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공정 압력이 HfO2 박막의 구조   학  특성에 
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요 약

HfO2 박막은 공정압력을 조정함으로써 박막의 질을 향상시켜 그 구조  특성을 개선시킬 수 있다. 본 연구

에서는 RF 마그네트론 스퍼터링 방법을 이용하여 유리 기  에 HfO2 박막을 증착하 으며, 이때의 기  

진공 압력은 4.5×10-6 Pa 이하 으며 RF 워는 100W, 기 의 온도는 300℃ 이었다. 해당 박막 증착 공정의 

공정 압력은 1 mTorr 에서 15 mTorr 로 변화되었다. 그 후, 해당 박막의 구조   학  특성들을 조사하

다. 특히, 1 mTorr 의 공정 압력으로 증착된 HfO2 박막이 다른 박막들과 비교하여 가장 우수한 특성을 가

진 것으로 나타났으며, 이때의 결정립의 크기는 10.27 nm, 표면 거칠기는 1.173 nm, 550 nm 장에서의 굴 률

은 2.0937, 그리고 550 nm 장에서의 투과율은 84.85 % 의 우수한 특성을 나타내었다. 이러한 결과들을 통해 

1 mTorr 의 공정 압력으로 증착된 HfO2 박막은 투명 자 소자에 용하기에 합함을 알 수 있다.

ABSTRACT

The structural properties of HfO2 films could be improved by calibrating the working pressure owing to the enhanced quality of a thin film. 

We deposited HfO2 films on glass substrates by radio frequency (RF) magnetron sputtering under a base vacuum pressure lower than 4.5×10
-6
 Pa, 

RF power of 100 W, substrate temperature of 300 °C. The working pressures were varied from 1 mTorr to 15 mTorr. Subsequently, their 

structural and optical properties were investigated. In particular, the HfO2 film deposited at 1 mTorr had superior properties than the others, with 

a crystallite size of 10.27 nm, surface roughness of 1.173 nm, refractive index of 2.0937 at 550 nm, and 84.85 % transmittance at 550 nm. These 

results indicate that the HfO2 film deposited at 1 mTorr is suitable for application in transparent electric devices.
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Ⅰ. Introduction

Some reports have highlighted the need to study 

the minimization of electric devices with increased 

degree of integration[1-2]. As the size of an 

electric device is minimized, its capacitance 
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compared to the overall area becomes too small, 

thereby hampering its usefulness to act as a 

device. To solve this problem in a 

metal-oxide-semiconductor (MOS), the most 

representative electric device, the gate oxide SiO2 

thickness needs to become decrease in order to 

increase its capacitance[1]. In this case, however, 

the electric field generated in the channel could be 

increased, and thus, a hot carrier effect could 

occur[2]. Moreover, tunnelling current might be 

generated because of the increasing interface state 

density with the vertical electric field in the 

channel, and a pin-hole could also be formed. 

Therefore, it is difficult and almost impossible to 

reduce this thickness. To prevent the tunnelling 

current and pin-hole formation, the investigation 

aims at replacing gate oxide SiO2 with a material 

having higher dielectric coefficient and lower 

leakage current[3]. Potential materials are Al2O3, 

Ta2O5, TiO2, Y2O3, ZrO2, HfO2, among others. 

Among them, HfO2 has wide bandgap, high 

refractive index, superior adhesiveness, low stress, 

high transmittance, good stability, and high 

dielectric coefficient[4-9]. Therefore, research had 

been carried out on HfO2 film of applicability to 

next-generation semiconductor devices.

In addition to gate oxide material for MOS, HfO2 

film could also be applied to transparent electric 

devices owing to its properties, such as wide 

bandgap, high optical transmittance, and stability. 

