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Abstract 

 

Phase identification of 850-nm-thick 7%YO1.5-93%HfO2 films was carried out not only 

by conventional X-ray diffraction (XRD) but also by analyzing both the surface and cross-

sectional Raman spectra. Preparation of 7%YO1.5-93%HfO2 films was conducted by 

deposition at room temperature on Pt-coated (100)Si substrates by pulsed laser deposition 

and post-heat-treatment at 600–1100°C under atmospheric N2 flow. The cross-sectional 

Raman spectra changed with the post-heat-treatment temperature in accordance with the 

crystal structure determined by XRD measurements. Moreover, surface Raman analysis 

revealed that the crystalline phase transformed from the tetragonal phase (P42/nmc) to the 

orthorhombic phase (Pca21) when an electric field was applied. These data clearly show 

that Raman spectroscopy is a powerful tool for detecting the constituent phase with a 

spatial resolution on the order of several micrometers. In addition, a good signal-to-noise 

ratio was obtained from the cross-sectional Raman spectrum of 850-nm-thick 7%YO1.5-

93%HfO2 films, indicating promise for future measurements of the strain state and phase 

distribution along the thickness direction using this good spatial resolution. 

(164 words) 
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1. Introduction 

The ferroelectricity of HfO2-based films was first reported in 2011.1 Owing to 

good compatibility with the complementary metal oxide semiconductor (CMOS) process 

and good scalability, HfO2-based ferroelectrics have become a major research field 

because of their nonvolatile memory applications.2 In addition to such memory 

applications, their piezoelectric, optoelectric, and pyroelectric properties have also been 

investigated after realizing the ferroelectricity of films thicker than 1 μm.3–5 

 There are many crystal symmetry phases derived from the fluorite structure in 

the HfO2-based system, and the ferroelectric phase of the HfO2-based film is a non-

centrosymmetric orthorhombic phase (Pca21), as ascertained by transmission electron 

microscopy (TEM).6,7 This phase is metastable; therefore, reproducible production of this 

ferroelectric phase is one of the main concerns in obtaining stable ferroelectricity. 

Therefore, phase identification is critical to understand the ferroelectricity of these films. 

X-ray diffraction (XRD) is a useful characterization method for phase identification. 

However, because of the similarity of the ferroelectric phase (Pca21) to other phases, 

including the monoclinic (P21/c), tetragonal (P42/nmc), and cubic (Fm3̅m) phases, phase 

identification remains ambiguous, especially for distinguishing between the tetragonal 

and orthorhombic phases.8 A conventional XRD θ−2θ scan generally cannot distinguish 

these two phases when the lattice parameter is changed by the strain. The detection of 

several diffraction spots observed in the lower-symmetry orthorhombic phase, such as 

110 and 211, are the only way to distinguish between these two phases.6,9 However, these 

spots are generally difficult to detect in polycrystalline films because of their weak 

intensities. A more complicated problem is that the polar non-centrosymmetric 

orthorhombic phase (Pca21) and its antipolar centrosymmetric phase (Pbca) are 
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indistinguishable by XRD measurements.8 Although the antipolar phase has not been 

mentioned extensively in most reported papers, identifying this phase is important for 

understanding the wake-up and fatigue mechanisms that have been discussed.10 

Raman spectroscopy is used to solve these difficulties in distinguishing the 

ferroelectric phase from other phases, as shown in Fig. S1.11–13 The relatively higher 

spatial resolution of Raman spectroscopy compared to that of laboratory-scale XRD 

enables identification of the phase distribution on the substrate. In addition, Raman 

spectra can reveal the strain state in films by visualizing the distribution of the constituent 

phase and residual strain on the wafer scale.14,15 The high spatial resolution also allows 

observation of the constituent phase under or after the application of an electric field, as 

demonstrated for ferroelectric Pb(Zr,Ti)O3 films.16 However, there are only a few studies 

on Raman spectroscopy of HfO2-based ferroelectric films. 

