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Abstract 

Zirconium thin films on glass, single-crystal silicon p-type (100), substrates have been 

prepared from zirconium oxychloride octahydrate  and ethanol . The physicochemical 

processes involved in film formation and the phase composition and properties of the films 

have been studied. The films prepared on silicon, have a amorphous structure. After 

annealing at 500 °C the structure changes to tetragonal phase. The resulting ZrO2 films have 

bandgap width 4.01 eV, average thickness was 108 nm from UV-visible study. The samples 

morphological characterizations are done using FESEM. And electrical characterizations are 

done using Capacitance-Voltage measurements.  

 

Keywords: Zirconium Oxide, thin film, Spin coating, MOS structure, Gate voltage 
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1. INTRODUCTION 

In 1906, L.D Forest invented the first vacuum tube which was used for rectifying, amplifying 

and switching electrical signals [1]. Vacuum tubes had played an important role in the 

development of electronics before the advent of semiconductor transistor. In 1947, J. Brattain 

and W. Bardeen invented the first point contact junction transistor [2,3] and in 1948 W. 

Schokley proposed bipolar junction transistor (BJT) [4]. In 1951, W. Shockley invented 

junction field-effect transistor (JFET) [5]. JFET  replaced the vacuum tube by a solid state 

device and found the path for smaller and cheaper electronic devices. In 1958, j. Kilby 

invented the first integrated circuit and received the Nobel physics prize for his innovative 

work [6]. For the first time, In 1960, D. Kahng fabricated metal-oxide-semiconductor field 

effect transistors (MOSFETs) on silicon (Si) substrate using silicon oxide (SiO2) [7]. 

MOSFETs rapidly replaced the JFET and had become core of microelectronics. Due to single 

polarity of MOSFET, it suffered large power dissipation. In 1963, the complementary metal-

oxide-semiconductor (CMOS) field effect transistor (FET) which uses both n-type and p-type 

MOSFETs [8]. 

         Towards the beginning of the 21
st
 century, for the design of the electronic system 

enormous efforts have been undertaken. For defence, space, automatic control of industrial 

processes and medical diagnostics, where two parts namely microprocessor and micro sensor 

actively works during the function of microelectronic device [9-11]. Over the last more than 

four decades, a successful evolution of Si-based semiconductor technology to increase circuit 

functionality and performance at lower cost has been continuously driven by scaling down of 

the metal-oxide-semiconductor field effect transistor (MOSFET). The Semiconductor 

Industry Association (SIA) has evaluated the goal of industry’s products and established a 

“roadmap” since 1992 to predict the future performance demands and expectations of 

devices. 

1.1.High-k gate dielectrics 

Since the inception of the MOSFET in 1960, the gate dielectric material SiO2 has been used 

in MOS technology, because of its advantages: (1) the high dielectric breakdown strength (≥ 

10 MV/cm), (2) the electrically stable Si-SiO2 interface and (3) the thermal stability at high 

temperature [12]. A SiO2 layer of 11-15 Aº thick (3- 4 monolayers) of SiO2 creates several 

problems. First, 11- 15Aº thickness is so thin that electrons can directly tunnel through the 
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SiO2, resulting in excessively high gate leakage current. High leakage is a great concern, 

particularly for low power applications, as well as high performance applications. 

Additionally, SiO2 thickness uniformity across a wafer (300 mm) becomes even more crucial 

for such a thin film. Reliability also becomes a huge concern for such a thin SiO2 dielectric. 

After so many research, it was found that the materials having high k dielectric can overcome 

all the problem related to SiO2. 

1.2 Motivation For  Zirconium Oxide 

Different types of high k materials are taken into consideration such as barium strontium 

titanate (BST), tantalum oxide (Ta2O5), titanium oxide (TiO2), hafnium oxide (HfO2), 

zirconium oxide (ZrO2), silicon nitride (Si3N4) and aluminium oxide (Al2O3). Comparison of 

some important  properties of high-k dielectric materials are shown in table 1. 

