

Figure 1 Model used for the mathematical inversion procedure. 
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Here, n0 is the refractive index of air, nT, and kT are the refractive index and extinction coefficient 

of the thin film, ns and ks are those of the glass substrate, dT and ds are the thicknesses of the thin 

film and substrate, respectively, and 0 is the angle of incidence of light on the sample during the 

measurements. Equation (1) is solved to find nT and kT. A linear regression method, based on the 

interior-reflective Newton algorithm [16, 17], was employed to extract n and k of the thin film layer. 

For fabricating p-n junctions, doped silicon layers were grown on QD-based composites by 

conventional RF PECVD technique (13.56 MHz), using diborane as a dopant gas to prepare p-type 

material. X-ray diffraction (XRD) analysis was performed by a Philips X’Pert PROMRD diffractometer 

working with CuKa radiation (λ = 0.154056 nm) at a grazing incidence angle of 0.3 °. A 2θ scan range 

of 10-95 ° was used. For XRD, diffraction peaks matching standard values from the International 

Centre for Diffraction Data® (ICDD®, the crystallographic database specifically designed for material 

identification and characterization) were utilized. Raman scattering measurements were performed 

at room temperature on a micro-Raman Renishaw system model using an excitation source of 514 

nm of an Argon ion laser at normal incidence. The nominal laser power used was 20 mW. Fourier 

Transform Infrared (FTIR) spectra were recorded on a Bruker Fourier transform spectrometer model 

Equinox55 equipped with a DTGS detector operating in the range 400-4000 cm–1. Its resolution was 

4 cm–1. The resistivity was measured with a NAPSON four-point probe apparatus (Resitest RT-8A). 

The electrical properties were obtained by Hall measurement under Van der Pauw configuration at 

room temperature. Light I-V characteristics of the solar cells were measured at AM 1.5 Global under 

a solar simulator. Furthermore, the Quantum Efficiency (QE) measurements were performed to get 

detailed information on the photocurrent generation characteristics of the solar cells. The photo-

generated short-circuit current (Jsc) was evaluated in the wavelength range of 350-800 nm by QE 

measurements on devices. 

3. Results and Discussion 

A solid-state reaction between stratified silicon and zinc oxide reagents, deposited in different 

amounts by means of radio-frequency sputtering at a temperature of 450 °C in a vacuum for 6 h 

resulted in zinc silicate thin-film composites. The opaque silicon-like texture of the reagents became 

transparent or light yellow after the growth, depending on the exact composition of the reaction 

products after thermal treatment. 

A high annealing temperature and/or duration (from 6 to 18 h), combined with thin sputtered Si 

and ZnO layers, resulted in the formation of transparent zinc silicates. Moreover, low annealing 

temperature ranging from 300 °C and/or short annealing duration (from 3 to 6 h) and/or thick 

sputtered Si and ZnO layers also resulted in a composite containing non-reacted Si and/or ZnO as 

nanoaggregates, dispersed in the matrix. 

We pursued two goals in this analytical work: 1) obtaining a one phase system comprising 

amorphous zinc orthosilicate to investigate its dielectric properties by means of ellipsometric 

measurements (that can be better conducted on a homogeneous sample); 2) demonstrating the 

photovoltaic properties of guest-host n-type inorganic composites (having zinc silicate as host 

matrix, silicon nanostructures as photoactive guests dispersed inside and natural n-type zinc oxide 

to improve carrier transport) in a p-n junction.  

To reach these goals, different composites were fabricated and characterized by FTIR, UV-VIS-

NIR spectroscopy, micro-RAMAN, XRD, TEM, and ellipsometry. To illustrate the analytical method, 
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a generic composite was obtained at a Zn/Si molar ratio of 1.48, by means of an incomplete reaction 

conducted at 450 °C in a vacuum for 8 h, and hence reagents containing different phases were 

utilized. 

The first confirmation of zinc silicate formation was obtained from the FTIR transmittance spectra. 

