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Abstract  

Thin films of yttria-stabilized zirconia (YSZ) exhibit exceptional properties, such 

as high thermal, chemical and mechanical stability. Here, we report the synthesis of 

YSZ thin films by aerosol assisted chemical vapour deposition onto borosilicate glass 

and fused silica substrates. Optimum deposition temperatura was 673±5 K. In addition, 

different Y content was tried to analyse its influence in the microstructure and properties 

of the films. The films were uniform, transparent and non-light scattering. Surface 

morphology and cross sectional microstructure were studied by field emission scanning 

electron microscopy. The microstructure of the films was characterized by grazing 

incidence X-ray diffraction. Crystallite size and lattice parameter were obtained. Optical 

properties were analysed from reflectance and transmittance spectra; from these 

measurements, optical constants and band gap were obtained. Quantum confinement 

effect, due to the small grain size of the films, was evident in the high band gap energy 

obtained. Nanoindentation tests were realized at room temperature employing the 

continuous stiffness measurement method, to determine the hardness and elastic 

modulus as a function of Y content.  
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Introduction 

Yttria-stabilized zirconia (YSZ) thin films are a technologically important material. 

It exhibits exceptional properties, such as high chemical and thermal stability, good 

mechanical properties, high electrical resistivity and magnetic permittivity, low thermal 

conductivity, good corrosion resistance, high ionic conductivity, and high refractive index 

[1]. Some of the applications include thin films optics [2–4], as electrolyte material in 

solid oxide fuel cells [5,6], switchable mirrors [7], and oxygen sensors [5]. On the other 

hand, multilayers films have been extensively used in soft X-ray optics, such as mirrors 

[8], optical devices [9], band pass filters, beam splitters, etc. [10]. It is worthwhile to 

mention that despite the wide range of applications of YSZ thin films, there is a lack of 

data related to its optical properties, and particularly in the band structure of this 

important material. A number of techniques have been employed to produce YSZ 

coatings including CVD [11] and variation of it such as aerosol assisted chemical vapour 

deposition (AACVD) [12], sol–gel [13], electron beam deposition [14], radio frequency 

and DC reactive magnetron sputtering [15], as well as reactive evaporation [16]. Among 

these techniques, AACVD is an attractive method to deposit metal oxide films due to its 

simple and economic implementation. It has been proved to be a reproducible, cost-

effective, and scalable method. Due to the wide choice of precursors that can be used, 

the composition of the film can be easily controlled by the precursor solution [12,17–19]; 

rendering possible to deposit composed materials, composition graded layers and 
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multilayers. In addition, in view of the fact that the mixing of the precursors happens at 

the molecular level in the liquid solution; the preparation of nanocrystalline thin films 

from a solution precursor, as it is the case in AACVD, provides the condition to obtain 

materials having a very uniform microstructure and homogeneous properties. 

In this work, we report the synthesis of undoped and Y doped zirconia thin films 

by AACVD. The microstructure of the samples was analysed by grazing incidence X-ray 

diffraction (GIXRD). Surface morphology and cross section of the films were studied by 

field emission scanning electron microscopy (SEM). Optical properties were evaluated 

by total, direct transmittance and absolute reflectance spectra of the films; pursuing to 

evaluate the properties in conditions of quantum confinement due to the small grain size 

of the films and to correlate with the microstructure and composition. Additionally, nano-

mechanical properties, i.e. hardness and elastic modulus, of the YSZ thin films were 

determined by nano-indentation using the continuous stiffness measurement (CSM) 

method [20]. 

Material and methods 

Undoped and Yttrium doped ZrO2 thin films were deposited onto borosilicate 

glass (BSG) (2.5×7.5 cm2) and fused silica (2.5×2.5 cm2) substrates by AACVD 

technique, details of the experimental set up have been described before [18]. The 

starting solution was a dilution of Zr acetylacetonate and Y acetate in methanol (99.9%). 

