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 A temperature dependent x-ray photoelectron spectroscopy (XPS) study reveals that ZrO2 
reduces to metallic Zr and O at ∼ 140°C at Zr ratios of 8.38, 9.11, and 11.79 at.% in co-sputtered 
ZrxHf1−xO2 thin-films deposited on the silicon substrate. ZrO2 is reduced in the form of Zr 
metal. The oxygen evolved in this process reacts with carbon present in the film forming CO2 
gas. Further, the presence of Zr in temperature treated samples at room temperature (RT) 
indicates the reduction as an irreversible one. Capacitance-voltage (C-V) curves depict 
increasing capacitance at high temperature (HT), confirms an increase in dielectric constant 
for all the films. The resistance obtained from Resistivity-temperature measurement offers 
a lower value at HT indicates partial metallization of films. Despite similar atomic radii of Zr 
and Hf, the stability of metastable tetragonal ZrO2 (t-ZrO2) decreases probably due to the 
influence of Hf present in ZrxHf1−xO2. This stabilization was ascribed to a decrease in the Zr 
coordination number upon the introduction of oxygen vacancies. A Less dense d band causes 
the formation of metallic Zr at such a low temperature. A reduction scheme for ZrO2 at low 
temperature is also proposed. Since the generation of metallic Zr sites at a lower temperature 
is a challenge to develop Zr-based catalyst, this combination may be used to design ZrHfO-
based catalysts for low temperature catalytic applications. 

1. Introduction 

ZrO2 of large crystallites, i.e., bulk zirconia, offers non-reducible 
properties due to its wideband gap and large ionicity. The reduction 
properties of ZrO2 vary significantly when it is prepared in the form 
of thin-films and in the presence of different metal dopants. The 
chemical activity of oxides depends on their composition, size, and 
structure. It is observed that reduction of pure ZrO2 takes place upon 
annealing at temperatures ranging from 600 to 900°C, where ZrO2 
was deposited on Rh substrate by physical vapor deposition [1]. During 
this process, ZrO2 is converted into metallic Zr and oxygen is evolved 
in gaseous form. Sometimes, the evolved oxygen reacts with other 
elements present in the film and oxidizes them [2]. ZrO2 has been 
broadly studied for various catalytic applications [3]. Metallic Zr sites 
produced in the process act as catalytically active sites. Although 
oxides of transition metals namely, TiO2, ZrO2, SnO2, Co3O4 in pristine 
conditions [4] or doped by different metals namely, Pt [5], Pd [6], Nb [7], 
La [8], and Fe [9] are utilized as catalysts, ZrO2 performs its best for 
oxygen reduction [10]. ZrO2 species are less active than metallic Zr 
sites on the surface of ZrO2-based catalysts [11]. The catalytic 
performance of ZrO2-based catalysts is improved due to the 
generation of more metallic Zr sites [12]. The creation of metallic Zr 
sites is also achieved by mixing appropriate metal oxides [13]. In this 
present work, Zr-doped HfO2 thin-films of ZrxHf1−xO2 with different Zr 
concentrations are prepared on the silicon wafer by co-sputtering of 
Zr metal and HfO2 using dc and rf sputtering techniques, respectively. 
It is found from high-temperature XPS analysis that formation of 
metallic Zr sites is observed at ~ 140°C. This approach will be helpful 
to design ZrHfO-based catalysts for low temperature applications.  

 

2. Experimental 
 
Deposition of ZrxHf1−xO2 thin-films on Si substrates was made at room 
temperature using the co-sputtering technique in argon plasma 

