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A B S T R A C T   

Phase transition of HfO2 thin film has been investigated to demonstrate desirable electrical properties, such as 
high dielectric constant or ferroelectricity, however, the most of results exhibited a limitation on enhancing the 
crystallinity because of employing dopant. In this study, the crystallization behavior in the thin film was 
investigated in the intrinsic and extrinsic aspects. In the laminated structure, highly crystallized tetragonal 
phased HfO2 was obtained by controlling the layer thickness and adapting the template effect for intrinsic and 
extrinsic crystallization, respectively, without using dopant. Moreover, by the phase composition analysis, the 
dielectric constant of various crystal structures of HfO2 thin film, tetragonal, monoclinic, and amorphous phases, 
were revealed using the data obtained from the real deposited thin film by atomic layer deposition process, not 
from the theoretical calculation.   

1. Introduction 

HfO2 is the most representative high dielectric constant (k) material 
in the high-k metal gate applications.[1–6] However, HfO2 has k values 
of a wide range due to the nature of many crystal structures.[7–9] 
Among them, the HfO2 thin film deposited by the conventional thin film 
deposition process, such as chemical vapor deposition or atomic layer 
deposition (ALD), generally has the monoclinic-phase (m-phase) of 
relatively low k value of below 20.[10] Therefore, adopting HfO2 into 
the metal–insulator-metal structured-capacitor, especially for the dy-
namic random access memory (DRAM) application, has been limited. In 
contrast to the HfO2, the tetragonal-phase (t-phase) of ZrO2 thin film, the 
highest k value crystal structure of ZrO2, is facile to obtain from the 
typical thin film deposition process,[11] resulting in employing the ZrO2 
thin film as the DRAM capacitor dielectric for over decades.[12–14] 
However, the k value of t-phase ZrO2 is about 40, inducing the scaling 
limitation on implementing the next-generation DRAM device.[14,15] 
Adopting other high-k material candidates, such as TiO2 and SrTiO3, has 
been impeded because it would induce severe leakage current property 
degradation.[16–22] In this regard, HfO2 has been attracted a lot of 
attention again. HfO2 has almost identical physical and chemical 

properties to ZrO2.[23] Furthermore, the calculation results about that 
the t-phased HfO2 thin film would exhibit a k value as high as 70 [23–25] 
would contribute to overcoming the limitation of the ZrO2-based DRAM 
capacitor. Consequently, many studies have been reported for obtaining 
the t-phase of HfO2 thin film.[26–30] However, sufficiently high crys-
tallized t-phase of HfO2 was not achieved contrast to the ZrO2 thin film. 
Both ZrO2 and HfO2 have a same crystal structure of the fluorite, which 
is based a tetragonal structure of CaF2. However, the fact that the radius 
of Zr4+ and Hf4+ was not sufficiently large to sustain the fluorite 
structure, inducing a distortion of crystal structure with a coordination 
number of cation from 8 to 7. As a result, the most stable crystal 
structure of ZrO2 and HfO2 is the monoclinic structure (m-phase), which 
is distorted tetragonal structure. However, in the case of the film 
thickness is thin, the surface energy dominantly governs the crystal 
structure to minimized the surface energy than that of bulk. HfO2 thin 
film has different surface and bulk energy depending on the crystal 
structure:[31,32] the t-phase has smaller surface energy (higher bulk 
energy) than that of m-phase, in turn, the phase transformation occurs 
from t- to m-phase with increasing the thickness of thin film or grain 
size. The thickness, where the phase transformation occurs, is called the 
‘critical thickness’. In the case of ZrO2, the critical thickness is about 10 
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nm, resulting in a t-phase formation. In contrast, in the HfO2 case, the 
critical thickness is only 3 nm, hence, the most of deposited HfO2 thin 
film exhibits the m-phase, or monoclinic dominant tetragonal mixed 
phase.[33–35] In other words, obtaining the t-phase HfO2 is inherently 
impossible. In this regard, various extrinsic techniques have been 
investigated to obtain tetragonal-only phased HfO2 thin film. Dopants of 
Al [11,36,37] and Si [38] exhibited an effective phase transition result, 
but the crystallinity of HfO2 thin film was decreased by the introduced 
dopant in the lattice, simultaneously. 

