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Abstract 

The 8 wt.% rare earth (RE = Ce, Gd, and Y) doped zirconium dioxide (ZrO2) thin films 

were prepared on glass substrates by spin-coating technique and annealed at 600 oC. Also, the 

RE:ZrO2 based metal-insulator-semiconductor (MIS) type Schottky barrier diodes were 

fabricated. X-ray diffraction (XRD) patterns revealed the mixed phase of monoclinic and 

tetragonal ZrO2 for the RE:ZrO2 films, and the pure monoclinic phase for the undoped ZrO2 film. 

Because of the doping with RE ions, the crystallite size reduced with the increase of oxygen 

vacancies. The scanning electron microscopic (SEM) images exhibited the rod-shaped and 

square-shaped grains for the undoped ZrO2 and Gd:ZrO2 thin films, respectively. Elemental 

compositions were confirmed by the energy dispersive X-ray (EDX) analysis. The UV-vis 

analysis showed the lower transmittance for the RE:ZrO2 films with a reduced band gap (Eg). 

The dc electrical conductivity (σdc) was increased with the decrease of activation energy (Ea) due 

to the RE doping. When compared to the Al/undoped ZrO2/p-Si Schottky barrier diode, the 

Al/RE:ZrO2/p-Si showed an improvement in the values of barrier height (ΦB), ideality factor (n), 

and series resistance (RS). 
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1. Introduction 



Schottky barrier diodes (SBDs) are promising candidates in micro/nano electronics 

technology due to their applications in solar cells, sensors, photodetectors, frequency multipliers, 

etc. [1-4]. Basically, the SBD consists of a metal deposited over a semiconductor; the structure is 

known as the metal-semiconductor (MS) structure. Here, the metal electrons can often penetrate 

into the semiconductor and produce intrinsic states in the semiconductor band gap. These metal-

induced gap states (MIGS) create Fermi-level pinning, which results in large contact resistance 

due to a high Schottky barrier height (ΦB) [5]. The higher value of ΦB leads to low reverse 

saturation current (JS), on the other hand, it facilitates forward voltage drop (VF) in the SBD [6]. 

To solve this issue, an insulating layer is introduced between the metal and semiconductor, 

which converts the MS type SBD into metal-insulator-semiconductor (MIS) type SBD. The 

electrical characteristics of the SBD such as barrier height inhomogeneities, the density 

distribution of interface states (NSS), ideality factor (n), and series resistance (RS) are affected by 

some microstructural properties of the insulating layer [7,8]. These properties include crystal 

phase, crystallite size, grain orientation, atomic stoichiometry, homogeneity, etc. [9-11]. 

Therefore, in order to improve the overall performance of the SBD, it is essential to control the 

properties of the insulating layer. This can be achieved by doping of the insulating layer with 

impurities and thermal annealing [12,13]. 

 Recently, metal-oxide thin films with different dopants have been used as insulating 

layers in SBDs [14-16]. Among them, zirconium dioxide (ZrO2) exhibits high dielectric constant 

(22-25), wide band gap (5.8-7.8 eV), high thermal stability, and good Zr/Si interface [17]. The 

wide band gap favors to doping with different type of transition and rare earth (RE) metal cations 

[18,19]. The ZrO2 have three crystal phases viz. monoclinic (m-ZrO2 up to 1170 °C), tetragonal 

(t-ZrO2 between 1170-2370 °C), and cubic (c-ZrO2 above 2370 °C) [20]. The RE doped ZrO2 is 

well known for its optoelectronic device applications [21-23]. The nature and stoichiometry of 

RE ions determine the resultant microstructural, optical, and electrical properties of the ZrO2. 