In addition to undoped film, four different concentration of dopant were selected for this 

study, 5, 10, 15 and 20 at%. Before use, the substrates were washed sequentially in 

acetone, methanol and tri-distilled water in an ultrasonic bath, for 10 min in each 
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solvent. All the films were synthetized with similar deposition conditions; the only 

variable was the concentration of dopant material. Following initial optimization tests, 

substrate temperature was fixed at 673±5 K. The carrier gas was micro-filtered air at the 

optimized pressure of 310 kPa and fluxes of 5 L min−1. The aerosol, generated by an 

ultrasonic nebulizer, was directed towards the heated substrate surface by a nozzle, 

which has a periodic movement at a constant velocity of 1 cm min−1 to deposit uniform 

films onto the whole surface of the substrate. Another set of films, undoped and Y 

doped, were deposited onto fused silica substrates with similar conditions. Table 1 

presents the principal preparation parameters of the samples analysed in this work.  

Surface morphology and cross sectional microstructure of the films were studied 

by field emission SEM using a JEOL JSM-7401F operated at 7 kV. Cross sectional 

studies were performed to determine their thickness. SEM images were obtained in 

secondary and backscattered electrons image mode. In addition, elemental analysis of 

the YSZ thin films was achieved by means of energy dispersive X-ray spectroscopy 

(EDS), using an Oxford Inca microanalysis system attached to the electron microscope. 

Film’s thickness was also determined from near normal reflectance spectra, using a F-

20 UV optical fibre reflectance spectrophotometer in contact probe mode, and 

compared with SEM measurements. Crystalline structure of the samples was analysed 

by grazing incidence XRD in a Panalytical X-Pert system, the patterns were obtained 

using Cu Kα radiation at 40 kV and 35 mA. Diffracted beam path included a graphite flat 

crystal monochromator. Grazing incidence angle was fixed at 0.5°; whereas the 

scanning angle 2θ was varied between 25° and 80°, at 0.02° and 12 s for step size and 
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time, respectively. Optical properties were evaluated by total, direct transmittance and 

near normal absolute reflectance spectra using a Cary 5000 UVvisible-NIR 

spectrophotometer in the range of 200–1000 nm. Total transmittance and reflectance 

were acquired using a diffuse reflectance DRA 2500 accessory. Films deposited onto 

fused silica substrates were used for these analyses. Optical constants were obtained 

using a TFcalc v.3.5.14 software, by simulation of the specular transmittance and 

reflectance spectra of the film-substrate structure. Hardness (H) and elastic modulus (E) 

of samples referred to as A, B, C, D and E were evaluated by nano-indentation 

employing a Nano-Indenter G200 coupled with a DCM II head by CSM method. The 

equipment was calibrated using a standard fused silica sample. Tests parameters were 

the following: Berkovich diamond indenter with 20 nm of tip radius, depth limit of 100 

nm, strain rate of 0.05 s−1, harmonic displacement and frequency of 1 nm and 75 Hz, 

respectively. Residual indentation of samples was recorded by the AFM NanoVision 

system attached to the nano-indenter.  

Results and discussion 

Microstructure: High quality YSZ thin films were successfully synthesized by 

AACVD. Growth rate decreased as the Y content increased (see Table 1). Undoped 

samples presented a growth rate of 0.48 nm min−1, in contrast film with 20 at.% of Y had 

a growth rate of only 0.22 nm min−1. It was noticed also an increase of the growth rate 

with the thickness of the film. Samples E, E1 and E2 had the same composition (20 

at.% Y), but different thickness 100, 171 and 294 nm, respectively; their growth rate 

were 0.22, 0.29 and 0.37 nm min−1, respectively.  
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Typical backscattered electron SEM micrograph of the cross section of 

representative YSZ thin films (samples QA. QC and QE) are shown in Fig. 1. It can be 

observed that compact, dense and homogeneous films have been deposited. The 

microstructure of the films was constituted by close packed globular grains, all the 

samples had similar microstructure, and any influence of Y content was detected. The 

composition of the YSZ films was studied by EDS. Film stoichiometry was close to ideal 

ZrO2, and YSZ films maintain approximately the same Y/Zr ratio in film as in solution. In 