The ferroelectric orthorhombic Pca21 phase is known to be metastable and is 

commonly obtained in films less than 30 nm thick owing to the size effect.5 This hinders 

the acquisition of sufficient Raman intensity for analysis, slowing the study of Raman 

spectroscopy in ferroelectric HfO2-based films. Recently, the preparation of thicker films 

with a ferroelectric phase has been reported. Starschich et al. showed 100−390-nm-thick 

ZrO2 films using chemical solution deposition (CSD).17 Additionally we prepared 1-μm-

thick Y-doped HfO2 films using pulsed laser deposition (PLD). Previously, Yashima et al. 

reported orthorhombic phases (γ1 and γ2) with unknown space groups for quenched bulk 

Y-doped HfO2.
18 Therefore, Y-doping is considered effective for fabricating thick films 

and bulk materials with a ferroelectric phase.5 Subsequently, Xu et al. prepared bulk 

single-crystal Y-doped HfO2 using a laser-diode-heated floating-zone technique.19 

The Raman responses of the HfO2 polymorphs have been calculated and are 
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presented in several papers.11–13,20,21 Phase identification with the calculated Raman 

spectral patterns was achieved for bulk single-crystalline Y-doped HfO2, 45-nm-thick Si-

doped ZrO2, 100-nm-thick ZrO2, and 60-nm-thick Ta-doped HfO2 films.11,20,22,23 These 

results show the dependence of the Raman spectrum on the Y, Si, and Ta dopant 

concentrations. Moreover, some studies have performed Raman analysis using thick films 

by stacking alternating Al2O3 interlayers and HfxZr1-xO2 films. Schroeder et al. reported 

the concentration and annealing condition dependence of Raman spectra using HfxZr1-xO2 

films.21 Materano demonstrated the phase change in ZrO2 films by applying an electric 

field using Raman spectroscopy.20 These studies revealed that Raman spectroscopy is a 

useful method for identifying the crystalline phases in HfO2-based films and bulk 

materials. However, knowledge of the Raman analysis of HfO2-based films is not as deep 

as that for other ferroelectrics. In this study, we focused on thick Y-doped HfO2 films. For 

thick films, a good Raman signal-to-noise ratio is expected to be obtained from the cross-

section as well as the surface. The strain state is known to significantly change the crystal 

structure of HfO2 films.24 Therefore, the Raman spectra along the film thickness direction 

for a thick film can also be used to investigate the strain state and crystal phase 

distribution in the film.12,15 

In this study, we systematically compare the Raman spectroscopy and XRD 

analysis results using 850-nm-thick 7%YO1.5-93%HfO2 films prepared by room 

temperature deposition followed by heat treatment at 600–1100°C. Raman spectroscopy 

can clearly distinguish the ferroelectric orthorhombic phase (Pca21) from the tetragonal 

and antipolar orthorhombic (Pbca) phases, unlike XRD, revealing the dependence of the 

crystal phase on the heat-treatment temperature. A field-induced phase transition from 

tetragonal to orthorhombic Pca21 phase was observed for films heat-treated at 900°C. 
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These results demonstrate that Raman spectroscopy is a powerful tool for identifying 

crystalline phases. Moreover, the thick 7%YO1.5-93%HfO2 film exhibited Raman spectra 

with good signal-to-noise ratios from the cross-section as well as from the surface. The 

Raman spectra of this thick film will be useful for future investigations into the 

relationship between the strain and crystalline phase in the film thickness direction. 

 

2. Experimental 

Approximately 850-nm-thick 7%YO1.5-93%HfO2 films were prepared on 

(111)Pt/TiOx/SiO2/(001)Si substrates by a pulsed laser deposition (PLD) method using a 

KrF excimer laser (λ = 248 nm). The substrate temperature and atmosphere were 

maintained at room temperature and 10 mTorr of O2, respectively. Laser repetition and 

deposition rates were 10 Hz and 40 nm/h, respectively. The films were post-heat-treated 

at 600–1100ºC for 10 s under N2 flow using a rapid thermal furnace. 

 Macroscopic XRD was performed to determine the crystal phases (D8 

DISCOVER, Bruker). The electrical properties were measured using 100-nm-thick Pt-

top electrodes (φ = 50 and 100 μm) prepared by electron beam evaporation. The 

ferroelectricity of the films was measured at room temperature under 10 kHz using 

polarization–hysteresis (P–E) curves. 