Table.1 Comparison of some important properties of high-k dielectric materials [13-15] 

 

Due to high dielectric constant of BST (~300), it was originally studied for DRAM capacitor 

application [13]. Later researches discovered that application of BST in MOS capacitors are 

not thermodynamically stable with silicon because of much higher EOT  due to the formation 

of a relatively thick (~30 A°) SixOy interfacial layer between the BST and silicon substrate. 

Similarly Ta2O5 and TiO2 are thermodynamically unstable with Si. They interfacial layer 

Material  Dielectric 

constant 

energy gap (Eg) Crystal structure 

SiO2  3.9 8.9 Amorphous 

Al2O3  9 8.7 Amorphous 

Ta2O5  26 4.5 Orthorhombic 

TiO2   80 3.5 Tetragonal 

HfO2  25  5.7 Monoclinic, Tetragonal, 

Cubic 

ZrO2  25  5.8 Monoclinic, Tetragonal, 

Cubic 
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found to be low-k in contact with silicon and result in losing the property of high-k materials 

[14]. Si3N4 has nice interface and good reliability properties [15]. However, relatively low 

dielectric constant (k~ 7.5) of Si3N4 limits its possible application. Al2O3 has also similar 

limitation due to its low dielectric constant (k~10). Besides low k, Al2O3 well-known 

interfacial fixed charges consequently results in low carrier mobility in MOSFET 

applications. 

Among the materials hafnium and zirconium based oxides found to be promising candidate 

since they possess many of the material characteristics required by high-k gate dielectrics. 

Since ZrO2 and HfO2 both have similar structural property, bandgap and dielectric constant, 

thus we choose ZrO2 as our base material 

1.3 ZrO2 material properties 

The various material properties of ZrO2 make an attractive MOS gate dielectric material. 

ZrO2 has high dielectric constant of around 25 [16-17] and is stable in contact with Si [18]. It 

has refractive index ranging from 1.84-2.23 [19] and high density of 5.74 gm/cm
3
, which may 

help to improve impurity diffusion. As for ZrO2’s band gap concerned, it is 5.8 eV [20] 

which is sufficiently high enough for low gate leakage current. It has high melting point 

nearly 2950 k. Finally, it was reported that ZrO2 can be etched by diluted hydrofluoric acid 

(HF) which is used in MOS to remove SiO2 from Si substrate [21].   

      Table.2 Material Properties of the ZrO2 in comparison with SiO2 [16-21] 

Materials ZrO2 SiO2 

Dielectric Constant 25 3.9 

Bandgap 5.8eV 9eV 

Refractive index 1.84-2.23 1.46 

Lattice mismatch with Si(100) 2.1% - 

Melting point 2677
o
C 1600

o
C 

Etchability HF solution HF solution 

density 5.74 gm/cm3 2.27gm/cm3 
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1.4 The MOS Structure 

The important structure of semiconductor devices is metal-oxide-semiconductor (MOS 

capacitor) which is used in large-scale integration [22]. The MOS capacitor consists of a thin 

film high k dielectric layer sandwiched between a semiconductor substrates and a metallic 

field plate. The most common field plate materials and semiconductors are Aluminium and 

heavily doped polycrystalline Silicon. A second metallic layer present along the back or 

bottom side of the semiconductor provides an electrical contact to the semiconductor 

substrate. 

 

 

 

 

 

 

 

[Fig.1.4 Cross-sectional view of a MOS structure] 
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2. FABRICATION TECHNOLOGY OF ZIRCONIUM OXIDE THIN FILM 

Thin film is preferred in the field of microelectronics in which conductive, resistive, 

insulating films are deposited or sputtered on substrate. Generally, a thin film is layer of 

material ranging from some nanometer to several micrometer in thickness. Electronic 

semiconductor devices and optical coatings are the main application of thin films. 

In recent years, several attempts have been undertaken for the fabrication of ZrO2 thin films. 

These methods are broadly classified into thermal evaporation, Sputtering, Pulsed laser 

deposition (PLD), Chemical vapour deposition (CVD) and Wet chemical method.   