Table 1 it is presented the average Y/Zr atomic ratio in the precursor solution and into 

the samples. However some dispersion in the results showed in Table 1 is evident.  
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The addition of Y2O3 can stabilize the microstructure of ZrO2. In thermodynamic 

equilibrium, pure zirconia changes its phase from room temperature monoclinic to high 

temperature phases, tetragonal and cubic. With the addition of Y2O3, cubic zirconia can 

be stable in a wide range of temperatures, from room temperature up to its melting 

point; this characteristic of yttria stabilized ZrO2, makes it of technological importance 

[21]. However, diffraction patterns of many tetragonal and cubic phases are very similar 

[22] making difficult the phase identification, considering in addition the peak broadening 

due to crystallite size and strain in nanostructured films.  
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To accomplish the task of phase identification, the crystalline structure of the films 

was analysed by GIXRD. All the films were polycrystalline and their patterns correlate 

with single fluorite structure. Any phase segregation into Y2O3 or other compound was 

observed. Fig. 2a shows the GIXRD pattern of sample B (5 at.% Y), as a representative 

film analysed in this work. The inset of this figure shows the 2θ interval between 27 and 

37°; this region was analysed in detail to seek possible differences in peak position of 

the tetragonal and cubic phases of zirconia. For better comparison the intensity was 

normalized to show the differences in peak position. Pattern profiles were background 

subtracted and fitted with Gaussian curves to determine peak positions and its FWHM. 

Lines were identified as corresponding to (1 1 1) and (2 0 0) planes of cubic structures; 

undoped sample corresponded to the JCPD card 01-072- 2742 and all doped films to 

card 00-030-1468, independently of Y content. It is shown a clear distinction in the peak 

position of undoped (30.631°) and doped zirconia films (30.516°–30.282°); a systematic 

shift of peak maxima towards low angles is observed as the dopant content increases. 

These results correspond to a regular increase of interplanar distances; the consequent 

values are tabulated in Table 2. Lattice parameters were calculated from the position of 

principal diffraction peaks. Value of lattice parameter “a” (see Table 2), was lower than 

corresponding bulk values of undoped and doped films; evidencing the existence of 

structural strain in the films. A consistent increase of lattice parameter with Y content 

was observed from 0.5055 to 0.5112 nm. In addition, the analysis of the shape of X-ray 

lines was used to determine crystallite or domain size using Scherrer’s equation [23]. 

The experimental FWHM of the diffraction peaks was corrected with the instrumental 
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broadening and assuming no strain broadening. The values of peak broadening used 

for this calculation are tabulated in Table 2. Crystallite size was around 7 nm, with a 

slight tendency to increases (<10%) with the increase of dopant content. Fig. 2b shows 

the lattice parameter “a” and crystallite size as a function of Y content; a consistent 

increase of both quantities with dopant is noticed. It is worthwhile to mention that 

despite the very large peak broadening, diffraction lines were well fitted by only one 

Gaussian curve, suggesting that no superposed peaks were present, and consequently 

no tetragonal lines were hidden. In Table 2, it is tabulated the peak position, FWHM, 

average domain size, interplanar distance and lattice parameter obtained from GIXRD 

data.  
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Optical properties: Optical properties of the films, deposited onto fused silica, 

were evaluated by total, direct transmittance and near normal absolute reflectance 

spectra. The films showed high optical quality. They were transparent, with visible 

transmittance (Tvis) around 90%. In addition, all the films were non-light scattering, since 

its diffuse reflectance in the visible and UV range (Rdiff) was almost 0%. Absorbance of 

the films was evaluated using total transmittance and reflectance spectra. Fig. 3a shows 

the absorbance spectra as a function of photon energy, in the 3.5–6.2 eV interval; it is 

shown a sharp increase of the absorbance around 5.2 eV. Optical constants, n and k, of 

the films were obtained from direct transmittance and near normal absolute reflectance 

spectra. TFcalc v.3.5.14 software was employed to fit the simulated spectra of film-

substrate stack to the experimental data. Considering phase incoherency in the 

substrate [24], the refractive index ns of the fused silica substrate, was modelled with a 

Sellmeier [25] dispersion relation. On the other hand, extinction coefficient ks of fused 

silica was taken as zero, in the wavelength range utilized (200–1000 nm). For the 

optical constants of the YSZ films, we have employed a Sellmeier and exponential 

dispersion, for n and k, respectively [25].  