Studies on other applications of HfO2 films are 

being carried out, including optical filters, beam 

splitters, non-reflective coatings, capacitors, 

phase-shifting masks, and its use in electric and 

electro-magnetic structural ceramics[4-5]. Liu W et 

al. had deposited the hafnium dioxide on quartz 

substrate, and analysed the influence of O2/Ar flow 

ratio[4]. Al-Kuhaili MF et al. had deposited 

hafnium oxide on BK7 glass by electron beam 

evaporation, and made that into heat mirrors 

optimized for warm climates[5]. Ni J et al. 

deposited hafnium oxide on Si (001) substrate by 

e-beam deposition, and analysed in aspect of 

oxygen defect[6]. Puthenkovilakam R et al. had 

deposited that ultrathin hafnium oxide on p-type Si 

(100) wafers by atomic layer deposition scheme, 

and analyzed its properties after the post-deposition 

annealing (PDA)[7]. Park JC et al. had deposited 

hafnium oxide on sapphire by radio frequency (RF) 

magnetron sputtering, and analyzed its structural 

and optical properties after the annealing[8]. Lei P 

et al. had deposited hafnium oxide on Si (100) 

substrate by RF magnetron sputtering, and 

analyzed its mechanical properties after nitrogen 

doping[9].

As stated above, many investigations had been 

carried out on the structural and chemical 

properties of hafnium oxide and the properties after 

annealing. But, there are no research on the optical 

and structural properties of hafnium oxide and the 

relationship between them, and on the applicability 

of hafnium oxide for transparent electric device. 

Therefore, this study focuses on the optical and 

structural properties of hafnium oxide and its 

relationship between them and investigate the 

variation in its structural and optical characteristics 

with changing working pressures.

Ⅱ. Experimental

Ultrasonic cleaning was used for eliminating 

particles that could degrade the properties of the 

thin films deposited on glass (Corning Eagle 2000) 

substrates. Each of these substrates were treated in 

a beaker filled with acetone, isopropyl alcohol, and 

de-ionized water for about 15 minutes. 

Subsequently, a further 10 minutes of ultrasonic 

cleaning was carried out in fresh de-ionized (DI) 

water. After ultrasonic cleaning, these substrates 

were rinsed with DI water and dried with nitrogen 

gas.
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After the cleaning, HfO2 films were deposited by 

radio frequency (RF) magnetron sputtering using a 

2-inch diameter sintered ceramic target (Cerac, 

purity 99.99%). The RF magnetron sputtering was 

carried out according to the deposition conditions of 

HfO2 films presented in Table 1. Before the 

depositing process, pre-sputtering was conducted in 

plasma for 10 minutes.

Table 1. Deposition conditions of the HfO2 films

Base vacuum pressure 4.5×10-6 Pa

RF power 100W

Active gas density 20 sccm

Working pressure 1, 5, 10, 15 mTorr

Substrate temperature 300℃

Depositing time 40 min.

The structural, morphological, and optical 

properties of the HfO2 films were analysed. 

Structural properties, the crystallinity and crystallite 

size, were measured by X-ray diffraction analysis 

(HR-XRD, Xpert-pro, MRD). Morphological 

properties, such as surface roughness and their 

configurations, were analysed by atomic force 

microscopy (AFM, SII Nano Technology, SPA400). 

Additionally, to analyse the optical properties the 

transmittance and reflectance, a UV-Vis 

spectrometer was used. These optical properties 

were input in a thin film design software, Essential 

Macleod, to calculate the refractive indexes of the 

HfO2 films. The refractive indexes were fitted by 

the Sellmeier dispersion formula, and then the 

graph of the refractive index was graphed as a 

function of wavelength. The packing density was 

also calculated.

Ⅲ. Results and Discussion

Figure 1 represents the deposition rate of HfO2 

films as a function of working pressure. The 

deposition rate showed a decreasing tendency. It 

was reported that the mean free path of active gas 

particle (Ar+), which generates plasma for 

sputtering, could become longer with decreasing 

working pressure[10]. The longer mean free path 

makes the particle have a higher energy, and so 

the effective collisions happen more frequently 

[10-12]. These facts explain the decreasing 

deposition rate with increasing working pressure. 

The thickness of HfO2 films with a depositing 

process of 40 minutes is represented in Table 2.