          Generally, wet chemical method is called non-vacuum technique and physical method 

is called vacuum technique.  In wet chemical method at least one of the precursors is in liquid 

phase.  Advantages of wet chemical method 

 Low cost 

 Easily handle 

 Less time required 

 Less power consumption 

 Low temperature deposition 

Some examples of chemical methods are 

 Spin coating 

 Dip coating  

 Spray pyrolysis 

2.1 Spin coating: 

Spin coating is a non vacuum technique used to deposit uniform thin films to flat substrates. 

A little amount of coating material is put on the centre of the substrate. The substrate is then 

rotated in order to spread the coating material by centrifugal force. Spin coating is a fast and 

easy method to generate thin and homogeneous films.  

Advantages of spin coating technique: 

 Film thickness is changed by changing spin speed 

 It produces uniform  coating film 
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[Figure 2.1 .steps of spin coating methods [23]] 

2.2 Thermal evaporation: 

Thermal evaporation is a vacuum technique of physical vapor deposition. In this technique, 

inside the high vacuum chamber a solid material is heated to a high temperature to generate  

vapour pressure. These vapour are allowed to reach the substrate without reacting or 

scattering with other atoms in the chamber and reduce the impurities from the residual gas in 

vacuum chamber. Thermal evaporation depends on parameter like substrate-source distance, 

substrate temperature, rate of heating, flow rate of gas, working pressure 

 

 

 

 

 

 

[Figure 2.2 .Block diagram of thermal evaporation system] 

2.3 EXPERIMENTAL: 

In the experiment, substrates were taken as Si (100) and glass slides. The substrates were 

dipped in solution (mixture of hydrogen peroxide and sulfuric acid in 1:1), and rinsed with 

deionised water. The substrate was heated at 70 °C for 5 min followed by ethanol rinse. The 
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ZrO2 sol was prepared by taking 0.1 mol of ZrOCl2.8H2O and 50 mL of ethanol as a solvent 

and the sol was aged at room temperature for 3 days. The deposition of the films on the 

substrates was done by spin coating at 3000 rpm for 30 seconds. The films were dried at 

70°C for 5 min, then annealing to 500 °C at a rate of 10 °C/min and held there for 3 min.  

To study capacitance–voltage measurements of Zirconium oxide thin film prepared by spin 

coating method, zirconium oxide based MOS (metal oxide semiconductor) device was 

prepared by thermal evaporation method. In the MOS device the top contact was done by 

local metallization of aluminum using mask and the bottom contact was done globally by 

aluminium metal. The Capacitance-Voltage measurements was done by Agilent E4980A 

precision LCR meter .The structural properties of the prepared ZrO2 thin film by spin coating 

was investigated by X-ray diffraction system (Rigaku Corporation manufactured Ultima IV). 

The optical properties were studied by UV- Visible Spectrophotometer. The experimental 

details was represented by the flowchart given below, 
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Flow chart of the Experimental work  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.1M Zirconium oxy chloride 

octahydrate (ZrOCl2.8H20) 

50 ml ethyl alcohol (C2H5OH) 

                  ZrO2 SOL 

Ageing   3 days 

ZrO2  deposited on silicon substrate by spin 

coating, 3 layers  coating, after  each layer 

heat 5 min  at 70 
°
C for drying 

ZrO2 deposited on glass substrate by spin 

coating method, after each layer heat 5min 

at 70 
o
C for drying and annealed at 250 °C 

Metal coated on silicon based ZrO2 thin film 

by thermal evaporation to form MOS 

 

UV-Visible Spectroscopy 

 Annealed at 500 
°
C the ZrO2 film 

      C-V Measurement 

 XRD, FESEM, FTIR 



 9  
 

3.CHARACTERIZATION TECHNIQUES 

It is necessary to study the structural, compositional, morphological and other properties for 

sample characterization. To study the structural details about the samples x-ray diffraction, 

for morphological Field emission electron microscope, for optical properties UV-Visible 

spectroscopy and Fourier transform infrared spectroscopy and electrical properties 

Capacitance-Voltage measurements were performed. 

 

3.1 X-Ray diffraction   

This is a technique to study structural details of the samples. By this technique size and shape 

of the crystal, the average atomic spacing, orientation of the single and ploy crystal are 

determined. 

