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Abstract High-k gate dielectric HfO2 thin films have

been deposited on Si and quartz substrates by radio fre-

quency magnetron sputtering. The structural characteris-

tics, surface morphology, and optical properties of the

HfO2/Si gate stacks at various post-annealing temperatures

were examined by X-ray diffraction (XRD), atomic force

microscopy (AFM), fourier transform infrared spectros-

copy (FTIR), ultraviolet–visible spectroscopy (UV–Vis

spectroscopy), and spectroscopic ellipsometry (SE). XRD

measurement indicates that the 80 W-deposited HfO2 films

demonstrate a polycrystalline structure. AFM measure-

ments illustrate that the root mean square of the HfO2 thin

films demonstrates an apparent increase with increasing the

annealing temperature. Analysis from FTIR indicates that

the Si–O–Si bonds vibration peak position shift toward

lower wave numbers with increasing the annealing tem-

perature. Combined with UV–Vis spectroscopy and SE

measurements, it can be noted reduction in band gap with

an increase in annealing temperature has been confirmed.

Additionally, increase in refractive index (n) has been

confirmed by SE.

1 Introduction

Over the last few decades silicon dioxides have been used

successfully in gate dielectrics application. However, with

the quick development of microelectronics, the size of

complementary metal-oxide-semiconductor filed effect

transistor (CMOSFET) is becoming smaller and smaller on

the basis of the ‘‘Moore law’’, the thickness of SiO2 gate

dielectric is approaching its physical limits. So the inves-

tigation of high-k gate dielectric materials for next gener-

ation MOSFET applications has been paid more attention

[1–3].The suitable high-k gate dielectrics should have

reasonably high dielectric constant, a relatively large band

gap, high heat of formation, and good thermal stability on

Si against reactions with the formation of SiO2 interface

[4]. Materials such as SrTiO3, Ta2O3, Al2O3, TiO2, ZrO2,

and HfO2 have been investigated extensively for such

applications [5–12]. Among these high-k gate dielectrics,

HfO2 is the most promising alternative materials due to its

high dielectric constant, large band gap and thermal sta-

bility in contact with silicon.

The fabrication technology of Hf-based high-k ultrathin

gate dielectrics can be categorized into three major

approaches based on the reaction mechanism during prepa-

ration, namely solution deposition, chemical vapor deposi-

tion (CVD) [13, 14], and physical vapor deposition (PVD)

processes [15, 16]. Solution-based methods mainly include

sol–gel, metal–organic decomposition, and so on [17–19].

Compared to the solution deposition and chemical vapor

deposition, the advantages of PVD-based deposition method
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included easily controllable growth of the low-k interfacial

layer at low temperature and compositional consistency

between the target and the deposited film [20–22]. However,

the RF sputtering is one of the most feasible methods in

fabricating high-quality thin films with inherent versatility

and the capability of obtaining a homogeneous surface

coverage at low temperatures under controlled processing

conditions. Above all, oxide films’ size, shape and distri-

bution deposited by RF sputtering can be controlled by a

proper choice of preparation parameters like RF-power,

operating pressure, plasma atmosphere, substrate tempera-

ture and deposition time. Based on mentioned advantages, in

current paper, we pay attention to present some recent

progresses of Hf-based gate dielectrics grown by PVD-based

techniques. By far, although there exist some work related to

HfO2 high-k gate dielectrics, much of them have been

focused on the investigation of the interfacial and electrical

properties of HfO2-based MOS. As we know, the change of

HfO2 thin films on the structure after post-deposition

annealing is very large. However, the surface structure of the

material is also one of the most factors affecting the optical

properties of the material [23]. So, the investigation of the

effects of post-deposition annealing on structure and optical

properties is very necessary. Additionally, combined with

ultraviolet–visible spectroscopy (UV–Vis spectroscopy) and

spectroscopy ellipsometry (SE) measurements, the optical

band gap of sputtering-derived HfO2 thin films have been

studied correctly.

2 Experimental details

Si substrates with resistivity of 2–5 X/cm were cleaned by

a modified RCA method, then the substrates were

immersed in HF (1 %) solution for 30 s to remove any

native oxide and rinsed with ionized water. After dying the

wafers with pure N2 gas, the Si substrates were put into

vacuum chamber quickly. High purity HfO2 ceramic target

(99.995 %) with diameter of 60 mm and thickness of

5 mm was used as the sputtering target. High purity Ar

(99.999 %) was introduced into the chamber during

deposition. The substrate-target distance was maintained at

60 mm. The deposition temperature was room temperature.