where 99.9% pure HfO2 target was powered by a rf source and 99.97% 
pure metal zirconium target was powered by a dc magnetron head. 
RCA cleaned n-type <100> Si substrates each of area of 1 cm2 were 
loaded into the sputtering chamber after stray SiO2 etch in 1% 
hydrofluoric acid. The base pressure of the chamber was 3×10−6 Torr 
and deposition pressure was maintained at 20 mTorr using a 
programmable throttle valve.  Substrate rotation of 30 rpm was set to 
achieve better film uniformity. Dc powers of 1, 3, and 5 W were applied 
to the dc magnetron head, while a constant rf power of 50 W was 
applied to the target head containing HfO2 for depositing three sets of 
samples. All the films were deposited for 15 minutes at room 
temperature [14]. The films were then analyzed by the XPS system 
(“VSW Ltd.,” “UK”). XPS system with variable substrate temperature 
was employed to study the chemical composition of the oxide films at 
different temperatures. The measurements were carried out using a 
non-monochromatic Mg Kα (Energy = 1253.6 eV) x-ray source and 
ejected photoelectrons were collected by a hemispherical electron 
analyzer having a 150 mm mean radius. The base pressure in the 
analysis chamber was kept below 5x10−9 mbar. Pass energy of 20 eV 
with dwell times of 0.5 and 1 sec were set for the survey and high-
resolution (HR) scans, respectively. Each sample was investigated by 
XPS at RT, HTand again at RT. RTS2, RTS3, and RTS4 denote the 
ZrxHf1−xO2 film where the at.% of Zr in the films estimated from room 
temperature XPS data are 8.38, 9.11, and 11.79, respectively. The HTS2, 
HTS3, and HTS4 denote the corresponding samples where XPS studies 
were carried out on them at 140°C. The high temperatures were set 
from the differential calorimetry (DSC) studies [14]. The x-ray 
reflectivity technique was used to estimate the thickness of all the 
samples. Oxide thickness of RTS2, RTS3, and RTS4 are 5.65, 5.75, and 
5.85 nm, respectively. To investigate the electrical properties of 
the film, titanium was evaporated on all the samples using an 
electron beam evaporation system and patterned to gate electrodes of 
100 μm-diameter by UV photolithography using a suitable mask to 
gate metal-oxide-semiconductor (MOS) capacitor. Then high-
frequency capacitance-voltage (C-V) properties were studied where 
the bias voltage applied on the top electrode was swept from -5 to 0 V  
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at 100 kHz. The C-V characteristics were measured at room 
temperature and at 140°C to see the effect of ZrO2 reduction on the 
electrical properties of MOS devices. The heating chuck of the probe 
station (Signatone; model 1160) was utilized to get the devices' 
temperature dependent resistivity behavior. 

 

3. Results and Discussion 

In our previous work, thin-films deposited at different Zr 
concentrations, i.e., 8.38%, 9.11%, and 11.79%, estimated from the XPS 
data, are designated as S2, S3, and S4, respectively [14]. The first 
sample S1 used in Ref. 14, has been used for comparison purposes, 
therefore, has not been included in this study. The endotherm peak 
and mass loss data observed in differential scanning calorimetry (DSC) 
and thermo-gravimetry analysis (TGA) studies, respectively revealed 
some chemical reactions at ~ 145.9°C with a reduction of overall 
sample mass. This information prompts us to carry out temperature-
dependent XPS studies to identify the chemical changes within the 
film. The elemental compositions of ZrxHf1−xO2 thin-films were 
determined using the XPS technique, where the survey and high-
resolution spectra were taken by varying the substrate temperature 
from room temperature to 200°C to identify the formation of metallic 
Zr. Since the full survey and high-resolution spectra produce the 
same result within the temperature ranges from 140 to 200°C, the XPS 
spectra taken at 140°C are presented and discussed here. The 
composition of the temperature treated sample was once again 
determined at room temperature. CasaXPS software has been utilized 
to deconvolute the spectra where background signals were subtracted 
by the Shirley method. The XPS spectra were deconvoluted using the 
Gaussian-Lorentzian (GL) function to identify various peaks in the 
spectra with a GL ratio of 30:70. The C 1s peak at 284.8 eV is used as 
the reference for survey scan calibration to compensate for any 
charge-induced shift [15]. The XPS survey scans ranging from 0 to 700 
eV binding energy are shown in Figure 1.  

 

Figure 1. XPS survey spectra at RT and 140°C for all the samples 
 
HfO2 (Hf 4f), carbon (C 1s), metallic Hf (Hf 4p), and oxygen (O 1s) are 
observed in the survey spectra of ZrxHf1−xO2 film at RT.  A change in 
the chemical states of the sample is observed when the XPS studies 
were carried out at high temperatures. Along with the above elements, 
metallic Zr is also observed. The oxygen content in ZrxHf1−xO2 film 
reduces gradually as the temperature increases. HfO2 (Hf 4f) XPS peaks 
have shifted towards higher binding energy at high temperatures [16]. 
The binding energy of oxygen deficient film is higher than that of 
fully oxidized film. Figure 2 reveals that physisorbed CO2 at ~289±1 eV 
arises due to the interaction of C with evolved oxygen during ZrO2 
reduction at higher temperatures [17,18]. The evolved CO2 gas leads to 
a decrease in the carbon content in the film [19]. The O 1s peaks are 
asymmetric and deconvoluted into three different peaks. They were 
attributed to two kinds of oxygen species in the surface of ZrxHf1−xO2 
film. 
 