Generally, the ionic radius of RE is rather higher than that of the Zr. For instance, when 

compared to the ionic radius of Zr4+ [r = 0.72 Å (m-ZrO2) and 0.84 Å (t-ZrO2) with coordination 

6 and 8], the RE cations have higher radius [r = 0.87 Å (Ce4+), 0.89 Å (Er3+), 0.90 Å (Y3+), 0.91 

Å (Dy3+), 0.94 Å (Gd3+), 1.03 Å (La3+)]. When doping with RE ions, they can occupy the 

substitutional/interstitial sites in the Zr-O host lattice and introduce oxygen vacancies, which are 

owing to the t-ZrO2 phase formation [24]. The creation of oxygen vacancies could result in the 



improvement of electrical characteristics of the SBD [25,26]. Many techniques such as sol-gel, 

chemical vapor deposition, pulsed laser deposition, and sputtering are employed to prepare the 

metal-oxide films. However, the sol-gel technique offers several advantages such as high purity 

films at low cost, control over stoichiometry, flexibility for doping, and large coating area [27]. 

 Liu et al. [28] investigated the ZrLaO gate dielectric based MOS capacitor annealed at 

850 oC. They obtained a low ΦB of 0.82 eV with the higher reverse current for the Al/ZrLaO/p-Si 

due to trapped charges. Xiao et al. [29] suggested that the creation of oxygen vacancy improves 

the leakage current density (1.8 × 10-6 A/cm2) in the Al/Gd:ZrO2/Si/Al MIS structure with 15% 

Gd. Lee et al. [30] fabricated the MOS structures with Y, Gd, Dy, and Ce doped ZrO2 and the 

Al/Ce doped ZrO2/TaN showed limited leakage current due to controlled oxygen vacancies. 

Chen et al. [31] reported that the ΦB value of Au/ZrO1.68/n-Si/In device (0.47 eV) is lower than 

the Au/ZrO2.01/n-Si/In (0.53 eV) owing to the increase of oxygen vacancies. 

 By considering the above facts, in the present work, we report the preparation of ZrO2 

thin films with the Ce4+, Gd3+, and Y3+ dopant ions using the spin-coating technique. After 

annealing treatment at 600 oC, the microstructural, morphological, optical, and electrical 

properties of the RE:ZrO2 films have been studied in detail. Further, the electrical characteristics 

have been analyzed for the Al/RE:ZrO2/p-Si SBDs using the thermionic emission theory. 

2. Experimental details  

2.1 Thin film preparation and MIS Schottky barrier diode fabrication 

 The precursor solutions were prepared by dissolving 0.2 M of zirconyl chloride 

octahydrate (ZrOCl2.8H2O, Sigma Aldrich) in 20 ml of ethanol. The 0.5 g of polyethylene glycol 

(PEG-6000) and citric acid were added as a surfactant and chelating agent, respectively. These 

solutions were stirred using magnetic stirrer. After 1 h, 8 wt.% of cerium chloride (CeCl3.7H2O), 

yttrium chloride (YCl3.6H2O), and gadolinium chloride (GdCl3.6H2O) were separately added 

into each solution and stirred for 48 h in ambient conditions. The as-prepared sol was spin-coated 

onto ultrasonically cleaned glass substrates at 3000 rpm for 30 s. Then, the films were dried at 60 
oC for 10 min and subsequently annealed at 600 oC for 1 h. The MIS Schottky barrier diodes 

were successfully fabricated on p-type silicon (100) substrates. Initially, the substrates were 

ultrasonically treated with acetone and IPA to remove surface contaminants. In the next step, the 

substrates were cleaned in piranha solution (3H2SO4:1H2O2) and 1% HF solution to remove the 



native oxide layer. Finally, the RE doped ZrO2 films were prepared by spin-coating the sol onto 

the dried Si substrates followed by annealing at 600 oC. An Aluminum target was DC sputtered 

using a shadow mask to make a Schottky contact (with an area of 0.1256 cm2) on the film 

surface. The schematic diagram of the SBD is shown in Fig. 1. 