Therefore, in this study, we conducted inducing t-phase trans-
formation by adopting the inherent surface energy difference among the 
crystal structure of HfO2. To achieve t-phase formation, we focused on 
the critical thickness. HfO2 thin film thinner than 3 nm could form the t- 
phase from the calculation result. In this regard, several results about the 
laminated structure consisting with HfO2 and dividing layer had been 
reported.[39,40] However, the thickness of 3 nm was too thin to induce 
crystallization. In other words, using the inherent property of HfO2 was 
insufficient for the t-phase formation. Therefore, the ‘template effect’ 
was employed. The template effect is a phenomenon that the crystal 
structure of deposited thin film determined by that of the substrate. 
During the initial stage of thin film deposition, the thin film grown with 
a crystal structure of substrate epitaxially to reduce the interface energy. 
To crystallize the HfO2 thin film below the thickness of 3 nm, we 
employed the template effect using ZrO2 as the dividing layer in the 
laminated structure. Consequently, intrinsic (inherent phase trans-
formation of HfO2 depending on the thickness) and extrinsic (template 
effect using t-phase ZrO2) methods were employed for inducing the t- 
phase HfO2. In this regard, we deposited a laminated structure, which 
consisted of HfO2 and ZrO2, and varied the thickness of the HfO2 layer 
by employing the ALD process to precisely control the layer thickness of 
HfO2 under the critical thickness. Moreover, t-phase ZrO2 thin film was 
employed to manipulate the HfO2 of t-phase by the template effect from 
the identical lattice parameter of ZrO2 and HfO2. The phase composition 
and the electrical properties of the HfO2 layer in the laminated structure 
were investigated. Finally, the dielectric constant of HfO2 thin film of 
various crystal structures was revealed. 

2. Experimental procedure 

ZrO2 and HfO2 thin films were deposited by means of ALD (iOV dX1, 
iSAC research) using cyclopentadienyltris(dimethylamino)zirconium 
(CpZr[N(CH3)2]3, CpZr), and cyclopentadienyltris(dimethylamino)faf-
nium (CpHf[N(CH3)2]3, CpHf) as the Zr, and Hf precursor, respectively. 
The substrate consisted of 50-nm-thick TiN as a bottom electrode on a 
thermally oxidized (100) Si wafer. In addition, Al2O3 for the laminated 
Al2O3/HfO2 structure was deposited with trimethylaluminium (Al 
(CH3)3, TMA) as the Al precursor. O3 was used as the oxygen source at a 
concentration of 170 g/m3. The canisters of CpZr, CpHf, and TMA were 
maintained at 80 ◦C, 110 ◦C, and room temperature to acquire the 
appropriate vapor pressures of each precursor, respectively. The depo-
sition temperature was set to 300 ◦C. The laminated structure dielectrics 
of the ZrO2 and HfO2 were deposited using ALD super-cycles, which 
consisted of ALD sub-cycles of ZrO2 and HfO2 with different cycle ratios 
to control each thickness of the inserted HfO2 and ZrO2 layers. Post- 
deposition annealing was performed at 600 ◦C for 30 s under N2 atmo-
sphere using a rapid thermal process. To measure the electrical prop-
erties, a metal–insulator-metal (MIM) capacitor was fabricated with a 
top electrode which consisted of 50-nm-thick Ti and 50-nm-thick Pt film 
that were defined by a metal shadow mask with a 300 μm diameter hole. 

The film thickness was determined by calculating the layer density, 
which was measured via X-ray fluorescence spectroscopy (XRF, ARL 
Quant’X, Thermo Scientific), which correlated with the spectroscopic 
ellipsometer (ESM-300, J. A. Woollam). The chemical state of the 
dielectric was investigated via x-ray photoelectron spectroscopy (XPS, 
K-Alpha+, ThermoFisher Scientific). Glancing angle incident x-ray 
diffraction with an incident angle of 0.5◦ (GA-XRD, X’pert Pro, 

PANalytical), and transmission electron microscopy (TEM, JEOL, JEM- 
2100F) were used to examine the crystal structure of the films. The 
electrical properties were evaluated by measuring the capacitance 
versus voltage and the current versus voltage characteristics using 
Agilent 4284 and 4155C, respectively. 