The shift of peak related to Si-O stretching from the typical value (1100 cm–1) characterizing 

stoichiometric silica [18] toward lower values (1060 cm–1) was observed. This peak shift, coupled 

with the presence of broadband at 930 – 940 cm–1, is attributable to Si-O(-Zn) stretching [19] of both 

zinc orthosilicate Zn2SiO4 and metasilicate ZnSiO3. Their amorphous nature was confirmed by XRD 

analysis.  

The second analytical step was laid to verify the presence of unreacted silicon and zinc oxide in 

composites. Clear evidence of nano-crystalline guests came from the micro-Raman, XRD, and TEM 

analyses.  

In Figure 2, the Raman spectrum of a composite obtained by an incomplete reaction conducted 

at 450 °C in vacuum for 6 h and hence containing different phases is reported, as an example of the 

analytical method utilized for all produced composites. 

 

Figure 2 (a) Raman spectrum related to a typical composite from an incomplete reaction. 

(b) Deconvolution of the Raman spectrum identifying three phases of silicon 

(amorphous, nano-amorphous, selected, and nano-crystalline). Peak attributable to ZnO 

is also well identified.  

In the region 350-550 cm–1, the characteristic peak of the transverse optic one photon (TO) mode 

of crystalline silicon (520 cm–1 in bulk c-Si) shifts to lower Raman values depending on the decreasing 

size of crystallites. In this particular case, it is at 517 cm–1. The shift in Raman peaks was analyzed by 

a deconvolution approach of the spectrum because peaks are also expected from E2(T) mode of zinc 

oxide (normally in bulk crystalline ZnO positioned at 438 cm–1) and amorphous silicon in the same 

spectral region. In particular, a fit of spectral data with four Gaussians gives information on the 

different phases (see Figure 2), attributed to amorphous (460 cm–1), nano-amorphous (495 cm–1), 

nano-crystalline (517 cm–1), silicon phases, and ZnO phase (435 cm–1).  

Further evidence on the presence of Si nanocrystals comes from XRD analysis reported in Figure 

3. 
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Figure 3 XRD spectrum related to the composite. Peaks attributable to crystalline Si and 

ZnO appear evidently. 

All the XRD peaks were indexed and found to be in agreement with those of the crystalline phase 

of Silicon (JCPDS card file no. 772111) and with the hexagonal wurtzite phase of ZnO (JCPDS card 

file no. 043-0002). The sample crystallite size (D) was calculated using Debye-Scherer’s equation (2). 

𝐷 =  
0.9𝜆

𝛽 cos 𝜃
(2) 

Here, λ is the wavelength of the X-ray beam (λ = 1.5406 Å), β is the full width at half maximum 

(FWHM) of the intense peak, and θ is the Braggs angle. Based on the above calculation, the 

crystallite size of Si is about 5 nm. 

The third analytical step was to define the phases constituting the composite. As such, scope 

optical bandgaps were defined by UV-VIS-NIR reflectance and transmittance measurements by Tauc 

plot method, assuming zinc silicates with direct transition, whereas indirect transition was assumed 

for amorphous and for crystalline Si [20].  

In Figure 4 Tauc plots of the composite containing all possible phases are reported as an example 

of the method. 

 

Figure 4 Tauc plot method applied to a composite containing different phases. Optical 

bandgap values correlated to phases with a) direct transition (zinc oxide and silicates); 

b) indirect transition (amorphous and crystalline silicon). 
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In particular, in Figure 4a, two distinct linear regions can be observed, and the presence of two 

different zinc silicates (ortho and meta) with similar bandgap values of 5.6 eV and 4.6 eV can be 

confirmed. Silicon nanocrystals are present with bandgap value of 1.72 eV. Amorphous silicon 

nanoparticles were identified by their bandgap value of 2.55 eV. ZnO in bulk form and as 

nanocrystals were identified by bandgap values of 3.35 eV and 3.65 eV, respectively. The presence 

of ZnO phases could be justified by the hypothesis that ZnO sputtered layers are not entirely 

consumed during the thermally activated reaction, silicon being the limiting reagent (Zn/Si mol/mol > 

1 in the sputtered reagents). Hence, islands of bulk zinc oxide are found in some composites, while 

in some others, only ZnO nanocrystals are found. 