2.2 Characterization techniques 

    Crystalline properties of the thin films were analyzed by using Bruker AXS D8 advance 

X-ray diffractometer. The Cu Kα radiation (λ = 1.5406 Å) with a 2θ scan in the range of 20-80° 

and a step size of 0.02° were employed. The thickness measurement was carried out using 

Mitutoyo SJ301 stylus profilometer. The morphological characteristics and chemical 

compositions were examined using JEOL JSM - 6390LV scanning electron microscope and 

energy dispersive X-ray spectrometer. Optical transmittance of the thin films was investigated 

with Jasco-V770 UV-vis spectrophotometer in the wavelength range of 200-900 nm. The dc 

electrical measurement was carried out using the four-point probe set up in the temperature range 

of 30-210 oC with the sweep voltage of 1-10 V. Current density-voltage (J-V) characteristics (in 

the range of -3 V to +3 V) of the Al/RE:ZrO2/p-Si SBDs were analyzed by employing the 6517-

B Keithley source meter at room temperature. 

3. Results and discussion 

3.1 Structural analysis 

 Figure 2 shows the XRD patterns of undoped ZrO2 and RE:ZrO2 (RE = Ce, Gd, and Y) 

thin films coated on Si substrate using the spin-coating technique. The peak located at 69.12o is 

correspond to (4 0 0) plane of Silicon substrate. For the undoped ZrO2 film, diffraction peaks 

originated at 2θ = 31.22o, 34.75o, 38.90o, 40.03o, 61.16o, 76.24o are indexed as (1 1 1)m, (2 0 0)m, 

(2 1 0)m, (-2 1 1)m, (-2 1 3)m and (0 3 3)m belong to the monoclinic phase of ZrO2 [JCPDS card 

no. 65-2357]. The Ce:ZrO2 film shows peaks at 31.18o, 36.01o, 39.74o, 51.27o, 60.91o correspond 

to (1 1 1)m, (-1 0 2)m, (-1 1 2)m, (-2 2 1)m, (1 1 3)m planes of monoclinic ZrO2 and a small peak at 

34.69o correspond to (0 0 2)t plane of tetragonal phase [JCPDS card no. 78-1807 and 79-1771]. 

In the case of Gd:ZrO2 thin film, peaks at 31.06o, 34.04o, 38.13o, 39.02o, 55.32o, 66.84o are 

assigned to (1 1 1)m, (0 0 2)m, (0 1 2)m, (0 2 1)m, (-1 1 3)m, (-2 3 1)m planes with monoclinic 

phase. Also, the peaks observed at 50.86o, 60.34o, 72.89o are originated from (2 0 0)t, (2 1 1)t, (0 

0 4)t  planes of the tetragonal phase [JCPDS card no. 80-0966 and 79-1763]. For the Y:ZrO2 thin 



film, diffraction peaks appeared at 31.11o, 35.81o, 49.44o, 51.20o are attributed to the (1 1 1)m, (-1 

0 2)m, (0 2 2)m, (-2 2 1)m planes with monoclinic phase and the peaks at 30.14o, 34.77o, 42.78o are 

assigned to (1 0 1)t, (0 0 2)t, (1 0 2)t planes of the tetragonal phase [JCPDS card no. 78-1807 and 

79-1763]. Doping ZrO2 lattice with RE ions causes the shift of major (1 1 1) peak towards lower 

angle. Moreover, any distinguished peaks corresponding to the RE oxides are not observed. The 

RE doped ZrO2 films consist of mixed monoclinic and tetragonal phases. 