3. Results and discussion 

Various laminated structures of HfO2 and ZrO2 were deposited as 
shown in Fig. 1. The total thickness of HfO2 was fixed to ~ 3 nm divided 
by interposed ZrO2 layer to varying each layer thickness of HfO2 to 0.5, 
1, and 3 nm (denoting H0.5ZO, H1ZO, and H3ZO). The total ZrO2 layer 
thickness was also fixed to ~ 7 nm, resulting in the total thickness of the 
laminated structures were almost identical to 10 nm. The actual thick-
ness of the laminated structures is described in Table 1. The XRD anal-
ysis indicated that the crystal structure of the HfO2 layer in the 
laminated structure dramatically changed with respect to the layer 
thickness (Fig. 2). The crystal structure of 10-nm-thick ZrO2 and HfO2 
was investigated. As shown in Fig. 2(a), ZrO2 and HfO2 thin films had 
different phase compositions: whereas the ZrO2 thin film had the t- 
phase-only crystal structure, HfO2 exhibited peaks corresponding to m- 
and p-phases. This result indicates that the effect of surface energy on 
the crystallization in ZrO2 and HfO2 thin films. ZrO2 and HfO2 have a 
similar crystal structure, fluorite structure, with an almost identical 
lattice constant due to no difference in the ionic radii between Zr4+ and 
Hf4+.[41] However, the critical thickness is quite different to 3 and 10 
nm for HfO2 and ZrO2, respectively. Therefore, the ZrO2 and HfO2 thin 
films exhibited different crystal structures even in the same physical 
thickness. In this regard, m-phase peaks in the XRD of the laminated 
structure were regarded as derived from the m-phase of the HfO2 layer. 
In other words, decreasing the peak intensity of the m-phase indicates 
suppressing the m-phase formation of the HfO2 layer. The deposited 
HZO thin film in all the samples has a mixed crystal structure of m- and t- 
phases, implying that m-phase formation was not fully suppressed by 
limiting the layer thickness of HfO2 under the critical thickness. How-
ever, the peak intensity ratio of m- and t-phases were significantly 
changed depending on the thickness of the HfO2 layer (Fig. 2(b)). In the 
case of H3ZO, the m-phase was dominant as the most HfO2 thin film 
deposited by ALD does. In contrast, the intensity of peaks from the m- 
phase was gradually decreased with decreasing the thickness of the HfO2 
layer. Eventually, the contribution from the peak of the m-phase of HfO2 
layer was almost disappeared in the case of H0.5ZO. The diffraction 
pattern of 2θ of 29 to 33◦ was deconvoluted to t- (30.6◦), and m- (31.8◦) 
phases. The ratio of t- to m-phase (t/m ratio) was significantly increased 
about eight times from H3ZO of 1.02 to H0.5ZO of 7.79 (Table 2). This 
result implies that control the layer thickness of HfO2 is effective to 
suppress the m-phase formation. TEM analysis was conducted to 
investigate the micro-structure of the HZO films depending on the layer 
thickness of HfO2 (Fig. 3). In the cases of H3ZO, the energy dispersive 
spectroscopy (EDX) image of Hf exhibited that the HfO2 was located in 
the middle of the thin film, as depicted in the schematic structure of 
H3ZO (Fig. 1). For the H1ZO, the Hf was dispersed more widely, but a 
distinctive ZrO2 layer between TiN and H1ZO was observed. However, 
HfO2 in H0.5ZO thin film did not observed as a separate layer, and 
dispersed into entire H0.5ZO film as shown in EDX analysis. Moreover, 
the fast-Fourier-transform (FFT) patterns were obtained for all the thin 
films (Fig. 5). In the case of H3ZO thin film (Fig. 4(a)), the FFT patterns 
for the region where ZrO2 and HfO2 would be dominant were obtained 
as shown in Fig. 4(b) and 4(c), respectively. Whereas the ZrO2 layer 
exhibited diffraction points only corresponding to the t-phase (Fig. 4b), 
a pattern from HfO2 layer was consisted with diffraction points by the m- 
phase (Fig. 4c). This result implies that the m-phase diffraction peak in 
the XRD measurement was originated from the HfO2 layer. In the cases 
of H1ZO and H0.5ZO, the FFT patterns were obtained from the whole 
range of the thin film (Fig. 4(d) and 4(f)) because it was hard to 
distinguish ZrO2 and HfO2 separately. In the FFT pattern of the H1ZO 
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thin film (Fig. 4(e)), diffraction points from both t-, and m-phases were 
observed, but the intensity of the point corresponding to the m-phase 
was significantly weaker than that from the t-phase. Furthermore, the m- 
phase diffraction point was almost disappeared in the H0.5ZO film 
(Fig. 4(g)), which coincided with the XRD results. However, it was not 