 

The Sellmeier and exponential parameters were obtained using a TFcalc 

software, by fitting the simulated and experimental spectra. Fig. 3b shows the refractive 
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index n as a function of wavelength of several films, in the spectral range of 500–1000 

nm. The inset shows the short wavelength range (200–500 nm). High values of n in the 

visible spectrum, around 2, were obtained in comparison to those reported in the 

literature [26]. It is shown a decrease of n as the dopant content increases, suggesting 

that a less dense microstructure was obtained with the increasing content of Y. 

Accordingly; packing density (p) was obtained using a similar expression to that 

reported by Sharma et al. [27]  

 

where C is constant for a given material, nf is the refractive index of the YSZ film. 

The parameter C can be obtained considering p = 1, when nf is equal to the bulk 

refractive index of the material. Thus, considering 2.15–2.23 as the bulk refractive index 

of YSZ [28], its correspondent constant is C = 1.552105. In Fig. 3c it is shown the 

average refractive index in the visible region and the corresponding packing density as 

a function of dopant concentration in the YSZ samples. Consistent with the decrease of 

the refractive index with the dopant content; packing density also decreases from 0.91 

to 0.88, as Y content varies from 0 to 20 at.%. Very low extinction coefficient (10−4) in 

the visible region generates an elevated transmittance in this interval, making possible 

the use of these films as optical coatings with high mechanical resistance. Absorption 

coefficient spectra were obtained from optical constant k, values higher than 105 cm−1 

were obtained in the absorption region, which are typical for interband transitions. Band 
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gap energy of several films was estimated using the well-known Tauc’s relation [29], 

between absorption coefficient and photon energy. Thus, considering a direct band gap, 

the following relation exists in an energy interval, close to the band gap energy:  

 

where αis the absorption coefficient, Є is the photon energy, A is an energy 

independent factor, and Єg is the optical band gap.  

Fig. 3d shows the plot of (α. Є)2 as a function of photon energy Є; for undoped 

sample QA and that with 5 at.% of dopant (QB). Linear root mean square fits in the 

linear part of the curve intercepts the energy axe at Єg. Very high band gap energy was 

obtained, about 5.9 eV, which is consistent with the effect of quantum confinement due 

to low crystallite size [30]. No significant influence of the Y content on the band gap 

energy was deduced.  

Mechanical properties: In order to calculate hardness (H) and elastic modulus (E) 

of Yttria stabilized ZrO2 thin films, the elastic stiffness (S), of the contact must be known. 

Traditionally, S is determined from the slope of the load–displacement data acquired 

during unload [31]. However, such calculation enables you to determine S (and thus H 

and E) only at the maximum penetration depth. The CSM option enables a permanent 

measure of S during loading, and not just at the point of initial unloads [32]. This is 

accomplished by superimposing a small oscillation on the primary loading signal and 
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analyzing the resulting response of the system by means of a frequency-specific 

amplifier. The equations to determine S is the following:  

 

In a CSM experiment, the excitation frequency ω, is set. Thus S can be evaluated 

by measuring the displacement amplitude (Z0), phase angle (ϕ), and excitation 

amplitude (F0). The other parameters, load-frame stiffness (Kf), the stiffness (Ks), and 

mass m of the support springs are all known for a specific system.  

With a continuous measure of S, hardness and elastic modulus as a function of 

penetration can be obtained. Therefore, the CSM method is especially useful for 

evaluating thin films on substrates, where the mechanical properties change as a 

function of penetration depth [20]. Undoped ZrO2 sample was measured as reference to 

show the influence of Yttrium content in the mechanical properties. Table 3 resumes the 

hardness and elastic modulus of the YSZ films deposited onto borosilicate glass. Fig. 4a 

and b, shows the hardness and elastic modulus versus penetration depth of typical 

samples A (undoped) and B (5 at.%). It is shown the characteristic behavior due to the 

fact that the mechanical properties of YSZ films are better than those of borosilicate 

substrate. As it can be seen in Fig. 4a, hardness of undoped film A was 11± 1 GPa, 

measured when penetration depth was less than 10% of the film’s thickness [33,34].  