               The Bragg’s law  describing relationship a beam of X-ray  having particular 

wavelength diffracts at certain angle from a crystalline surface defined by equation, 

nλ = 2d sinθ……………….[3.1] 

λ= X‐ray wavelength 

d = distance between lattice planes 

θ= angle of incidence with lattice plane 

n = integer 

 

 

 

When X-ray passes through the matter it interacts with the atom or electron inside the 

materials. The light deflected from each element will be different and corresponding intensity 

also different. When the intensity of those deflected light is plotted with respect to the angle 

of diffraction, different peaks are obtained. From those peaks the structure of the material and 

also size of the crystalline can be detected from the peak width. If width of the peak increases 

then the crystalline size of the sample decreases. This indicates that peak width is inversely 

proportional to crystalline size. Peak width also depends on the angle of deflection 2θ, at 

larger deflecting angles the broadening of crystalline size is more. 

 

[Figure 3.1 .X-Ray Diffraction condition] 
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3.2 Field emission scanning electron microscope (FESEM): 

FESEM provides clear and less distorted images and also gives 3 to 6 times more resolution 

than SEM. Good quality and low voltage images are obtained with less electrical charging of 

samples by FESEM. The need for conducting coatings on insulating materials is virtually 

eliminated. 

 

 

 

[Figure 3.2(a) .The emission of secondary Electrons 

 from the specimen [24]] 

 

 

 

 

 

 

    [Figure 3.2(b) the block diagram of Field  

    Emission Scanning Electron Microscope [24]] 
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3.3 UV-Visible Spectroscopy: 

Ultraviolet–Visible spectroscopy refers to absorption, reflectance or transmittance 

spectroscopy in the ultraviolet-visible spectral region [25]. The absorption or reflectance in 

the visible range directly affects the chemicals color. This technique is opposite to 

fluorescence spectroscopy. In fluorescence the transitions takes place from the excited state 

to the ground state while in absorption transitions occurs from the ground state to the excited 

state 

 

 

 

 

 

 

 

 

 

 

 

 

[Figure 3.3 Block diagram of UV-Visible Spectrophotometer [26]] 

By using UV-Visible Spectroscopy, we can calculate the band gap of thin film using relation 

(αhⱱ)
1/n

 = B(hⱱ-Eg) 

B: a constant related to a transition probability 
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Eg : band gap 

N: an index characterizing the transition step 

n=2 is an indirect transition step 

n= ½ is a direct allowed transition step 

3.4 Fourier transform infrared spectroscopy: 

All the IR wavelengths are measured simultaneously by the spectrometer which produces a 

full spectrum. Based on the use of interferometer called as an optical modulator, the radiation 

emitted by the IR-source is modulated, which produces an interferogram containing all the 

infrared frequencies encoded in it. An optical Fourier transform on the IR radiation emitted 

by the IR source is performed by the interferometer. 

                      

                             

 

 

 

 

 

 

 

 

 

[Figure 3.4.Block diagram of FTIR [27]] 

3.5 Capacitance-Voltage measurement (C-V measurement): 

The single most important measurement in Metal-Oxide-Semiconductor (MOS) work is a 

plot of the capacitance of a MOS structure as a function of its dc gate bias. This is known as a 

C-V (capacitance-voltage) plot. The Capacitance-Voltage (C-V) technique is the most 
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commonly used tool for the electrical characterization of high-k gate dielectrics and metal 

gate electrodes. Many important electrical properties of high-k gate dielectrics, including 

dielectric constant, EOT, flat band voltage, fixed charges, bulk charges, and interface state 

density derived from the C-V measurement. The work function of the metal gate electrodes 

can also be calculated from the C-V measurement by plotting the flatband voltage and EOT 

of MOS capacitors with various thicknesses. The inversion capacitance can provide the 

information of the Si substrate doping concentration. 

During the C-V measurement, a small sinusoidal AC drive signal is superimposed on a linear 

DC voltage ramp to sweep over the bias range from accumulation region to inversion region 

shown in the fig 4.5. The frequency of this sinusoidal ac voltage can be varied from 20 Hz to 

1MHz. A frequency (above 100 kHz) is commonly considered as the high frequency. 