Fig. 1 Deposition rate of HfO2 films on glasses

Table 2. Thickness of HfO2 films deposited on 

glasses with different working pressure

Working Pressure 
(×10-3 Torr)

1 5 10 15

Thickness (nm) 536 413 297 203

The X-ray diffraction analysis results of HfO2 

films deposited with different working pressures are 

represented in Fig. 2. The HfO2 film deposited at 

1mTorr of working pressure has a polycrystalline 

structure, with a peak at M(-111), representing 

hafnium's crystal, as well as other peaks at 

M(111), M(002), M(021), M(-211), corresponding to 

a sub-crystal form. The peaks representing the 

sub-crystal structure disappeared or decreased in 
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intensity with increasing working pressure. It could 

be considered that the formation of the HfO2 film 

was intensified along the hafnium's crystal 

direction as the energies of the sputtered particles 

decreased due to the shorten mean free path. The 

HfO2 film deposited at 1mTorr of working pressure 

has a peak at the diffraction angle 2=27.77°, and 

the intensity of the peak exhibits an increasing 

tendency. Peak diffraction angles of 2=27.91°, 

27.92°, and 28.01° were obtained at working 

pressures of 5 mTorr, 10 mTorr, 15 mTorr, 

respectively. It has been reported that an increasing 

diffraction angle of the peak corresponds to a 

decreasing crystallite size[3].

Fig. 2 XRD patterns of HfO2 films deposited under 

various working pressure

Fig. 3 represents the full width at half maximum 

(FWHM) of peak M(-111), representing the 

hafnium's crystal direction derived from the X-ray 

diffraction analysis in Fig. 2, and the 

correspondingly calculated crystallite size. The 

FWHM data were fitted by the Gaussian 

distribution equation (1):

 









(1)

where   is the mean and   is the standard 

deviation. By inserting these calculated data, such 

as peak diffraction angles and FWHM, in equation 

(2), the Scherrer equation, the crystallite size was 

calculated:

× cos
×

(2)

where D means the crystallite size,   equal to 

the wavelength of the X-ray (0.1541 nm), and   is 

the FWHM value. In addition,   was derived from 

the Bragg's diffraction angle, 2 . As a result, the 

crystallite size of the HfO2 film was determined to 

be 10.27 nm when the working pressure was 1

mTorr; the crystallite sizes of the other films were 

8.89 nm, 6.86 nm, and 4.65 nm when the working 

pressures were 5 mTorr, 10 mTorr, 15 mTorr, 

respectively. These results coincide with those 

expected from Fig. 2, showing an increasing 

tendency of diffraction angle for the hafnium peak 

[6-8].

Fig. 3 FWHM and crystallite size of the HfO2 film

AFM images and surface roughness of HfO2 

films deposited with various working pressures are 

shown in Fig. 4. The surface roughness is 

represented with the root mean square (RMS) 

value. All the films have a very low value of 

surface roughness, 1-1.5 nm, which indicates a very 

smooth surface. Especially, the HfO2 films deposited 
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at working pressures of 1 mTorr and 5 mTorr have 

the lowest roughness values of 1.173 nm and 1.070

nm, respectively. Therefore, we consider that these 

films have superior structural properties than the 

films deposited at working pressures of 10 and 15 

mTorr. By means of images representing the 

surface configuration, we confirmed that the HfO2 

films have been deposited successfully, without 

cracks or pin-holes which could degrade the thin 

film quality.

Fig. 4 AFM images and surface roughness data of 

HfO2 films deposited on glasses under different 

working pressures

Fig. 5 presents the transmittance and reflectance 

curves of HfO2 films. The transmittance curve in 

the visible region (380-780 nm) was moved to the 

high-wavelength region with increasing working 

pressure. Shorten mean free path with increased 

working pressure reduced the effective collisions 

between atoms, and it makes the film's thickness 

thin[10-15]. It has been reported that the average 

transmittance could be decreased under these 

conditions[8].

The human vision is most sensitive at 550 nm, 

and thus, a transmittance higher than 80 % is 

needed for applications in optical devices[10]. Fig. 6 

describes the transmittance at 550 nm under 

different working pressures, 1-15 mTorr, derived 

from the results of transmittance for HfO2 films in 

Fig. 5. As shown in Fig. 6, transmittance has a 

decreasing tendency with increasing working 

pressure. 