Its elastic modulus was less than 121±2 GPa at the same penetration (see Fig. 

4b). In general addition of yttrium to the zirconia thin film enhanced their mechanical 
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properties, as it is shown in Table 3. Highest hardness and elastic modulus were 

obtained when 5 at.% of Y was added to ZrO2 (film B); its hardness was approximately 

23±2 GPa (see Fig. 4a), this is more than 2 times higher than that of undoped sample 

A. Concurrently, its elastic modulus reaches 200 ± 27 GPa. However, a further increase 

of Y content, higher than 5 at.%, was detrimental to the mechanical properties, 

hardness and elastic modulus decreased (see Table 3); but they still have higher values 

than those of undoped sample. 
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Conclusions 

High quality, polycrystalline YSZ thin films were obtained by AACVD. Films were 

uniform, highly transparent, non-light scattering and presented high hardness and 

elastic modulus. Lattice parameter increases with the increase of Y in the film, from 

0.5055 (undoped) to 0.5112 nm (20 Y/Zr at.%). Small crystallite size, in the order of 7 

nm, was determined from peak broadening of XRD lines. Refractive index of the films, 

nearly 2 in the visible spectrum, was lower than that reported for bulk samples; it was 
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observed that n decreases with the increase of dopant concentration. Packing density of 

the samples was estimated around 0.9; it also decreases with the increase of Y content 

in the films. High optical band gap was obtained, around 5.9 eV, which can be related to 

the effect of quantum confinement due to the small crystallite size of the films. No 

significant influence of the Y content on the band gap energy was deduced. The 

mechanical properties of zirconia thin films were enhanced by adding yttrium as a 

dopant. Highest hardness and elastic modulus were obtained when ZrO2 thin film 

contained 5 at.% of Y; its hardness was approximately 23±2 GPa and its elastic 

modulus reaches 200±27 GPa.  

Acknowledgements 

The authors would like to thank E. Torres, K. Campos, O. Solis, C. Ornelas, C. 

Leyva, S. Miranda, M. Moreno, A. Rubio and R. Ochoa for their technical assistance. 

This work was partially supported by a grant from SEP-CONACYT project No CB-2008-

01-1006655.  

References 

[1] G. Laukaitis, J. Dudonis, D. Milcius, Vacuum 81 (2007) 1288–1291. 

[2] S. Venkataraj, O. Kappertz, H. Weis, R. Drese, R. Jayavel, M. Wuttig, J. Appl. Phys. 

92 (2002) 2461–2466. 

[3] W.H. Lowdermilk, D. Milam, F. Rainer, Thin Solid Films 73 (1980) 155–166. 

[4] D.E. Rudell, B.R. Stoner, J.Y. Thomson, Thin Solid Films 445 (2003) 14–19. 



https://cimav.repositorioinstitucional.mx/jspui/ 
 

18 
 

[5] M.F. García-Sánchez, J. Pe˜na, A. Ortiz, G. Santana, J. Fandi˜no, M. Bizarro, F. 

Cruz- Gandarilla, J.C. Alonso, Solid State Ionics 179 (2008) 243–249. 

[6] C.D. Baertsch, K.F. Jensen, J.L. Hertz, H.L. Tuller, S.T. Vengallatore, S.M. Spearing, 

M.A. Schmidt, J. Mater. Res. 19 (2004) 2604–2615. 

[7] A.L. Larsson, A. Gunnar, A. Niklasson, Sol. Energy Mater. Sol. C 84 (2004) 351–

360. 

[8] J. González-Hernández, B.S. Chao, S.R. Ovshinsky, D.D. Allred, J. X Ray Sci. 

Technol. 6 (1996) 1–31. 

[9] M. Ghanashyam Krishna, A.K. Bhattacharya, Mater. Sci. Eng. B 86 (2001) 41–47. 