The cross-sectional images of the composite, obtained by transmission electron microscopy, X-

TEM, at an acceleration voltage of 200 kV, are reported in Figure 5. The study of the images of the 

film shows silicon and zinc oxide nanocrystals embedded in a heterogeneous silicate matrix with 

alternate regions in terms of different brightness, correlated to the presence (dark regions) or 

absence (clear regions) of Zn-O-Si bond. For nanocrystals identification, an interplanar spacing of 

19.7 nm for nanoaggregate, in the bright region, is very close to the value of 19.2 nm of the lattice 

parameter in (220) direction of the crystalline silicon structure; an interplanar spacing of 25.7 nm is 

very close to 26.06 nm of the lattice parameter in (002) direction of the ZnO (wurtzite) phase. Both 

the types of nanocrystals have spherical and ellipsoidal shapes, with the smallest dimension of the 

grain ranging from 4 to 7 nm. Si Plasmon image reported in Figure 4c was obtained by Energy 

Filtered Transmission Electron Microscopy, EFTEM, an imaging technique exploiting the inelastic 

scattered electrons. From this picture, the stratified lamellar distribution of silicon inside the 

composite becomes evident. 

 

Figure 5 HRTEM images of a zinc silicate composite containing Silicon (a) and Zinc oxide 

nanocrystals (b). EFTEM image, the bright regions depict silicon (c).  

The results obtained by TEM observation on composites can be illustrated in a schematic picture 

(see Figure 6) where Si nano-crystalline and nanoamorphous (nc-Si, na-Si) and ZnO-nanocrystals (nc-

ZnO) are embedded in a hetero-superlattice (alternate layers of silicate rich of Si-O-Si or Zn-O-Zn 

bonds). 
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Figure 6 Scheme of the solid-state reaction products. Light blue regions are Si-O-Si rich 

domains and contain nc-Si and nano a-Si; green regions are Zn-O-Zn rich domains and 

contain nc-ZnO. 

Considering the stratified structure of the composites, it is reasonable to have anisotropy in the 

electrical resistivity. In fact, on performing resistivity measurements in planar and sandwich 

configurations, the values found are very different for the composite under analysis. The values are 

16 Ω cm and 4.7 × 104 Ω cm, respectively.  

Repeating all the analytical steps for many samples, corresponding to different initial Zn/Si molar 

ratios and various experimental conditions (in terms of time, temperature, environment, and so on), 

from the overall characterization, the dataset suggests that it is possible to obtain a one phase 

insulating, amorphous, and transparent Zn2SiO4 composite with a comparatively low bandgap (<5.6 

eV), when the reaction is complete (annealing in the air for a long time starting from a stoichiometric 

reagents ratio). Such a matrix is a promising alternative to silica (like as Si3N4 or SiC in Conibeer 

works [21]) because decreasing barrier height (from 9 eV of silica to 5.5 eV) increases the tunneling 

probability between adjacent silicon nanostructures, whose eventual presence can be promoted 

when the reaction is incomplete. By appropriate variation in the power supplied to the sputtering 

targets for the reagent deposition and in thermal annealing conditions (time, duration, vacuum 

conditions), a convenient window for obtaining conductive composites is found, where hopping 

mechanism between the tailored (in terms of grain size, composition, and quantity) Si 

nanostructures through zinc silicate thin layers can be hypothesized. Moreover, the simultaneous 

presence of unreacted conductive zinc oxide thin layers (crystalline phase with an optical bandgap 

of 3.2 eV) gives a quasi-metallic transport mechanism to composites. 