Prior to HfO2 thin film deposition, the target was pre-

sputtered in an argon atmosphere for 5 min to remove the

surface oxide of the target. The Ar flow rate was kept at 20

SCCM and the base vacuum was higher than

1.0 9 10-4 Pa. The RF power and the working pressure

were fixed at 80 W and 0.35 Pa during the sputtering

process. The deposition time was 1.5 h. To investigate the

effect of the high temperature annealing on the thermal

stability of HfO2/Si system, post-deposition annealing was

conducted under oxygen ambient with temperature of 400,

600 and 800 �C for 30 min, respectively. To explore the

structure and optical properties preferably, the quartz plates

were also chosen as the substrates. The transmittance of the

quartz substrate is about 90 % in the wave band of

190–900 nm. Several characterization techniques were

used for the physical analysis of the HfO2 thin films. X-ray

diffraction (XRD) has been used to characterize the

microstructure, grain size, crystallization and phase tran-

sition of HfO2 thin films related to annealing temperature.

Analysis of the interfacial structure of HfO2/Si as a func-

tion of post-deposition annealing temperature is also car-

ried out by fourier transform infrared spectroscopy (FTIR).

The atomic force microscopy (AFM) reveals the effect of

post-deposition annealing on surface morphology of HfO2

thin film. The ultraviolet visible spectroscopy (UV–Vis

spectroscopy) and spectroscopy ellipsometry (SE) have

been carried out to investigate the annealing temperature

dependent optical constants of HfO2 film.

3 Results and discussion

Post-deposition annealing temperature dependent structural

properties of the as-deposited HfO2 films were analyzed by

XRD. Figure 1 shows the XRD patterns of HfO2 films

grown on the quartz substrate. The XRD measurements

demonstrate that the HfO2 films deposited at 80 W are

polycrystalline structure. The dominant peak of the 80 W-

derived HfO2 film is at about 28.3�. It is attributed to the

diffraction peak of (-111) planes of HfO2 with monoclinic

structure. After post deposition annealing, there are three

dominant peaks appearing at 28.3�, 31.6� and 34.3�, which

originates from the diffraction peak of (-111), (111) and

(020) planes of HfO2, respectively. Some weak peaks come

from the orientation (-211), (112) and (220) of HfO2 films

[24]. According to the powder diffraction ICDD card (06-

0.318), all the peak positions of HfO2 films correspond to

the monoclinic crystal structure and no diffraction peaks

from cubic or tetragonal phase have been observed. Based

on XRD patterns shown in Fig. 1, it can be noted that the

intensity of the dominant peak (-111) of monoclinic HfO2

increases with increasing the annealing temperature. These

results clearly indicate that the film structure is dependent

on the annealing temperature which plays an important role

during the crystallization process. In order to attain the

detailed structure information, the crystallite size of HfO2

films has been calculated by using the (-111) crystal plane

of HfO2 films. Scherrer Equation has been adapted to work

out the grain sizes as the following forms:

Dhkl ¼ kk=bcosh ð1Þ

where Dhkl is grain sizes, k = 0.89, k = 0.1540 nm; b is

full width at half maximum; h is diffraction angle. All the

4164 J Mater Sci: Mater Electron (2014) 25:4163–4169

123



calculated parameters has been shown in Table 1, Based on

Table 1, it can be noted the crystallite size increases

slightly as the annealing temperature increases from room

temperature to 800 �C.

The effect of the post deposition annealing temperature

on the surface morphology of the HfO2 thin films has been

investigated by AFM. Figure 2 shows the surface mor-

phologies of the as-deposited and annealed HfO2 samples

at 400, 600 and 800 �C, which are scanned over areas of

2 lm 9 2 lm. Based Fig. 2, it can be seen that the root

mean square (RMS) roughness of the HfO2 thin films

increases with increasing the annealing temperature.

According to our previous results, it is found that the film

takes on a smoother surface below the crystallization

temperature, resulting from the smaller grain size and

lower surface atomic diffusion [25]. When annealed at high

temperature, film surface again becomes rough, which is

believed to be as a result of the crystallization-induced

large grain size. Therefore, it can be concluded that post

deposition annealing has obvious effect on the evolution of

the morphology of Hf-based high-k gate dielectrics

materials.

In order to ensure that Si–O bonding is associated with

the interfacial layer, the infrared absorption spectra were

obtained with the backside of all wafers etched in diluted

HF solution to remove any native oxide and subtract the

absorbance of the sample and a reference from the same

wafer with no HfO2 present. As a result, we detected sig-

nals from the interfacial SiO2 films. Figure 3 shows the

FTIR absorption spectra for the as-deposited and HfO2

sample annealed at 400, 600, and 800 �C. From Fig. 3a, it

can be see that the two peaks located at 505 and 605 cm-1

are assigned to the monoclinic phase of HfO2 [26], which is

in good agreement with previous XRD results presented in

Fig. 1. To investigate the shift of peak position and the

change of Si–O bond absorption intensity, infrared

absorption spectra from 1,000 to 1,150 cm-1 have been

selected, shown in Fig. 3b. The intensity of the absorption

band increases after the post deposition annealing, indi-

cating that the formation of the interfacial Si-oxide layer

associates with the annealing temperature. What’s more,

the peak of Si–O stretching mode demonstrates an apparent

red shift with the increase in annealing temperature,

implying the possibility of formation of silicates [27].