 
 

Figure 2. Deconvoluted curves of C 1s spectra 
 
Figure. 3 shows the deconvoluted curves of O 1s spectra of all the 
samples. The peak at 529.7±0.1 eV represents metal oxide, whereas the 
peak at 531.3±0.1 eV represents oxygen vacancy [20]. The oxygen 
vacancy concentrations in different samples are estimated from the 
respective peak areas and depicted in Table 1. A decrease in oxygen 
vacancies at higher temperatures may be explained considering the 
reactions between oxygen and carbon present in the film followed by 
diffusion of oxygen ions into the oxygen deficient regions [19]. 

 

 
        

Figure 3. Deconvoluted curves of O 1s high resolution spectra 
 
Table 1. Oxygen vacancy concentrations in ZrxHf1−xO2 thin-films at 
different Zr ratios derived from high resolution O 1s XPS spectra at 
room temperature and high temperature 
 

Sample name Oxygen vacancy (%) 
RTS2 38.10 
HTS2 35.58 
RTS3 48.69 
HTS3 29.38 
RTS4 42.09 
HTS4 33.43 

 
The HR XPS spectra of Zr 3p are shown in Figure 4. The Zr 3p spectra 
show 343.5 and 335.9 eV peaks corresponding to Zr 3p1/2 and Zr 3p3/2, 
respectively [21]. The peak arises at 359.3 eV denotes Zr loss [22]. When 
the Zr-O bond breaks, oxygen ion (𝑜𝑜2−) and ionized oxygen vacancies 
(𝑉𝑉𝑎𝑎𝑎𝑎2+ ) generate, ensuring charge compensation. Due to strong 
coupling, released oxygen ion quickly recombines with ionized 
vacancy, thereby forming neutral oxygen vacancy. Based on the 
above observations, the following reduction scheme is proposed in Eq 
(1). 
 
 
 

    Zr-O 
140℃
�⎯⎯� Zr + 𝑜𝑜2−+ 𝑉𝑉𝑎𝑎𝑎𝑎2+ 

    Zr + 𝑜𝑜2− + 𝑉𝑉𝑎𝑎𝑎𝑎2+→ Zr + O + 2e− + 𝑉𝑉𝑎𝑎𝑎𝑎2+→Zr + 1
2
O2+ VO        Eq (1) 

    C +1
2
 O2 + 1

2
 O2→CO2 
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where VO in the form of defects is considered here as a double donor 
[23].  
 
 
 
 
 
 
 

 
 
Figure 4. Deconvoluted curves of metallic Zr high resolution spectra 

 
 
The high-frequency C-V characteristics of the MOS capacitors with 
ZrxHf1−xO2 as a gate dielectric are shown in Figure 5, where 
measurements were carried out at RT and at 140°C  (HT) substrate 
temperature.  
 

 

Figure 5. Capacitance-voltage (C-V) properties of the MOS devices at 
room temperature and high temperature. Inset shows the dielectric 

constant of all the samples at room temperature and high 
temperature 

 
The accumulation capacitance of all samples increases at HT. 
Dielectric material contains defects such as positive ions, holes, 
impurities, etc. In the presence of applied voltages, the defects may   
diffuse into dielectric under the application of high temperatures. 
Further, at higher temperatures, a disorder generated in the oxide 
causes an increase in mobility of ions and electrons, resulting in 
higher capacitance [24]. The dielectric constant of all the devices at RT 
and HT has been estimated and shown in the inset of Figure 5. The 
dielectric constant is calculated using the Eq (2) 
 