possible to investigate whether the phase transition from m- to t-phase 
occurred because the diffraction corresponding to the t-phase of HfO2 
are located at the same 2θ or reciprocal lattice of ZrO2 t-phase peaks in 
XRD and TEM analyses, respectively. 

To clarify the t-phase formation of the HfO2 layer, XPS measurement 
was employed. Since the binding energy of Hf4+ is changed regarding 
the crystal structures, the phase composition of HfO2 layer was revealed 
by deconvolution of the Hf 4f7/2 peak to amorphous (17.4 eV), m- (17.9 
eV), and t- (18.1 eV) phases (Fig. 5).[42] The relative phase composition 
was significantly changed depending on the HfO2 layer thickness (Fig. 5 
(d) and Table 2). In the case of H3ZO, the HfO2 layer was crystallized to 
m-phases of a ratio of 0.83. The ratio of m-phase was dramatically 
decreased to 0.145 and 0.146 in H1ZO and H0.5ZO, respectively, which 
inferred the m-phase formation is efficiently hindered below the critical 
thickness. However, the suppression of the m-phase did not ensure the 
transformation to the t-phase. Even though the suppression behavior of 

Fig. 1. Schematic diagram of the thin film stacks.  

Table 1 
Information on the thickness of the constituent layers of the laminated structure.  

Sample ZrO2 thickness 
(nm) 

HfO2 thickness 
(nm) 

Total laminated structure 
thickness (nm) 

Total Single 
layer 

Total Single 
layer 

H0.5ZO  6.59  0.941  2.88  0.48  9.47 
H1ZO  6.38  1.60  2.95  0.983  9.33 
H3ZO  7.14  3.57  3.01  3.01  10.15  

Fig. 2. (a) XRD patterns of various thin film stacks. The symbols in the pattern ◆, ●, and ■ indicates peak from monoclinic, tetragonal phases of ZrO2 or HfO2, and 
TiN substrate, respectively. (b) Magnified XRD patterns from (a). Red and blue lines were denoted the deconvolution peaks for tetragonal and monoclinic phases, 
respectively. 

Table 2 
Relative phase composition and dielectric constant of the laminated structures.  

Sample Peak area (by XRD) Relative phase composition (by XPS) Dielectric constant 

t-phase m-phase t/m ratio t-phase m-phase amorphous Total HfO2 

H0.5ZO  30.7  3.94  7.79  0.694  0.146  0.16  38.31  36.82 
H1ZO  58.9  23.5  2.50  0.495  0.145  0.36  35.65  29.84 
H3ZO  61.8  60.8  1.02  0.07  0.83  0.1  28.98  18.01  
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m-phase was observed almost identical in H1ZO and H0.5ZO, the ratio 
of t-phase was quite different with respect to the HfO2 layer thickness: t- 
phase ratio of 0.694 and 0.495 for H0.5ZO and H1ZO, respectively. The 
difference in t-phase ratio was compensated by the ratio of amorphous 

phase difference: H1ZO had a relatively higher amorphous phase ratio of 
0.36 than that of H0.5ZO of 0.16. This result indicated that suppressed 
m-phase formation transformed to the amorphous phase in the H1ZO 
case, not to transform to the t-phase which was intended. In this result, 
the ratio of amorphous phase should be emphasized. In the general case 
in the thin film deposition, the thicker layer tends to have higher crys-
tallinity, however, thinner layer thickness (H0.5ZO) had higher crys-
tallinity than that of thicker (H1ZO). This implies only employing 

Fig. 3. (a), (d), and (g) are scanning TEM images, for H3ZO, H1ZO, and H0.5ZO, respectively. EDX images of Zr ((b), (e), and (h)) and Hf ((c), (f), and (i)) for H3ZO, 
H1ZO, and H0.5ZO, respectively. 