 An Ar+ laser (514.5 nm) with a power of 50 mW was used for the Raman 

experiments. The incident laser was focused on the fractured cross-section and surface of 

the films using an object lens (N. A. 0.70). The size of the focused laser spot was 

approximately 1 μm. The scattered light was collected using a backscattering geometry 

and single monochromator (Photon Design PDPT 640F). Spectra were obtained using a 

Peltier-cooled charge-coupled device detector. 
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3. Results and discussion 

XRD analysis was performed as the first step to characterize the films heat treated at 

various temperatures. Figures S2 and S3 show XRD ψ−2θ scans near the {111} and {110} 

peaks of 7%YO1.5-93%HfO2 films. The {110} peaks shown in Fig. S3 reveal the existence 

of orthorhombic and/or monoclinic phases because these peaks do not exist in the 

tetragonal phase owing to the distinction rules. The classification of the orthorhombic 

Pca21 and Pbca phases is difficult by XRD measurement due to their similar diffraction 

patterns. Broad {111} and {110} peaks were observed at approximately ψ = 55° and 45°, 

respectively. This suggests that these films have a {100} surface-normal orientation, 

which has been reported for thick 7%YO1.5-93%HfO2 films owing to their self-orientation 

characteristics.5 

Fig. 1(a) shows the θ−2θ XRD patterns of {111} peaks located at 2θ = 25−35° 

integrated along the ψ direction of the data shown in Fig. S2. The subscripts “o”, “t”, and 

“m” in Fig. 1 denote orthorhombic, tetragonal, and monoclinic phases, respectively. This 

measurement can distinguish the monoclinic phase from other higher symmetry 

orthorhombic or tetragonal phases because the 11-1 and {111} peaks of the monoclinic 

phase are located at approximately 28° and 31°, separate from the peaks of higher 

symmetry phases located at 2θ =~30°, as shown in Fig. 1(a). The as-deposited film 

consisted of a monoclinic phase, but a higher-symmetry phase was observed in the films 

heat treated at higher temperatures. Fig. 2(a) shows the XRD intensity ratio of 

I(111o+101t)/{I(111o+101t)+ I(111m)+ I(11-1m)}  obtained from Fig. 1(b). The peak intensity was 

estimated using peak fitting, as shown in Fig. S4(a), where I(111o+101t), I(111m), and I(11-1m) are 

the intensities of the peaks located at 2=30.2°, 31.2° and 28.2° in Fig. S4(a).  



8 

 

This ratio was almost constant for the films heat-treated at 600–1100°C, suggesting 

that the total volume fraction of the orthorhombic and tetragonal phases does not change 

much with the heat-treatment temperature. 

Fig. 1(b) shows θ−2θ XRD patterns near {110} peaks located at 2θ = 21−27° 

integrated along the ψ direction of the data shown in Fig. S3. This measurement can 

distinguish the orthorhombic phase from the monoclinic phase because the {110} peak of 

the orthorhombic phase is located at 2θ = ~24.3°, but that of the monoclinic phase is 

located at 2θ = ~24°. No diffraction peaks corresponding to the tetragonal phase were 

observed. As-deposited and 600℃-heat-treated films showed only {110} peaks of the 

monoclinic phase, but films heat-treated above 900℃ showed both {011} peaks of the 

monoclinic phase and {110} peaks of the orthorhombic phase. Fig. 2(b) shows the XRD 

intensity ratio, I(110o)/{I(110o)+ I(011m)}, obtained from Fig. 1(b). Here, I(110o) and I(011m) are 

peak intensities of the peaks located at 2 = 24.4° and 23.9° in Fig. S4(b), respectively.  

The intensity increased monotonically with increasing heat treatment temperature, 

suggesting that the volume fraction of the orthorhombic phase increased with increasing 

heat-treatment temperature.  
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Fig. 1 θ−2θ XRD patterns at (a) 2θ = 25–35° integrated along the ψ axis of the data 

shown in Fig. S2, and (b) 2θ = 21–27° integrated along ψ axis of the data shown in Fig. 

S3.  