Ɛ = Cox tox / Ɛ0A                               Eq (2) 
 
where Cox is the accumulation capacitance, A = 7.85x10-5 cm2, the area 
of electrode and Ɛ0 is 8.85x10−14 F/cm, the free space permittivity; tox 
is the oxide thickness. In the case of ferroelectric materials, dielectric 
constants significantly increase at HT phase transitions [25].  A 
similar trend is observed in this study. It is presumed that monoclinic 
to tetragonal phase transition occurs in the deposited oxide film at ~ 
140°C. The oxide charge density (Qox) is estimated using the Eq (3) 

 
Qox = −Cox (Vfb−Øms)/qA                         Eq (3) 
 
where Vfb is the flat band voltage, Øms is the metal-semiconductor 
work function difference, q is the electronic charge, and A is the 
capacitance area. Qox estimated for RTS2, RTS3, and RTS4 devices are 
3.62x1012, 3.23x1012, and 2.25x1012 cm−2, respectively, whereas density 
increases to 7.26x1012, 5.38x1012, and 5.41x1012 cm−2, respectively for 
the same samples at 140°C. The increase in the number of charge 
carriers at 140°C indicates a reduction in oxygen vacancies [26]. The 
high temperature O 1s spectra also corroborate the same. A variation 
of resistivity of the oxide film with temperature is shown in Figure 6. 
 

 
 

Figure 6. Resistivity measurements at RT and HT for different 
samples 

 
In the earlier work [14], an endothermic peak for the S3 sample at 
145.9°C is observed during the heating cycle due to a structural phase 
transformation. A material undergoes an endothermic process 
indicates that its chemical bonds absorb energy and become weaker. 
The process usually takes energy to start the reaction and to maintain 
it. The absorbed energy breaks the Zr-O bond into metallic Zr and the 
same is evident in the XPS spectra. It is earlier reported that the Zr-O 
bond breaks at 900°C [1]. Further, it is to be borne in mind that the 
temperature should be high enough, but it should not be very high so 
that oxygen diffusion from the surface destroys all the bulk oxygen 
vacancies [27]. Now, there are two issues involved in this process that 
require explanation; firstly, reduction of ZrO2 into Zr and O in 
ZrxHf1−xO2 and secondly, the reasons behind the reduction at such a 
low temperature. Let us explain the first process. In order to explain 
these results, the reasons for the stabilization of the HT polymorphs 
of zirconia need to be explored. In monoclinic ZrO2 (m-ZrO2), the 
coordination number of Zr4+ cation is 7, while the same for t-ZrO2 is 8. 
The Zr-O bonds strongly covalent in nature favour 7-fold coordination 
of Zr and for that, only m-ZrO2 is thermodynamically stable at room 
temperature [28]. However, HT polymorphs, i.e., t-ZrO2 could be a 
stable configuration upon introducing oxygen vacancies into it and 
reducing the coordination number of Zr4+ cation. It has already been 
reported that a transition from amorphous to t-ZrO2 takes place 
during the thermal treatment in a vacuum. Removal of lattice oxygen 
also occurs during this process at higher temperature creating 
oxygen vacancies [27]. Thus, it can be concluded that t-ZrO2 at higher 
temperatures exists due to the presence of oxygen vacancies. A vital 
role of oxygen is evident in m-ZrO2 → t-ZrO2 transformation 
indicating the formation of metastable t-ZrO2 due to lack of oxygen 
vacancy, as evident from XPS spectra. It has already been reported 
that the presence of impurities in the oxide lowers the reduction 
temperature [29]. ZrO2 polymorphs in these solid solutions are 
stabilized at high temperatures due to the decrease in coordination 
number of Zr4+ ion for aliovalent dopant cation incorporation. The 
oversized Y3+ and Gd3+ cations as doping materials favour 8-fold 
coordination allowing oxygen ion vacancies associated with host Zr4+ 
cations. Therefore, Zr4+ cations are associated with the oxygen ion 
vacancies of smaller and larger concentrations. Hence, stabilization 
of tetragonal and cubic phases can be achieved at room temperature 
by introducing appropriate oversized dopant cations, namely, Y3+ and 
Gd3+ within the ZrO2 lattice. Further, undersized doped cations namely, 
Fe3+ and Ga3+ favour 6-fold co-ordination [30]. The atomic radii of both 
Zr and Hf are same in this study. Hence,  the stability of metastable t-
ZrO2 decreases probably due to the influence of Hf that remains an 
open question. This stabilization was ascribed to a decrease in the Zr 
coordination number upon introducing oxygen vacancies associated 
with smaller Zr cation. The XPS data also corroborate the observation 