Fig. 4. (a) High-resolution TEM image of the H3ZO. FFT patterns from (b) the 
red box (ZrO2 layer) in (a), and (c) the blue box (HfO2 layer) in (a). (d) High- 
resolution TEM image of the H1ZO/TiN, and (e) FFT pattern from the white box 
in (d). (f) High-resolution TEM image of the H0.5ZO/TiN, and (g) FFT pattern 
from the white box in (f). 

-1.0 -0.5 0.0 0.5 1.0
0

10

20

30

40

50

60
 H0.5ZO
 H1ZO
 H3ZO

C
ap

ac
ita

nc
e 

de
ns

ity
 [f

F/
µm

2 ]

DC Bias [V]

Fig. 5. Hf 4f XPS spectra of (a) H0.5ZO, (b) H1ZO, and (c) H3ZO. (d) The 
calculated relative phase composition from the deconvolution XPS spectra. 
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limiting the layer thickness below the critical thickness is not sufficient 
to induce the t-phase transformation from the m-phase of HfO2. In this 
case, the crystallinity of ZrO2, interposed between the HfO2 layers, 
served as a template for the t-phase crystallization of HfO2 layer. The 
ratio of surface in contact with the ZrO2 layer decreased as the thickness 
of HfO2 layer increased, resulting in increasing the ratio of amorphous 
phase in the HfO2 layer. To confirm the template effect by ZrO2 layer on 
the crystallization of the HfO2 layer, the crystallinity of the laminated 
structure consisting with HfO2 and Al2O3, oxide of the amorphous phase, 
with varying the HfO2 layer thickness of 0.5, 1, and 3 nm was investi-
gated (Fig. 6). To obtain sufficient peak intensity in the XRD measure-
ment, the total thickness of HfO2 layers in the sample was fixed to 15 
nm. In the case of H0.5AO, no notable diffraction peak was observed. 
This result indicated the HfO2 layer of 0.5 nm was too thin to crystallize 
without any extrinsic driving forces. The broad peak of approximately 
28-35◦ observed in the H1AO sample indicated the meso-crystalline 
structure, which consisted of crystalline nuclei and amorphous region. 
In other words, the peak due to the diffraction was not observed until the 
thickness of HfO2 layer was about 3 nm. A diffraction peak, which was 
even still too broad to distinguish the exact corresponding phase, was 
observed in the HfO2 layer of 3-nm-thick. This result implies the t-phase 
dominant transformation in the H0.5ZO was attributed to both an 
intrinsic, suppressing the m-phase formation by limiting the layer 
thickness under the critical thickness, as well as an extrinsic attribution, 
inducing the t-phase crystallization caused by the template effect from 
the crystalline interposed ZrO2 layer. 

From the above results, the crystallization mechanism in the HfO2 
thin film was understood as below. To demonstrate the crystallization of 
the HfO2 thin film by the intrinsic driving force, widely known as 
competition between surface energy and bulk energy of nuclei, the thin 
film thickness should be higher than 3-nm-thick. Up to 3 nm, the crys-
tallized region, called grain, could not be stabilized, hence, the thin film 
consisted of amorphous and nuclei, as shown in the comparison between 
H3AO and H1AO. Moreover, m-phase formation in the H3ZO also in-
dicates the dominant crystal structure of the thin film is governed by the 
intrinsic aspect, thermodynamical stable phase of thin film material it-
self, with a thickness 3 nm or thicker. To induce the crystallization 
against the intrinsic aspect, the template effect was employed generally. 
From the result from the H0.5ZO and H1ZO, the template effect affects 
about 0.5 nm-thick region. 