 

Fig. 2 (a) Heat-treatment temperature dependence of the I(111o+101t)/{I(111o+101t)+ I(111m)+ 

I(11-1m)} ratio obtained from Fig. 1(a). Here, I(111o+101t), I(111m), and I(11-1m) are the peak 

intensities of the peaks located at 2 = 30.2°, 31.2°, and 28.2° in Fig. S4(a), respectively. 

(b) Heat-treatment temperature dependence of the I(110o)/{I(110o)+ I(011m)} ratio obtained 

from Fig. 1(b). Here, I(110o) and I(011m) are the peak intensities of the peaks located at 2 = 

24.4° and 23.9° in Fig. S4(b), respectively. (c) Heat-treatment temperature dependence of 

the 𝐼(𝑜+𝑚,   384 𝑐𝑚−1)/{𝐼(𝑜+𝑚,384 𝑐𝑚−1) + 𝐼(𝑚,499 𝑐𝑚−1)}  ratio. Here, 𝐼(𝑜+𝑚,384 𝑐𝑚−1)  and 
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𝐼(𝑚,499 𝑐𝑚−1)  are the intensities of the Raman shifts located at 384 and 499 cm-1, 

respectively. 

 

Figures 3(a)–(d) show the P–E hysteresis loops of the 7%YO1.5-93%HfO2 films 

heat-treated at various temperatures. Ferroelectricity was not observed for the film heat-

treated at 600℃, but clear hysteresis loops originating from the ferroelectricity were 

observed for the films heat-treated at 900–1100℃. Fig. 4 shows the remnant polarization 

(Pr) obtained from the P–E curves shown in Fig. 3 as a function of the heat-treatment 

temperature. An almost constant Pr value of approximately 16 C/cm2 was observed for 

the films heat-treated in the temperature range of 900 to 1100°C. This suggests that the 

volume fraction of the ferroelectric orthorhombic phase (Pca21) was almost constant 

because of the similar crystal orientations of the films (Figs. S1 and S2). As shown in Fig. 

2, the XRD analysis revealed that the volume fraction of the orthorhombic phase 

monotonously increased with increasing heat-treatment temperature, although this 

analysis could not distinguish between the Pca21 and Pbca phases Two possible 

explanations for this exist. One explanation is that the volume fraction of the ferroelectric 

orthorhombic Pca21 phase was constant and only the volume fraction of the orthorhombic 

Pbca phase increased with temperature. The other explanation is that the field-induced 

phase transition from the tetragonal phase to the ferroelectric orthorhombic Pca21 phase 

occurred during P–E hysteresis measurements. To examine these possibilities, we carried 

out a Raman scattering study, which could distinguish between the two orthorhombic 

phases and other phases, as shown in Fig. S1. This measurement enabled the observation 

of phase changes by applying an electric field. 
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Fig. 3 P–E hysteresis loops measured at 10 kHz for 7%YO1.5-93%HfO2 films heat-treated 

at (a) 600, (b) 900, (c) 1000, and (d) 1100°C.  

 

 

Fig. 4 Remanent polarization (Pr) obtained from the P–E curves shown in Fig. 3 as a 

function of the heat-treatment temperature. 

 

Fig. 5 shows the nonpolarized Raman spectra of the films heat-treated at various 

temperatures. This measurement was performed on the cross-section. We also show the 
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reported peak positions and intensities of Raman spectra for single crystalline 

orthorhombic Pbca (11%YO1.5-89%HfO2) and orthorhombic Pca21 (12%YO1.5-

88%HfO2) phases by Fan et al. as a reference for orthorhombic phases.11 Yashima et al. 

reported Raman spectra for arc-melted powders of Y-doped HfO2 for monoclinic (HfO2), 

orthorhombic γ2 (7%YO1.5-93%HfO2), orthorhombic γ1 (9%YO1.5-91%HfO2), and 

tetragonal (12%YO1.5-88%HfO2) phases.18 They did not identify the space groups of the 

orthorhombic γ1 and γ2 phases, but these Raman spectra fit well with the Pca21 and Pbca 

phases shown by Fan et al., respectively. These reports reveal that Y doping can help the 

metastable phase appear, even in bulk HfO2. The experimental positions of the Raman 

spectra obtained by Yashima et al. are also shown in Fig. 5 as references for the 

monoclinic, orthorhombic, and tetragonal phases. 