Chakraborty et al.  Journal of Nature, Science & Technology 4(2021) 11-15 
 

   

 14 

 
 

that the oxygen vacancy in the sample decreases at high 
temperatures, reducing the t-ZrO2 stability. It has been reported when 
the cations have the same dimension, a close-packed structure has 
been observed [31]. When a film consists of ions of the same size, they 
stay together if the ions are loosely bounded. But at high 
temperatures, strong bonding is needed to preserve the structure [32]. 
Let us handle the second issue, i.e., reduction of ZrO2 at such a low 
temperature. At RT, ZrxHf1−xO2 film is stabilized by strong Zr-O bonds. 
At HT, a significant part of ZrO2 in ZrxHf1−xO2 is reduced and metallic 
Zr is diffused into the bulk. It has already been reported that only 
oversized dopants stabilize t-ZrO2-type structures upon thermal 
treatment at 1300°C [28]. On the other hand, if these processes are 
performed in a vacuum, the metastable phase is preserved [33]. It has 
been reported that ZrO2 doped by transition metals having different 
atomic radii distort ZrO2 lattice with a charge imbalance [34, 35]. It is 
also evident from Figure 1 that metallic Hf is present in the film. It 
probably plays a role of reducing agent in the bond breaking process 
at higher temperatures. All these effects result in the transformation 
from the m-ZrO2 to a metastable t-ZrO2 phase of ZrO2. At higher 
temperature, Zr-O bonds in the distorted t-ZrO2 breaks in the form of 
metallic Zr and O. In this case, it is assumed that the Zr-O reduction 
temperature decreases from 600 - 900°C range to 140°C due to the 
presence of metallic Hf and HfO2 causing further distortion of zirconia 
lattice. Along with the above, there is one more reason to break the 
bond at 140°C. As the temperature increases, the total absorption of 
thermal energy in ZrxHf1−xO2 film also increases. When absorbed 
energy by the film crosses a critical value, it becomes irreversible. 
Moreover, the transition temperature also depends on the number of 
d electrons. For d1 and d2 configuration, maximum stability is 
observed. The d band is less occupied for d0 transition metal oxides, 
for such type of configuration phase transition occurs at lower 
temperatures [32]. Change in resistivity of all the devices at higher 
temperatures is observed. Further, it has been reported that the strain 
on dielectric thin- film is reduced at HT [36]. Therefore, the activation 
energy of electrons presents in the film increases due to the reduction 
of strain. Since thermal energies of the electrons are pretty much high 
at higher temperatures, a lesser amount of energy is required to drive 
them from valance band to conduction band. As a result, the dielectric 
film behaves like a metal. It is clear from Figure 6 that insulators show 
a significant decrease in resistance by ~ two orders for all three 
samples at higher temperatures. So it can be concluded from the 
measurements that the film becomes partially metallic at high 
temperatures due to the generation of metallic Zr. 
 
 
4. Conclusions  
 
In this work, a temperature-dependent XPS study is carried out on 
ZrxHf1−xO2 thin-films deposited at RT using the co-sputtering method 
at different Zr concentrations. The XPS studies reveal the formation 
of metallic Zr at ~ 140°C. During reduction of the Zr-O bond, evolved 
oxygen reacts with the carbon present in the film producing CO2. ZrO2 

is not stable at high temperatures due to lack of oxygen vacancy and 
larger coordination number. The presence of Hf metal and HfO2 in 
ZrxHf1−xO2 film may also be responsible for bond breaking. Same size 
cations of ZrxHf1−xO2 play a vital role in breaking the bond. At 140°C 
thermal energy turns into chemical energy that breaks the Zr-O bond. 
After the bond breaking process, the coordination number of ZrO2 

reduces and makes the ZrxHf1−xO2 film stable at that temperature. Less 
population in the d band is also responsible for bond breaking at such 
a low temperature. Since the formation of Zr metallic sites for 
catalytic activities is required, Zr doping in the ZrHfO oxide 
matrix may be optimized for better catalytic performances of 
ZrHfO combinations. 
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