 

 

 

 

 

 

 

[Figure 3.5 time vs voltage] 

3.5.1High frequency C-V plots 

 Capacitance meters measure capacitance by applying a small (~ mV) ac voltage on 

top of the dc bias and measuring the reactive component of the resulting current. As indicated 

in Fig. 3.5.1, applying negative gate voltage, In p-type silicon one can measures the dielectric 

constant of the film from the accumulation region. When gate voltage becomes more than flat 

band voltage, this creates a capacitor in series with oxide capacitance. When dc voltage 

exceeds the threshold voltage VT, inversion of charge occurs. Then if the dc voltage is slowly 

increased further, the inversion layer increases its charge to balance the gate and the depletion 

layer does not widen further. Since the depletion-layer width has reached a maximum, the 

total ac capacitance is pegged at its minimum 
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Accumulation region  

When the –Ve voltage applied to the gate, accumulation occurs. The –ve charge on the gate 

attracts the holes from the semiconductor.  

 

 

 

[Figure 3.5.1 C-V measurement setup and typical C-V plot (high frequency) for p-type   

silicon substrate] 

Depletion Region  

Depletion occurs at positive voltage. The +ve charge on the gate pushes the holes into the 

substrate and causing depletion at the oxide-semiconductor interface. 

Inversion Region  

Inversion takes place at threshold voltage. The inversion layer is due to minority carriers of 

semiconductor substrate. 

 
3.5.2. Extracting the Flatband capacitance and Flatband voltage 

 When certain voltage is applied, the flatband voltage (VFB) results in the 

disappearance of bending of band. As this point, known as the flatband condition, the 

semiconductor band is said to become flat. Flat band voltage and its shift are widely used to 

extract other device parameters, such as oxide charges [28]. 

 The CFB is derived using the equation 3.5.2(a) and 3.5.2(b). The value of VFB can be 

derived from the corresponding C-V curve data [29]. 

Accumulation region 

Depletion region 

Inversion region 
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 Equation 4.5.2(b) calculates the Debye length parameter (λ) that is used in equation  

3.5.2 (a) [30]. 

))(101/())(101(

))(101/(
412

4













AC

AC
C

sox

sox

FB    …….   [3.5.2(a)] 

 

Here CFB is the flatband capacitance (pF) 

 Cox is the oxide capacitance (pF) 

εs is the permittivity of the substrate material (F/cm), 

A is the gate area (cm
-2

) 

 λ is the extreme Debye length, calculated from: 

2

1

2 









Naq

kTs  …………………………[3.5.2(b)] 

Where kT  is the thermal energy  

q is the electron charge  

Na is doping concentration. 

3.5.3. Extraction of Oxide charge 

The effective oxide charge (QEFF) is  the sum of the oxide fixed charge (QF), the mobile 

charge (QM), and the oxide trapped charge (QOT) 

The calculation of QEFF is given by the equation [3.5.3 (a)]  [29,30], 

OX

EFF

MSFB
C

Q
WV  ……………………[3.5.3 (a)] 

Where VFB is the flatband voltage (V) 

 WMS is the metal-semiconductor work function  

and Cox is the oxide capacitance. 
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4. RESULTS AND DISCUSSION: 

4.1 X-Ray diffraction: 

Figure 4.1(a) shows the XRD pattern of multilayer ZrO2 thin film room temperature and Fig 

4.1(b) shows the ZrO2 film deposited on Si (100) substrate after annealing at 500 °C. Fig 

4.1(a) show that the ZrO2 film has amorphous structure with one peak (100) corresponding to 

the peak of the silicon substrate. After annealed at 500 °C ,two peak in addition to Si peak as 

shown in fig(b). These are (200) and (311) peak at an angle 33.08° and 61.75
°
. The film 

transition from amorphous to crystalline structure at 500 °C which is tetragonal in structure 

[31]. 

[Figure.4.1 XRD pattern (a) ZrO2 thin film room temperature and (b) ZrO2 thin film annealed 

at 500 °C] 
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4.2 Field emission scanning electron microscope(FESEM): 

Figure 4.2(a) shows the FESEM micrographs of the ZrO2 thin film without annealing and 

with annealing is shown in the figure 4.2(b).  The thin films of ZrO2 shows a uniform and 

less crack surface before annealing. After annealing the cracks are slightly reduced as 

compared to non-annealing process. 