Specific peaks at 135, 149, and 499 cm-1 from the monoclinic phase and 115, 261, 308, 

585, and 650 cm-1 from the tetragonal phase were observed for the films heat-treated at 

600C, suggesting that the films consisted of monoclinic and tetragonal phases. However, 

the intensities of the Raman peaks from the orthorhombic phases were quite weak owing 

to their weak XRD intensities, as shown in Fig. 1(a) and S4(b). Raman peaks at 156, 267, 

319, 384, and 600 cm-1 from the ferroelectric non-centrosymmetric orthorhombic phase 

(Pca21) were detected for the films heat-treated above 900°C. Identification of the 

centrosymmetric orthorhombic phase (Pbca) from the most intense peak at 373 cm-1 was 

difficult because the peak overlapped with the peaks from the non-centrosymmetric 

orthorhombic phase at 384 cm-1 and the monoclinic phase at 383 and 399 cm-1. However, 

since the specific peak at 423 cm-1 was not observed, the centrosymmetric orthorhombic 

phase (Pbca) was not included for all films. Therefore, the XRD peaks derived from the 

orthorhombic phase can be assumed to originate only from the non-centrosymmetric 
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Pca21 phase. The monoclinic, tetragonal, and orthorhombic Pca21 phases were included 

in the films heat-treated at 900 and 1000°C. Above 1100°C, the peak intensity at 

approximately 261 cm-1 from the orthorhombic Pca21 and tetragonal phases decreased 

dramatically. The intensities of other peaks from the orthorhombic Pca21 phase at 156, 

319, 384, and 600 cm-1 increased, suggesting that the amount of the orthorhombic Pca21 

phase increased. Considering that the most intense peak from the tetragonal phase was 

located at approximately 261 cm-1,11,18,25 the decrease in the peak intensity at 

approximately 261 cm-1 was explained by a decreasing amount of tetragonal phase.  

Although the remnant polarization value and Y concentration are quite different 

between the film and a single crystal in Y-doped HfO2, the Raman positions of the Pca21 

phase were not appreciably different. Fan et al. suggested that the difference in the 

polarization value was due to the strain from the substrate; however, the effect of strain 

on the Raman positions was not observed in our experiment. The investigation of the 

correlation between the polarization values and Raman positions for different strain states 

using thick Y-doped HfO2 films is a topic for future work. 

Fig. 2(c) also plots the intensity ratio of 𝐼(𝑜+𝑚,   384 𝑐𝑚−1)/{𝐼(𝑜+𝑚,   384 𝑐𝑚−1) +

𝐼(𝑚,   499 𝑐𝑚−1)} , where 𝐼(𝑜+𝑚,   384 𝑐𝑚−1)  and 𝐼(𝑚,   499 𝑐𝑚−1)   are the intensities of the 

Raman shifts at 384 and 499 cm-1, respectively. This intensity ratio increased with 

increasing heat-treatment temperature, suggesting that the orthorhombic Pca21 phase 

increased, consistent with the XRD results. The tetragonal phase was stable for all 

samples according to the Raman spectra, as shown in Fig. 5. The samples heat-treated at 

900−1100°C show the same polarization values as shown in Fig. 4 despite different peak 

intensities of the Pca21 phase in both Fig. 2(b) and (c) obtained from XRD and Raman 
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scattering analysis, respectively. 

 

Fig. 5 Raman spectra of the films heat-treated at various temperatures measured from 

the cross-section of the film. Experimental normalized intensities and positions of Raman 

spectra for single crystals of orthorhombic Pbca (11%YO1.5-89%HfO2) and orthorhombic 

Pca21 (12%YO1.5-88%HfO2) phases by Fan et al. and arc-melted powder of monoclinic 

(HfO2), γ2 (7%YO1.5-93%HfO2), γ1 (9%YO1.5-91%HfO2), and tetragonal phases by 

Yashima et al. are also shown. Here, the experimental result from the orthorhombic Pca21 

(12%YO1.5-88%HfO2) phase of Fan et al. contains peaks from both out-of-plane and in-

plane vibrations.11,18 

 

  

 As mentioned previously, a reasonable explanation for this discrepancy is the phase 
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transformation caused by the application of an electric field. To clarify this assumption, 

phase identification of the films after the application of an electric field is essential. For 

this analysis, Raman scattering is a more powerful tool than XRD because its spatial 

resolution is approximately 1 μm, even for a laboratory-scale machine, which is much 

smaller than that of XRD. However, observation of the top surface of the film on the top 

electrode area is required to observe the change in the Raman spectrum upon applying an 

electric field. Almost the same spectra were observed from the cross-section and the 

surface of the films heat-treated at 900 and 1100°C, as shown in Fig. S5.  