The crystallite size (D) of the undoped ZrO2 and RE:ZrO2 thin films was determined 

from the major (1 1 1) peak using the Scherrer equation [32]: 

D =	 �.���	 
��             (1) 

where λ is the wavelength of CuKα radiation (0.15406 nm), β is the full-width at half maximum 

(FWHM), and θ is the peak position. The dislocation density (δ), microstrain (ε), and stacking 

fault (SF) were determined using the following relations [33,34]: 

δ	 = 	 ���              (2) 

ε = 	
��
	�               (3) 

SF = � ���
��(�	���) /�" β   (4) 

 The structural parameters are summarized in Table 1. The D values of undoped ZrO2, 

Ce:ZrO2, Gd:ZrO2, and Y:ZrO2 films are calculated to be 6.752 nm, 5.842 nm, 4.640 nm, and 

5.775 nm, respectively. It is obvious that the crystallite size decreases with the increase of the 

ionic radius of dopants. As the RE dopants inhibit the nucleation in the Zr-O lattice due to their 

larger ionic radius, the crystallite size is reduced [35]. It is noticed that the Gd:ZrO2 film has 

smaller crystallites with large defects. The calculated values of δ are 2.193 × 1016, 2.929 × 1016, 

4.643 × 1016, and 2.998 × 1016 lines/m2 for the undoped ZrO2, Ce:ZrO2, Gd:ZrO2, and Y:ZrO2 

thin films, respectively. The increase of crystal defects like vacancies and dislocations is owing 

to the substitution of RE ions in place of Zr. Since the Ce4+ has the same oxidation state as like 

as Zr4+, it produces minimum defects. But, the Gd3+ and Y3+ ions possess the oxidation state of 

+3. Therefore, they create oxygen vacancies in the host lattice in order to balance the charge 

compensation [36]. These vacancies increase the microstrain in the RE:ZrO2 films and also lead 

to the formation of tetragonal phase [37,38]. 

3.2 Morphological analysis 



 Figure 3 (a-d) shows the SEM images of undoped ZrO2 and RE:ZrO2 thin films. The 

prepared films exhibit a continuous and smooth surface. In Fig. 3 (a), the undoped ZrO2 film 

shows the larger rod-shaped grains. From Fig. 3 (b), it is evident that the grain distribution is 

uniform throughout the surface of Ce:ZrO2 film. Figure 3 (c) shows the presence of square-

shaped grains in the Gd:ZrO2 film. The Y:ZrO2 film surface exhibits closely packed grains with 

micro-cracks as well as randomly distributed pores, as shown in Fig. 3 (d). The growth of larger 

grains is owing to the agglomeration of nano-sized crystallites during the annealing treatment at 

600 oC. 

3.3 Energy dispersive X-ray analysis 

 The EDX spectra of the undoped ZrO2 and RE:ZrO2 thin films are presented in Fig. 4 (a-

d). The spectral analysis shows that the Zr and O elements are present in all the prepared films. 

Also, the EDX patterns of Ce:ZrO2, Gd:ZrO2, and Y:ZrO2 thin films confirm the incorporation of 

RE ions into the ZrO2 lattice. The elemental compositions are shown in the inset of Fig. 4(a-d). It 

is evident that the atomic percentage (at.%) of oxygen is lower for the Gd:ZrO2 thin film, which 

suggests the presence of oxygen vacancies. 

3.4 Optical studies  

 Optical transmittance spectra of the undoped ZrO2 and RE:ZrO2 thin films recorded at 

room temperature are shown in Fig. 5. The average transmittance is about 75% in the visible 

region for the undoped ZrO2 film. The RE:ZrO2 thin films exhibit relatively lower transmittance 

and the average values are 65 %, 70 %, and 60 % for the Ce:ZrO2, Gd:ZrO2, and Y:ZrO2 films, 

respectively. The transmittance decreases due to the grain boundaries and defects produced by 

the dopant ions [39]. For all the prepared films, the transmittance increases sharply at 200 nm in 

the UV region. Beyond 350 nm, the transmittance increases continuously for the Gd:ZrO2 and 

Y:ZrO2 films, and extends throughout the visible region. Meanwhile, the transmittance decreases 

for the Ce:ZrO2 thin film. 