For performing dielectric characterization of the matrix, a thin film material named C100-45 was 

selected containing a single phase of insulating zinc o-silicate, which was obtained choosing 1.67 as 

reagent molar ratio and relatively long annealing time (12 h) in air. Simultaneously, by choosing a 

Zn/Si molar ratio of 1.32 and a sufficiently low annealing temperature (450 °C) in vacuum, two 

composites, namely A85-45 and B100-45, were produced for optimizing electrical properties and 

fabricating the n-type thin film for a p-n demonstrative junction.  

Table 1 reports the composition in terms of the presence of different phases (determined by 

evaluating optical bandgaps) of the three samples selected for applications.  
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Table 1 Thin films chemical compositions. 

Sample Zn/Si ratio 

(mol/mol) 

O-Silicate M-Silicate Na-Si Nc-Si c-ZnO NcZnO 

A85-45 1.32 5.5 4.4 2.80 2.00 3.32 - 

B100-45 1.32 5.5 4.3 2.53 1.90 3.38 - 

C100-45 1.67 5.5 - - - - - 

Sample C100-45 was analyzed using ellipsometry (Cfr Figure 6). The refractive index of the thin 

film is in the range of 1.606-1.472 at wavelengths between 250 and 2000 nm. The dielectric constant 

is in the range 2.16-2.60 at wavelengths between 250 and 2000 nm. This result makes such matrix 

an interesting candidate for the ultralow dielectric constant (low-k) thin-film material, considering 

that the traditional SiO2 has a dielectric constant of around 4. 

 

Figure 7 Complex Refractive index (a) and dielectric constant (b) v/s wavelength of the 

sample C100-45. 

As concerned with the feasibility of a photovoltaic junction using composites A85-45 and B100-

45, the topic has been addressed in a separate paragraph. 

3.1 Photovoltaic p-n Devices 

The Hall measurements of the composites indicated the n-type behavior with carrier 

concentrations ranging from 1016 to 1017 cm–3. Two p-n devices were fabricated with the following 

deposition sequence (see Figure 8): (i) multi-layered Si-ZnO materials of 0.28 and 0.57 µm thickness, 

namely, A85-45 and B100-45, respectively, were deposited on tungsten-coated glass and 

subsequently annealed for 8 h at 450 °C under vacuum; (ii) on the previous structures, a 30 nm thick 

boron-doped c-Si layer was deposited by PECVD technique; (iii) ZnO: Al circular front contacts with 

a diameter of 0.5 cm were deposited by sputtering technique and a thickness of 0.5 µm and sheet 

resistance of 15 Ω/sq. These two devices were named as #A (related to composite A85-45b) and #B 

(related to composite B100-45). 
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Figure 8 Representative scheme of PV p-n devices fabricated and characterized in this 

study. 

In Figure 9, the dark and illuminated I-V measurements are reported for p-n device #A. The dark 

saturation current is 5 × 10–6 A/cm2, whereas the Voc and Jsc values are 150 mV and 0.055 mA/cm2, 

respectively. In Figure 10, dark and illuminated I-V measurements are reported for device #B. The 

diode performance was worse than the previous device (Jo = 4 × 10–5 A/cm2). The Voc and Jsc values 

are 96 mV and 0.47 mA/cm2, respectively. There is an expected worsening of the Voc value (as a 

consequence of a too high Jo value) but, at the same time, there is an appreciable increase in the Jsc 

value, one order larger than the previous device. This considerable increase can be explained in 

terms of the increased photoactive material thickness (0.57 µm vs. 0.28 µm). 

 

Figure 9 (a) Dark and (b) illuminated I-V measurements on p-n device #A. 