The Raman spectrum before applying an electric field was detected from just outside 

of the Pt top electrode, while that after applying an electric field was obtained by the 

removal of the top electric field, as shown in Fig. 6(a) for the film heat-treated at 900°C. 

No obvious change in the Raman spectrum before and after the fabrication of the top 

electrode was observed. Fig. 6(b) and (c) shows the Raman spectra before and after 

applying an electric field to films heat-treated at 900 and 1100°C, respectively. Before 

applying the electric field, the peak intensity ratio 𝐼(𝑜+𝑚,   384 𝑐𝑚−1)/{𝐼(𝑜+𝑚,   384 𝑐𝑚−1) +

𝐼(𝑚,   499 𝑐𝑚−1)}  of the film heat-treated at 1100°C was larger than that heat-treated at 

900°C. This indicates that the ferroelectric orthorhombic Pca21 phase increased with 

increasing heat-treatment temperature, as shown in the cross-section in Fig. 2. After 

applying an electric field, the ratio increased for the film heat-treated at 900°C but did not 

change much for that heat-treated at 1100 °C. This clearly shows the field-induced phase 

transition from the tetragonal phase to the ferroelectric orthorhombic Pca21 phase for the 

film heat-treated at 900°C. In addition, the peak at approximately 261 cm-1 weakened 

remarkably upon electric field application, which is the most intense peak in the 

tetragonal phase. 
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Fig. 6 (a) Optical microscopy image of the measurement point of the Raman spectrum 

before applying the electric field (just outside of the Pt top electrode) and after applying 

the electric field (after removal of the top electric field) for the film heat-treated at 900°C. 

The Raman spectrum before and after applying an electric field for films heat-treated at 

(b) 900 and (c) 1100°C deposited on Pt-coated Si substrates. 

 

These results clearly show that Raman spectroscopy is a more powerful tool for 

phase identification than the widely used XRD technique because centrosymmetric 

(Pbca) and noncentrosymmetric orthorhombic phases (Pca21) can be identified. In 

addition, good spatial resolution on the order of several micrometers is also very useful 

for detecting field-induced phase changes, as demonstrated in this study, as well as for 

investigating the distribution of the ferroelectric phase on the surface.  In addition, a 

strong signal was obtained from the cross-section of the thick Y-doped HfO2 film. 
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Raman analysis of the thick film will be useful for future investigations of the 

relationship between the strain and crystalline phase in the film thickness direction. 

 

4 Conclusions 

 In this study, we applied Raman spectroscopy to 850-nm-thick 7%YO1.5-

93%HfO2 films. Raman spectroscopy of the cross-section can clearly distinguish between 

tetragonal, orthorhombic Pbca, and orthorhombic Pca21 phases, revealing the 

dependence of the constituent phases of heat-treated films on the heat-treatment 

temperature. A field-induced phase transition from the tetragonal to orthorhombic Pca21 

phase was observed in the Raman spectra of the top surface. These results indicate that 

Raman spectroscopy is a powerful tool for identifying crystalline phases. Moreover, good 

Raman spectra were obtained from the cross-section as well as the surface of 850-nm-

thick 7%YO1.5-93%HfO2 films. Therefore, high-resolution Raman spectroscopy in the 

film thickness direction has applications for research on the strain and phase distributions 

in thick films. 

 

SUPPLEMENTARY MATERIAL  

See the supplementary material for calculated Raman spectra and, XRD ψ−2θ scans near 

{111} and {110} peaks and comparison of Raman spectra measured from the cross-

section and surface for the 7%YO1.5-93%HfO2 films heat-treated at various temperatures. 
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