 The optical band gap (Eg) for the direct allowed transition is calculated from the Tauc 

equation [40]: 

       (αhν)� = B(hν − E+,            (5)  

where α is the absorption coefficient, hν is the photon energy, and B is the constant. The value of 

α is calculated using the relation [41]: 



    α = -�./ ln -
�
2/                                     (6) 

where d is the film thickness and T is the transmittance. The band gap is determined by 

extrapolating the linear portion of the Tauc plot to the x-axis, as illustrated in Fig. 6. As shown in 

Table 2, the Eg values are 5.64 eV, 5.53 eV, 5.25 eV, and 5.38 eV for the undoped ZrO2, 

Ce:ZrO2, Gd:ZrO2, and Y:ZrO2 thin films, respectively. The decrease of band gap is due to the 

defect states introduced into the forbidden band by doping ZrO2 with the RE ions [42]. 

3.5 DC electrical characterization 

 The dc electrical conductivity (σdc) was calculated for the undoped ZrO2 and RE:ZrO2 

thin films using the following equation [43]: 

      σ.
 =	 �
45                    (7) 

where t is the inter-probe distance, R is the resistance of the film, and A is the area of the film. 

As shown in Fig. 7, the undoped ZrO2 and RE:ZrO2 thin films exhibit an increase in conductivity 

with the raise in temperature (30-210 oC). This increment is due to the thermally excited free 

charge carriers hopping from one localized state to another state [44,45]. The average value of 

5.827 × 10-12 S/cm is observed for the undoped ZrO2 film. 

 Besides, the RE:ZrO2 thin films possess higher conductivity than the undoped ZrO2. The 

Ce:ZrO2 and Y:ZrO2 films have σdc in the order of 10-12 S/cm, meanwhile, the highest value of 

1.172 × 10-11 S/cm is observed for the Gd:ZrO2 film. The Gd ions (Gd3+) occupy the 

substitutional sites in the Zr-O host lattice and lead to the release of free-charge carriers, which 

are owing to the increase of conductivity. These ions act as scattering centers and induce more 

vacancy related defects, which also support to the enhancement of conductivity in the Gd:ZrO2 

film. Since the Ce4+ and Zr4+ have the same oxidation states, the oxygen defects produced by the 

Ce4+ ions are less and therefore, the Ce:ZrO2 film shows the lower conductivity. The activation 

energy (Ea) and conductivity (σdc) are related by the Arrhenius equation as follows [46]: 

     σ.
 = σ� exp -9:;<=2
/            (8) 

where kB is the Boltzmann constant and T is the absolute temperature. The pre-exponential factor 

(σo) represents the number of vacancies, which is determined from the straight line intercept on 

the y-axis of the Arrhenius plot. Figure 8 shows the plot of ln(σdc) vs. (1/T) for the undoped ZrO2 



and RE doped ZrO2 thin films. The calculated value of Ea is found to be in the range of 0.068 to 

0.093 eV. The σdc and Ea values are listed in Table 3. 

3.6 Current density-voltage (J-V) measurement 

 Based on the thermionic emission theory, the forward current through the SBD and the 

applied bias (V > 3kT/q) are related as [47]: 

J = J? �exp - @A
�<2/ − 1"                              (9)  

where JS is the saturation current density, q is the electric charge, n is the ideality factor, k is the 

Boltzmann constant, and T is the absolute temperature. The saturation current density (JS), 

ideality factor (n), and barrier height (ΦB) can be determined by using the relations [48]: 

J? = CD
5 = A∗T�exp �9@ =

<2 "                        (10)  

where A is the area of Schottky contact and A* is the effective Richardson constant (32 A/cm2K2 

for p-Si). 

n = @
<2

.A
.(H�I)                  (11) 

     ΦK = <2
@ ln �

5∗2�
ID
"                     (12) 

The JS, n values are calculated by extrapolating the linear portion of the ln(J)-V plot toward V = 

0 and slope of the linear portion of the ln(J)-V plot, respectively. The Cheung’s function is used 

to determine the series resistance (RS) as follows [49]: 

.A
.H�(I) = JR? + �<2

@           (13) 