The optical properties of the HfO2 thin films deposited

by RF sputtering were analyzed by UV–Vis spectroscopy.

The transmission spectra of HfO2 thin films sputtered on

quartz substrate were investigated by spectrophotometer

methods in the wavelength range of 190–900 nm at room

temperature, as shown in Fig. 4. In order to figure out the

average transmission, the wavelength from 300 to 900 nm

has been selected. The average transmission is in the range

of 70–80 % for all the studied samples. Based on Fig. 4, it

can be noted that the average transmission of HfO2 thin

films decreases with the increase of the annealing tem-

perature, which can be attributed to the increase of surface

roughness and decrease the grain interface defect after post

deposition annealing [28], which is in good agreement with

the observation from AFM.

Figure 5 shows UV–Vis absorption spectra of the HfO2

thin films annealed at different temperature. The energy

band gap (Eg) value of the HfO2 were obtained by

absorption spectra and plotting (ahm)2 versus photon

energy (hm) using the following relation:

ahmð Þ2¼ A hm� Eg

� �
ð2Þ

where a is the absorption coefficient, A is the constant, and

Eg is band gap, respectively. A plot of (ahm)2 vs (hm) is

shown in Fig. 5 and the linear portion of the curve is

extrapolated to hm axis to determine the energy band gap.

The measured optical band gap Eg values are given in

Fig. 5. It can be seen that the band gap Eg decreases from

5.52 to 5.41 eV as the annealing temperature increases

from room temperature to 800 �C, suggesting that red shift

in optical band gap has been observed after post deposition

annealing. According to previous reports [29–31], band gap

Fig. 1 XRD spectra of HfO2 thin films annealed at various

temperature

Table 1 The parameter of HfO2 thin films by RF magnetron

sputtering

Grain sizes

(nm)

RMS

(nm)

Banf gap

(eV)

Average

transmission (%)

As-

deposited

9.43 2.10 5.52 79.6

400 �C 11.6 2.26 5.50 73.9

600 �C 12.1 2.47 5.48 72.3

800 �C 12.2 2.85 5.41 71.5
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energies of 5.41–5.60 eV have been determined for crys-

talline HfO2 films with monoclinic phase, which is close to

our observation confirmed by XRD and FTIR. The optical

band gap is affected by many factors such as defects

density, purities, packing density, stoichiometric ratio and

grain size [32, 33]. Liu et al. [34] proposed that the defects

and disorders in the films will produce localized states in

the band structure and thus result a low band gap value. But

this statement is usually applied to amorphous materials

but HfO2 films are crystalline and not amorphous. In this

paper, it is noted that the decrease of optical band gap

attributed to the increase of the HfO2 grain size after post-

deposition annealing, agreed with the results of Hong et al.

[35].In order to investigate further the annealing tempera-

ture dependent optical constant evolution, an ex situ SE

(SC630) was applied to measure post deposition annealing

temperature dependent optical functions of HfO2 thin films

at room temperature in the spectral range 190–1,100 nm.

The experimental parameters obtained by SE are the angles

W (azimuth) and D (phase change), which are related to the

microstructure and optical properties, defined by:

q ¼ rp=rs ¼ tanwexp iDð Þ ð3Þ

where rp and rs are the amplitude reflection coefficient for

light polarized in the p- and s-planes of incidence,

respectively. The spectral dependencies of ellipsometric

parameters W (azimuth) and D (phase change) can be fitted

with appropriate models for the layer stacking structures

and some appropriate optical constant or dispersion model

for each layer. When appropriate modeling approaches

have been developed, the optical properties of the film,

such as refractive index n, extinction coefficient k, real part

(e1) and imaginary part (e2) can be simultaneously

extracted from ellipsometric parameters W and D. The

optical band gap also can be obtained by extinction coef-

ficient k. In this paper, the Cauchy model was selected to

Fig. 2 AFM images of the as-deposited and annealed HfO2 films: a as-deposited; b 400 �C, c 600 �C, and d 800 �C

Fig. 3 FTIR spectra for the

HfO2 thin films annealed at

various temperature
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describe the unknown dielectric function of HfO2,

expressing in the following:

n kð Þ ¼ An þ Bn=k
2 þ Cn=k

4 ð4Þ

k kð Þ ¼ aeb 1240=k�Egð Þ ð5Þ

Above equations as functions of the wavelength k are

uniquely defined by six parameters, An, Bn, Cn (index

parameters which specify the index of refraction), a, b,

and Eg, (absorption parameters that specify the shape of

the absorption tail). In current work, a three layer

model (HfO2 film/SiO2/Si) has been established to work

out the optical function of the HfO2 films related to

post deposition annealing temperature. The measured

and fitted spectra of a representative HfO2 film at

the incident angle of 65� and 75� are shown in Fig. 6.