Moreover, by taking into account the other illuminated device parameters, there is a large 

difference between the series resistance values of the two different devices, which are 100 Ωcm2 

for device #B and 3300 Ω cm2 for device #A. At this point, it is necessary to remember that the two 

composites, viz., A85-45 and B100-45, showed different characteristics in terms of optical behaviors 

(see Table 1 in the previous paragraph), indicating different phases (zinc silicate, nano-amorphous 

Si, nano-crystalline Si, nanolayered ZnO), different amounts for single-phase and different 

dimensions of nanostructures. These different compositional characteristics strongly influence both 

the number of the photo-generated hole-electron pairs and the diffusion length of the charge 
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carriers, justifying the large difference in the collection of the photo-generated currents for the 

above-reported two devices. 

 

Figure 10 (a) Dark and (b) illuminated I-V measurements on p-n device #B. 

For both devices, the dark saturation currents are high, and the Voc values are low (150 mV and 

96 mV, respectively), and this could be attributed to an insufficient doping level inside composites. 

However, considering that the main aim of this experimental work is verifying the potentiality of 

photo-generating and collecting charge carriers, Quantum Efficiency measurements assume a 

strategic significance. In Figure 11, the QE spectra are reported for the two PV p-n devices. The 

integrated Jsc values, 0.047 and 0.45 mA cm–2, are very similar to those obtained by illuminated I-V 

measurements. A more interesting aspect is represented by the spectral behaviors of the QE curves. 

In both graphs, we can see that the spectral response rises from zero only for photon energies higher 

than 2 eV, but it becomes very appreciable only for photon energies higher than 2.5 eV.  

 

Figure 11 Quantum Efficiency measurements on p-n devices #A and #B. 

The spectral behavior indicates two interesting aspects: 

● In PV devices the charge carrier photo-generation can be exclusively attributed to silicon 

nanostructures. 
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● The contribution of nano-crystalline Si to the photo-generated current is very poor, whereas 

the contribution of nano-amorphous Si is remarkable. 

Regarding the PV p-n devices, the positive indications are (a) the feasibility of realizing PV devices 

with a very high optical gap (> 2 eV) material, useful to fabricate high-performance multi-junction 

PV cells; (b) about device #B, a remarkable collection of the photo-generated charge carriers in a p-

n device (diffusion-type device) indicating a sufficiently large diffusion length of the minority carrier. 

At the same time, from a comparison with the data in the literature, there are two negative 

indications: (c) very poor quality p-n diodes lead to very low Voc; (d) photo-generating 

nanostructures are unbalanced toward too large energy threshold. 

According to the above-mentioned considerations for obtaining higher charge carrier collection 

and, as a consequence, higher Jsc values, p-i-n devices (drift type) could be fabricated where the 

selected composites could be interposed between p-Si and n-Si layers deposited by PECVD, acting 

as i-layer. For improving spectral response in the range of 1.8-2.5 eV, a composite with a major 

amount of nc-Si can be utilized. However, the obtained results are promising, especially in 

consideration that the proposed low-temperature fabrication method utilized here is compatible 

with preserving underlying junction in an eventual multi-junction device. 

4. Conclusions 

In this work, we synthesized and characterized zinc silicate thin films, using a cheap and scalable 

solid-state reaction between sputtered reagents at significantly low temperatures ranging from 300 

°C to 560 °C. Such new materials are amorphous, transparent in the visible region, chemically stable, 

with a high refractive index and ultralow dielectric constants. Moreover, inside such an inorganic 

guest host matrix, depending on reaction parameters, it is possible to host other phases like Si-

nanostructures and/or ZnO bulk and/or nano-crystalline, in amounts that can be properly tailored 

for specific optoelectronic applications. The presence of guests determines that from an insulating 

nature the zinc silicate composites become conductive, owing to the presence of thin islands of 

naturally n-doped bulk zinc oxide. As an example, if the relatively low temperature-based process is 

addressed to maximize nc-Si content, preserving ultrathin zinc oxide layers with efficient charge 

carrier transport can be obtained. In which, both are possible: the contribution coming from 

tunneling between nc-Si and carrier motion through naturally n-type zinc oxide islands. Tunable 

electrical behavior combined with visible transmittance is promising properties in fabricating 

photovoltaic junctions embeddable in multi-junction devices. 
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