[10] D. Bhattacharyya, N.K. Sahoo, S. Thakur, N.C. Das, Vacuum 60 (2001) 419–424. 

[11] K.L. Choy, Prog. Mater. Sci. 48 (2003) 57–170. 

[12] M. Miki-Yoshida, F. Paraguay-Delgado, W. Estrada-Lopez, E. Andrade, Thin Solid 

Films 376 (2000) 99–109. 

[13] J. Zhang, L. Gao, J. Solid State Chem. 177 (2004) 1425. 

[14] S. Ramamurthy, N.S. Subramanian, K. Sarangarajan, B. Santhi, Bull. Electrochem. 

14 (1998) 446. 

[15] P.F. Carcia, R.S. McLean, M.H. Reilly, Z.G. Li, L.J. Pillione, R.F. Messier, J. Vac. 

Sci. Technol. A 21 (2003) 745. 

[16] J. Philip, N. Theodoropoulou, G. Berera, J.S. Moodera, B. Satpati, Appl. Phys. Lett. 



https://cimav.repositorioinstitucional.mx/jspui/ 
 

19 
 

85 (2004) 777. 

[17] P. Amézaga-Madrid, W. Antúnez-Flores, J. González-Hernández, J. Sáenz- 

Hernández, K. Campos-Venegas, O. Solis-Canto, C. Ornelas-Gutiérrez, O. 

Vega-Becerra, R. Martínez-Sánchez, M. Miki-Yoshida, J. Alloys. Compd. 495 (2010) 

629–633. 

[18] P. Amézaga-Madrid, W. Antúnez-Flores, I. Monárrez-García, J. González- 

Hernández, R. Martínez-Sánchez, M. Miki-Yoshida, Thin Solid Films 516 (2008) 8282–

8288. 

[19] H.B. Wang, C.R. Xia, G.Y. Meng, D.K. Peng, Mater. Lett. 44 (2000) 23–28. 

[20] X. Li, B. Bhushan, Mater. Charact. 48 (2002) 11–36. 

[21] S.G. Wu, H.Y. Zhang, G.L. Tian, Z.L. Xia, J.D. Shao, Z.X. Fan, Appl. Surf. 253 

(2006) 1561–1565. 

[22] Joint Committee on Powder Diffraction Standards, Powder Diffraction File, 

International Center for Diffraction Data, Swarthmore, PA (2006), cards 01- 072-2742 

and 00-30-1468. 

[23] B.D. Cullity, S.R. Stock, Elements of X-Ray Diffraction, 3rd ed., Prentice Hall, New 

Jersey, 2001, p. 170. 

[24] E.D. Palik, Handbook of Optical Constants of Solids, 1st ed., Academic Press Inc., 

California, 1985, p. 21. 



https://cimav.repositorioinstitucional.mx/jspui/ 
 

20 
 

[25] O. Stenzel, The Physics of Thin Films Optical Spectra, Springer-Verlag, Berlin, 

2005, pp. 42–45. 

[26] M. Popovici, et al., Thin Solid Films 519 (2010) 630–634. 

[27] R. Sharma, K. Sehrawat, A. Wakahara, R.M. Mehra, Appl. Surf. Sci. 255 (2009) 

5781–5788. 

[28] S. Heiroth, et al., Acta Mater. 59 (2011) 2330–2340. 

[29] P.S. Kireev, Semiconductor Physics, MIR, Moscow, 1966, Ch. 8, p. 555. 

[30] I. Kosacki, V. Petrovsky, H.U. Anderson, Appl. Phys. Lett. 74 (1999) 341. 

[31] W.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (1992) 1564. 

[32] J.B. Pethica, W.C. Oliver, Phys. Scr. 19 (1987) 61. 

[33] A.M. Korsunsky, M.R. McGurk, S.J. Bull, T.F. Page, Surf. Coat. Technol. 99 (1998) 

171–183. 

[34] J.R. Tuck, A.M. Korsunsky, R.I. Davidson, S.J. Bull, D.M. Elliott, Surf. Coat. 

Technol. 127 (2000) 1–8. 

 