It can be clearly seen that an excellent agreement

between the experimental and fitted spectra for the

HfO2 films has been attained in the entirely measured

energy range, suggesting that the structured model is

reasonable and can describe the structure of the

as-deposited sample.

Fig. 4 Transmittance spectra of HfO2 thin films annealed at different

temperature

Fig. 5 UV–Vis absorption spectra of the HfO2 thin films. Insets in Fig. 5 show the SE-derived plots of the (ahm)1/2 versus hm curve for the as-

deposited and annealed HfO2 films

Fig. 6 The experimental and fitted spectroscopic ellipsometric data

for the as-deposited HfO2 film with deposition power of 80 W
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Figure 7 shows the variation of the refractive index n

and the extinction coefficient k for the as-deposited and

annealed HfO2 thin films. Shown in Fig. 7a, there is

obvious increase in the value of refractive index with

increasing the annealing temperature. It is noted that there

are large and discontinuous increases in values of refractive

index, which can be correlated with the increase of packing

density. The refractive index of the as-deposited thin films

is lower than that annealed thin films, which can be due to

the loose arrangement. A higher refractive index is attrib-

uted to the formation of more closely packed thin films

after high temperature annealing. Figure 7b shows the

extinction coefficient spectra. It is noted that there is a

slight red shift in the k tail edge after high temperature

annealing, indicating the change in the optical absorption

properties, agreeing with the results of UV–Vis spectros-

copy. In addition, it can be seen that the extinction coef-

ficient of the films is very low and close to zero, showing a

very small optical loss because of absorption in the visible

region.

The real (e1) and imaginary (e2) parts of the dielectric

functions of HfO2 with various annealing temperature are

presented in Fig. 8. The real part of the dielectric function

e1 (e1 = n2 - k2) is similar to n2 and is related to polari-

zation. The direct absorption edge is obtained from the

imaginary part of the dielectric function e2 = 2nk. It noted

that the HfO2 thin films annealed at high temperature have

higher e1 and e2 values compared to the as-deposited one,

showing annealing temperature has magnificent effect on

the dielectric properties. As we know, the dielectric func-

tion of HfO2 thin film is strongly related to its micro-

structure and energy-band structure. There is an increase in

the amplitude of the critical points within both real and

imaginary part of dielectric function for that a transition

from a disordered to a more ordered crystalline phase takes

place in HfO2 thin film, agreeing with the XRD results. To

estimate the optical band gap values of the as-deposited

and annealed HfO2 thin films, SE data have been analyzed.

The absorption coefficient a can be calculated by the fol-

lowing expression:

a ¼ 4pk=k ð6Þ

where a is the absorption coefficient, k is the light wave-

length, and k is the extinction coefficient. So, the optical

band gap can be extracted by extrapolating [a(E)E]1/2 to

zero. The linear fit of the data indicates the characteristic

Fig. 7 The calculated refractive index and extinction coefficient dispersion relation of the HfO2 films, derived from the results of the Cauchy

fitting

Fig. 8 The real (e1) and

imaginary (e2) parts of the

dielectric functions of HfO2

films with various annealing

temperature
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feature of the HfO2 with an indirect band gap. Based on the

insets in Fig. 5, band gap energies of 5.60, 5.51, 5.46, and

5.44 eV, for the as-deposited and annealed samples at 400,

600, and 800 �C, have been observed, respectively. The

values of the band gaps for the HfO2 thin films are very

close to the results obtained by UV–Vis. Meanwhile, red

shift in band gap related with annealing temperature is also

observed, which agrees with the conclusion confirmed by

UV–Vis spectroscopy.

4 Conclusions

In summary, the effects of post deposition annealing tem-

perature on the structure and optical properties of HfO2

thin films have been investigated by XRD, FTIR, AFM,

UV–Vis spectroscopy, and SE. XRD analysis shows that

the as-deposited HfO2 films aren’t amorphous but are in

monoclinic phase. The crystallite size increases slightly as

the annealing temperature from room temperature to

800 �C. AFM analysis shows the root mean square (RMS)

roughness of the HfO2 thin films increases with increasing

the annealing temperature. FTIR analysis indicates the

formation of the interfacial Si-oxide layer associates with

the annealing temperature and there is an apparent red shift

from 1,110 to 1,095 cm-1 along with the increased

annealing temperature, indicating the formation of silicate

layer. The optical properties related to post deposition

annealing temperature have been investigated by UV–Vis

spectroscopy and SE measurement. The increase in the

refractive index and reduction in optical band gap have

been observed as a function of annealing temperature.
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