 The energy band diagram of Al/RE:ZrO2/p-Si SBD is depicted in Fig. 10. When a 

positive bias is applied on the p-Si relative to the metal, the electrons from Al metal flow out 

through the RE:ZrO2 insulating layer and create ionized acceptors above the valence band in p-

Si. Meanwhile, holes (majority carriers) move from the valence band into metal and hence 

current flows in SBD. The forward and reverse bias semi-logarithmic J-V characteristics of the 

Al/RE:ZrO2/p-Si Schottky barrier diodes are shown in Fig. 9. The RE:ZrO2 based SBDs exhibit 

better rectification behavior, when compared to the undoped ZrO2 based SBD. The calculated 

values of diode parameters (JS, ΦB, n, and RS) are presented in Table 4. The ideality factor (n) is 

equal to one for the ideal Schottky diode. But, the fabricated SBDs exhibit a higher value of n, 

which is owing to the distribution of interface states, series resistance, and the voltage drop 



across the ZrO2 insulating layer [50]. However, the RE:ZrO2 based SBDs show a better n value 

than undoped ZrO2 SBD (n = 3.24). The values are 2.71, 2.48, and 2.64 for the Ce:ZrO2, 

Gd:ZrO2, and Y:ZrO2 based SBDs, respectively. Due to smaller crystallites in the Gd:ZrO2 layer, 

the series resistance, inhomogeneities, and non-uniform distribution of the interfacial charges are 

decreased, which results in the improvement of the ideality factor of Al/Gd:ZrO2/p-Si SBD [25]. 

 It is observed that the saturation current density (JS) increases with the increase of reverse 

bias in the SBDs, which is attributed to the presence of insulating layer between the metal and 

semiconductor, inhomogeneity of the barrier height, and image force effect [8,51]. The series 

resistance (RS) is determined from the slope of the straight line of dV/dln(J) vs. J plot, as shown 

in Fig. 11. For the Al/undoped ZrO2/p-Si SBD, the saturation current density (JS) and series 

resistance (RS) values are 6.494 × 10-12 A/cm2 and 282 kΩ, respectively (Table 4). The lower JS 

value is attributed to the rod-shaped grains present in the undoped ZrO2 film. But, the RE:ZrO2 

based SBDs show an increment in the reverse current density. Particularly, the Al/Gd:ZrO2/p-Si 

SBD exhibits a higher JS value of 1.313 × 10-10 A/cm2 with a lower RS value of 215 kΩ. Due to 

the larger ionic radius of Gd3+, the crystallite size is reduced in the Gd:ZrO2 film. This leads to 

an increase of defects like oxygen vacancies and dislocations, which in turn, increase the 

microstrain in the lattice. For the Gd:ZrO2 film, the values of δ and ε are found to be 4.643 × 1016 

and 7.386 × 10-3, respectively. During the annealing treatment, the crystallites agglomerate and 

lead to the larger square-shaped grains. The defects segregated at grain boundaries can trap the 

charge carriers and increase the reverse current density by providing the percolation path for 

charge transport [52,53]. Since, the current flow is restricted by pores and micro-cracks present 

in the Y:ZrO2 film, the grains connected by grain boundaries facilitate the reverse current. When 

compared to the Gd:ZrO2 and Y:ZrO2 based SBDs, the reverse current density decreases in the 

Ce:ZrO2 based SBD, because of the smooth surface. 