According to the crystal structure, the electrical property of each 
sample exhibited different characteristics. For the first, the k value of the 
laminated structures was changed by the layer thickness of HfO2 (Fig. 7 
(a) and 7(b)). The k value was increased with decreasing the HfO2 layer 
thickness. In the case of H3ZO, the k value was 28.98, which was much 
smaller than that of the 9.6-nm-thick ZrO2 thin film of 42.3, indicating 
that the m-phase formation of HfO2 decreases the total k value of the 
laminated structure. Indeed, the k value of the 9.9-nm-thick HfO2, which 
has the m-phase crystal structure, was 16.8. Compared to the H3ZO case, 
the k values of H1ZO and H0.5ZO increased to 35.55 and 38.31, 
respectively. From the k value of each laminated structure, the k value of 
the HfO2 layer was calculated under the assumption that the k value of 
ZrO2 layer was 42.3 (Table 2). Since the laminated structure can be 
assumed equivalent to a circuit consisted of parallel capacitors of ZrO2 
and HfO2, the total capacitance is demonstrated by the simple equation 
of 1/Ctotal = 1/CZrO2,1 + 1/CHfO2,1 + 1/CZrO2,2 + 1/CHfO2,2 +…. From 
this calculation, k values of the HfO2 layer were 36.82, 29.84, and 18.01 
in H0.5ZO, H1ZO, and H3ZO, respectively. Notably, through the 
calculated k value, it was confirmed that the k value of the HfO2 layer is 
substantially improved through the phase transformation from m-phase 
to t-phase. Furthermore, based on the results about the relative phase 
composition and k value of HfO2 layer from three samples (Table 2), the 
k value of each phase of HfO2 thin film was calculated. From the 
calculation, k values of t-, m-, and amorphous-phase are 46.89, 16.31, 
and 11.85, respectively. It should be emphasized that the k values were 
calculated based on the actual experimental results, not from the theo-
retical results. Actually, the k value of m-phase from the calculation was 
16.31, which was almost identical to the k value of 16.8 obtained from 
the 9.9-nm-thick HfO2 thin film. Moreover, the contribution of the less 
crystallized region at the interface or boundary on the k value mea-
surement was excluded by considering the amorphous phase, separately. 
Consequently, it can be said that it is the result of the closest to the real 
value of the k of HfO2 thin film in a single phase, which can obtain 
through the ALD process, in which some contaminants or defects are 
incorporated. 

Additionally, the k value achieving the ZrO2/HfO2 nanolaminated 
structure was compared with previous results about enhancing the k 
value of HfO2 (Table 3). The previous results also tried to demonstrate 
the t-phase formation and suppression of m-phase to increase the k 
value, but they employed a method of inducing the strain by using a 
dopant. To induce a sufficient strain achieving the phase transformation, 
relatively high dopant concentration was inevitable, resulting in a lim-
itation on increasing the crystallinity and the k value. In contrast, the 
ZrO2/HfO2 nanolaminated structure was achieved the phase trans-
formation of HfO2 from monoclinic to tetragonal without using any 
dopant. Furthermore, the leakage current property in the ZrO2/HfO2 
nanolaminated structure was enhanced. As shown in Fig. 7(c), the 
leakage current density of all the HZO thin films exhibited 1–2 orders 
reduced level than that of the HfO2 thin film. Therefore, the crystallinity 
of HfO2 layer was enhanced and achieving a relatively higher k value 
without any degradations in the electrical properties. 

4. Conclusion 

Crystallinity control of HfO2 thin film was investigated in the lami-
nated structure consisted of ZrO2 and HfO2 by using layer thickness 
control and induced template effect. The surface and bulk energy dif-
ference depending on the phases of HfO2 thin film makes the suppres-
sion of the m-phase formation with decreasing the HfO2 layer thickness. 
Moreover, the t-phase crystallinity of the interposed ZrO2 induced the t- 
phase transformation of HfO2 thin film by the template effect. The t- 
phase of HfO2 was achieved using intrinsic (thickness below the critical 
thickness) as well as extrinsic (template effect) aspects. Consequently, a 
high k value of HfO2 of 36.82 was achieved. Furthermore, based on the 
phase composition analysis of the thin films, the k values of t-, m-, and 
amorphous-phase were extracted to 46.89, 16.31, and 11.85, 

Fig. 6. XRD patterns of the thin films consisted with HfO2 and Al2O3 layers. 
The symbols in the pattern ◆, ●, and ■ indicates peak from monoclinic, 
tetragonal phases of ZrO2 or HfO2, and TiN substrate, respectively. 
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respectively. From the fact that the extracted k value was based on the 
actual experimental result deposited by ALD, not from the theoretical 
calculation, these k values implied the expected k value by employing 
the HfO2 thin film to the actual devices. 
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