 

 

[Figure .4.2(a) and 4.2(b) FESEM image of ZrO2 thin film without annealing and  annealed at 

500 °C] 

 

4.3 Fourier transform  infrared spectroscopy (FTIR): 

Figure 4.3 shows the FTIR spectra of ZrO2 thin films deposited by spin coating technique. 

The band at 609 cm
–1

 indicates vibration of Zr-O bond. Dhar [32] investigated ZrO2 thin 

films deposited by MOCVD technique using beta ketoesterate complex and obtained similar 

type of microstructure. The band at 1098 cm
–1

 corresponds to the vibration of the Si-O bond.  
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[Fig 4.3 FTIR spectra of ZrO2 Thin film]  

 

4.4 UV–visible spectroscopy (UV-Vis): 

 The wavelength versus transmission plot shows the transmittance spectra of ZrO2 thin film. 

The optical energy gap of ZrO2 thin film is calculated by using the Tauc method [33]. The 

energy gap is calculated using the relation 

(αhν)
2
 = B(hν-Eg) 

Where hν is the incident photon energy and B is a constant 
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The (αhν)
2
 versus hν curves for ZrO2 thin film are shown in Fig 4.4 (b). The band gap for the 

ZrO2 thin film is found to be 4.01 eV. The decrease of Eg may be assumed to the adjustment 

of atoms to more stable positions by annealing [34]. 

 

 

 

[Fig.4.4 (a) wavelength versus transmittance plot of ZrO2 thin film and 4.4 (b) (αhv)
2 

versus 

hv curves ZrO2 thin film] 

 

Fig. 4.4 (a) shows the transmittance spectrum of the zirconium oxide films. There are two 

minima  at 423 nm and 688 nm,. The thickness of zirconium oxide films is calculated  with 

using the formula [35]: 

  
 

   
 

  
 

 

  
 

 

Where d is the film thickness  

n is the refractive index (n = 3.9) 

 λ1 and λ2 are the wavelength of adjacent peaks in the transmittance spectrum  

so the film thickness d = 108 nm. 
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4.5 Capacitance-Voltage measurement(C-V): 

C-V measurements were carried out by using Agilent E4980 precision LCR meter and plotted 

in Fig. 5.5. Three regions of the C-V graph, namely accumulation, depletion and inversion, 

formed due to variation in carrier concentrations at the interface with bias voltage, are 

distinctly visible. The maximum capacitance in the accumulation region was found to be 

1130.28 pF. 

 

 

 

 

 

 

 

 

 

 

 

[Figure 4.5.Capacitance-Voltage plot of ZrO2 base MOS ] 

 

By using equation no 3.5.2 (a) the flat band capacitance was found as 556 pF and the 

corresponding flat band voltage was -1.67 V. Using equation 3.5.3(a) the effective oxide 

charge was 109.92 ×10
-9 

C and the effective oxide charge density was found to be 6.87 ×10
11

 

ions/cm
2
. The dielectric constant of the ZrO2 thin film was estimated to be 17 from the 

accumulation region of the C-V diagram. 
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6. CONCLUSION: 

Zirconium Oxide thin films were prepared on p-type silicon and glass substrate using spin 

coating deposition method. It was observed from the X-ray diffraction that Zirconium oxide 

film prepared at ambient temperature shows amorphous structure and changes to crystalline 

with annealed at 500 °C. The Zr-O bond and Si-O which are at the wavelengths 609 cm
–1

 and 

1098 cm
–1

 respectively was seen from the FTIR study. From UV-visible study the band gap 

of the Zirconium oxide film was found to be 4.01 eV and the average thickness of the film 

was found as 108 nm. The oxide capacitance, flat band capacitance, flat band voltage, 

effective oxide charge and effective oxide charge density were found to be 1130.32 pF, 556 

pF, -1.67 V, 109.92 ×10
-9 

C and 6.87 ×10
11

 ions/cm
2 

respectively. The dielectric constant of 

the ZrO2 thin film was estimated to be 17 from the accumulation region of C-V diagram. 
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