 The value of ΦB is calculated to be 1.04 eV for the Al/undoped ZrO2/p-Si SBD and the 

ΦB changes with respect to the RE dopants. Schottky barrier diodes fabricated with the insulating 

layers of Ce:ZrO2, Gd:ZrO2, and Y:ZrO2 exhibit the ΦB values of 0.99 eV, 0.94 eV, and 0.97 eV, 

respectively. It is obvious that the ΦB decreases with a reduction in crystallite size associated 

with large defects. When compared to the Ce:ZrO2 based SBD, the ΦB is lower for the Gd:ZrO2 

and Y:ZrO2 based SBDs. This is because the carrier concentration increases due to the oxygen 

vacancies created by Gd3+ and Y3+ ions in the Zr-O lattice [54]. In Fig.12, the I-V characteristics 



show that the turn-on voltage is improved for the RE:ZrO2 based SBDs. A turn-on voltage of 0.4 

V is noticed for the Al/Gd:ZrO2/p-Si SBD due to the lower barrier height [55]. 

4. Conclusion  

In summary, the rare earth (8wt.% of Ce, Gd, and Y) doped ZrO2 thin films were 

prepared by spin-coating technique and the RE:ZrO2 based MIS Schottky barrier diodes were 

fabricated. The XRD results reveal the monoclinic phase for the undoped ZrO2 film and the 

crystallite size (D) is 6.752 nm. The partial tetragonal phase for the Gd:ZrO2 and Y:ZrO2 films is 

owing to the oxygen vacancies created in the ZrO2 lattice. Moreover, the crystallite size 

decreases with the increase of the ionic radius of dopants. The smallest D value (4.640 nm) is 

obtained for the Gd:ZrO2 film. The SEM analysis reveals the square-shaped grains for the 

Gd:ZrO2 thin film, which is due to the agglomeration of smaller crystallites at 600 oC. The 

presence of Zr, O, Ce, Gd, and Y elements are confirmed by the EDX analysis. The band gap 

(Eg) is 5.64 eV for the undoped ZrO2, and the value is reduced to 5.25 eV for the Gd:ZrO2. The 

higher electrical conductivity (σdc = 1.172 × 10-11 S/cm) with the activation energy (Ea) of 0.068 

eV is observed in the Gd:ZrO2 thin film. This is owing to the increase of carrier concentration in 

the Zr-O lattice. The Al/RE:ZrO2/p-Si SBDs exhibit an improved turn-on voltage. The calculated 

values of saturation current density (JS), barrier height (ΦB), and ideality factor (n) for the 

Al/undoped ZrO2/p-Si SBD are 6.494 × 10-12 A/cm2, 1.04 eV, and 3.24, respectively. The 

Al/Gd:ZrO2/p-Si SBD exhibits the values of 1.313 × 10-10 A/cm2, 0.94 eV, and 2.48. Besides, the 

series resistance (RS) is 282 kΩ for the undoped ZrO2 based SBD and the value is reduced to 215 

kΩ for the Gd:ZrO2 based SBD. These results indicate that the Al/Gd:ZrO2/p-Si SBD can be 

useful for the high fast switching and optoelectronic devices. 
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Figure captions 

Fig. 1 Schematic diagram of the Al/RE:ZrO2/p-Si SBD 

Fig. 2 XRD patterns of the undoped ZrO2 and RE:ZrO2 thin films coated on Si (100) substrates 

Fig. 3 SEM images of the (a) undoped ZrO2 (b) Ce:ZrO2 (c) Gd:ZrO2 (d) Y:ZrO2 thin films 

Fig. 4 EDX spectra of the (a) undoped ZrO2 (b) Ce:ZrO2 (c) Gd:ZrO2 (d) Y:ZrO2 thin films 

Fig. 5 Transmittance spectra of the undoped ZrO2 and RE:ZrO2 thin films 

Fig. 6 Tauc plots of the undoped ZrO2 and RE:ZrO2 thin films 

Fig. 7 dc electrical conductivity of the undoped ZrO2 and RE:ZrO2 thin films 

Fig. 8 Plot of ln(σdc) vs. 1/T for the undoped ZrO2 and RE:ZrO2 thin films 

Fig. 9 ln(J)-V characteristics of the RE:ZrO2 (RE = Ce, Gd, and Y) based MIS type SBDs 

Fig. 10 Energy band diagram of the Al/RE:ZrO2/p-Si SBD, ΦM and ΦSi are the work functions of 