Fig. 5 Transmittance and reflectance of HfO2 films

Fig. 6 Transmittance at 550 nm under various 

working pressures

The HfO2 film deposited at 1 mTorr has the 

highest transmittance, 84.85 %, even though the 

thickness of that film was the largest at 536 nm. 

The other HfO2 films, deposited at 5 mTorr, 10

mTorr, and 15 mTorr, have transmittances of 78.57

%, 75.91 %, 72.83 %, respectively. It could be 

inferred that the reducing tendency of transmittance 
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is due to the reduced grain size with increasing 

working pressure. The number of grain boundaries 

for permeating the HfO2 films are increased with 

reduced grain size, and light intensity may lose at 

grain boundaries, accordingly. The result 

corresponds to the tendency expected from Fig. 5: 

a decrease in transmittance as its curve moves to 

the high-wavelength region.

Fig. 7 Refractive index of HfO2 films at 550 nm

The refractive indexes of the HfO2 films 

deposited at 1-15 mTorr are described in Fig. 7. 

The film deposited at 1mTorr had a refractive 

index of 2.0937. The index increased to 2.0968 at 

5mTorr, and then decreased to 2.0837 and 2.0790 

for working pressures of 10 mTorr and 15 mTorr, 

respectively. This indicates denser films were 

generated when the working pressure was 1 and 5

mTorr[8]. 

Fig. 8 presents the refractive index curve of the 

film deposited at 1 mTorr, which was fitted by the 

Sellmeier dispersion formula, equation (3), as a 

function of wavelength. 

   


(3)

The measured points showed agreement with the 

fitted graph, confirming the good quality of the 

formed thin films. Coefficients, A and B, were 

calculated using the Sellmeier dispersion formula; 

they are listed in Table 3.

Fig. 8 Refractive index of the HfO2 film deposited 

at 1mTorr as a function of wavelength

Table 3. Coefficients A and B used in the Sellmeier 

dispersion equation

Working pressure 
(×10-3 Torr)

A B

1 3.24552 111.27413

5 3.17659 143.88983

10 3.31261 53.70693

15 3.27321 68.85471

There is a close relationship between refractive 

index and packing density. This relationship could 

be represented by equation (4), which was 

formulated by Bragg and Pippard[16]:

 
 




 




(4) 

where   represents the void refractive index 

and   is the bulk refractive index. Thus, the 

packing density, , could be described by equation 

(5):

 ×  
 ×  

(5)
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In this study, the void refractive index in dry air 

(=1) and the refractive index of bulk HfO2 at 

550nm (=2.1174) were used. The results 

calculated using equation (5) are shown in Fig. 9. 

The results show that all the films have excellent 

packing density of more than 95 %. Among them, 

the film deposited at 1mTorr has a packing density 

of 98.92 %. Moreover, a higher packing density, 

99.08 %, was measured for the film deposited at 5

mTorr.

Fig. 9 Packing density of HfO2 films deposited on 

glass substrates with various working pressures

This coincides with the results for the refractive 

index in Fig. 7. Based on this agreement, we 

confirm a close relationship between the optical and 

structural properties of HfO2 films. 

Ⅵ. Conclusions

The structural and optical properties of HfO2 film 

and the relationship between them have been 

investigated. As the working pressures decreased 

from 15 mTorr to 1 mTorr, the deposition rate 

increased and the crystallite size increased, due to 

longed mean free path. In particular, in the case of 

a film deposited at 1 mTorr, the transmittance at 

550nm was the highest, 84.85 %. Moreover, this 

film presented a much smaller value of surface 

roughness, 1.173 nm, indicating that the film was 

uniform and smooth. Additionally, its refractive 

index and packing density were 2.0962 and 98.92 %, 

respectively. Therefore, we conclude that the HfO2 

film deposited at 1 mTorr has superior structural 

and optical properties compared to the others. 

Considering aggregatively the high transmittance, 

refractive index and packing density, and uniform 

surface, this HfO2 film is suitable for applications 

in transparent or optical devices, such as display 

devices, solar cells.
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