Al and p-Si (ΦM < ΦSi), ΦB is the barrier height, χS is the semiconductor electron affinity, qVi (= 

ΦSi-ΦM) is the built-in potential 

Fig. 11 dV/d(lnJ) vs. J plot of the RE:ZrO2 (RE = Ce, Gd, and Y) based MIS type SBDs 

Fig. 12 I-V characteristics of the RE:ZrO2 (RE = Ce, Gd, and Y) based MIS type SBDs 

Table captions 

Table 1 Structural parameters of the undoped ZrO2 and RE:ZrO2 thin films 

Table 2 Band gaps of the undoped ZrO2 and RE:ZrO2 thin films 

Table 3 dc electrical parameters of the undoped ZrO2 and RE:ZrO2 thin films 

Table 4 Diode parameters of the RE:ZrO2 (RE = Ce, Gd, and Y) based MIS type SBDs 
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Thin 
film 

Diffraction 
angle (2θ) 

(h k l) 
 

Interplanar 
spacing (d) 

Å 

FWHM 
(β) rad 

Crystallite 
size (D) 

nm 

Dislocation 
density (δ) 

× 1016 

lines/m2 

Micro 
strain (ε) 

× 10−3 
lines/m2 

Stacking 
fault 
(SF) 

× 10−3 
undoped

ZrO2 
31.22 (1 1 1) 2.863 0.0210 6.752 2.193 5.076 12.468 

Ce:ZrO2 31.18 (1 1 1) 2.866 0.0243 5.842 2.929 5.866 14.399 

Gd:ZrO2 31.06 (1 1 1) 2.877 0.0306 4.640 4.643 7.386 18.078 

Y:ZrO2 31.11 (1 1 1) 2.873 0.0246 5.775 2.998 5.935 14.542 



Table 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin film Thickness (nm) Band gap energy 
Eg (eV) 

undoped ZrO2 364 5.64 

Ce:ZrO2 382 5.53 

Gd:ZrO2 376 5.25 

Y:ZrO2 385 5.38 



Table 3 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thin film Conductivity 
σdc (S/cm) 

Activation Energy 
Ea (eV) 

undoped ZrO2 5.827 × 10-12 0.093 

Ce:ZrO2 8.038 × 10-12 0.073 

Gd:ZrO2 1.172 × 10-11 0.068 

Y:ZrO2 9.572 × 10-12 0.071 



Table 4 

 
 
 
 

  

Schottky 
barrier diode 

Reverse saturation 
current density 

JS (A/cm2) 

Barrier height  
ФB (eV) 

Series resistance 
RS (kΩ) 

Ideality 
factor n 

Al/undoped ZrO2/p-Si 6.494 × 10-12 1.04 282 3.24 

Al/Ce:ZrO2/p-Si 1.768 × 10-11 0.99 270 2.71 

Al/Gd:ZrO2/p-Si 1.313 × 10-10 0.94 215 2.48 

Al/Y:ZrO2/p-Si 3.576 × 10-11 0.97 238 2.64 
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Fig. 10 

 

 

 

 

 

 

 

 

 

 



Fig. 11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Fig. 12 

 

 

 

 



Highlights 

• Rare earth (Ce, Gd, and Y) doped ZrO2 insulating layer based MIS type Schottky barrier 

diodes have been fabricated. 

• The mixed phase of m-ZrO2 and t-ZrO2 is observed for the Gd:ZrO2 thin film with the 

smaller crystallite size of 4.640 nm. 

• In Gd:ZrO2 film, the increase in reverse current density is owing to the presence of square-

shaped grains with dislocations. 

• A higher dc electrical conductivity (σdc) is observed for the Gd:ZrO2 film. 

• When compared to the Al/undoped ZrO2/p-Si SBD, the Al/Gd:ZrO2/p-Si SBD shows an 

improvement in the values of ΦB, RS, and n. 
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