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A B S T R A C T   

A Y-doped HfO2 thin film deposited using a cocktail precursor for a DRAM capacitor dielectric application was 
investigated. It has been difficult to adapt HfO2, a potential high-dielectric-constant material, deposited by a 
typical thin-film deposition technique to actual devices owing to its low dielectric constant of approximately 20, 
resulting from its monoclinic-phase crystal structure. Although several methods have been investigated to in-
crease the dielectric constant by crystal structure transformation to the tetragonal phase, which has a dielectric 
constant as high as approximately 40, the formation of the monoclinic phase was not successfully suppressed. In 
this study, the tetragonal-phase formation of HfO2 thin films was investigated using a cocktail precursor con-
sisting of Y and Hf precursors. The monoclinic formation suppression mechanism in the Y-doped HfO2 thin film 
was determined from the physical and chemical analyses results. Moreover, the leakage current change caused by 
the introduced oxygen vacancy with respect to the Y dopant concentration was investigated. Improved electrical 
properties of the dielectric constant and leakage current were achieved with Y-doped HfO2.   

1. Introduction 

HfO2 has attracted considerable attention as a representative high- 
dielectric-constant (k) material for gate dielectric [1–5] and capacitor 
dielectric applications [6–8]. To make HfO2 a suitable high-k material, 
numerous studies on achieving higher k values by inducing 
tetragonal-phase crystallisation have been conducted [4,5,9–16]. 
Employing dopants, such as Al2O3 [5,9–11] or carbon [12], which can 
induce distortion in the lattice, results in HfO2 tetragonal-phase for-
mation. The template effect from the insertion layer was introduced [14, 
16]. However, increasing the k value using the above methods inevitably 
leads to degradation in the leakage current [17]. Moreover, these 
methods cannot totally suppress the formation of the monoclinic phase. 
This originates from the energy-level difference between the monoclinic 
and tetragonal phases [18–20]. HfO2 has many possible crystal struc-
tures: monoclinic, tetragonal, cubic, and orthorhombic. The most stable 
crystal structure is determined based on the conditions. Generally, a thin 
film with a thickness of less than approximately 3 nm tends to have the 

tetragonal phase, and one with a thickness of more than approximately 
3 nm tends to have the monoclinic phase. This is because the monoclinic 
phase has lower bulk energy and higher surface energy than the 
tetragonal phase. This thickness boundary of monoclinic and 
tetragonal-phase transition is called the ‘critical thickness’ [21]. While 
the ZrO2 thin film tends to have a tetragonal crystal structure with a 
thickness of tens of nanometres [11,22], the HfO2 thin film generally has 
a monoclinic crystal structure [11]. This is because of the different 
critical thicknesses of 3 and 15 nm for HfO2 and ZrO2, respectively [21], 
resulting in that the HfO2 thin film generally has monoclinic phased 
crystal structure, in contrast to that the ZrO2 thin film has tetrago-
nal/cubic phase even in using the precursor with same ligand chemistry 
and employing same process conditions. Consequently, the aforemen-
tioned methods, which only induce local lattice distortion at the inter-
face, cannot achieve full transformation to the tetragonal phase. 
Therefore, a method for stabilising the tetragonal phase in the whole 
bulk level of HfO2 thin film is required to achieve a fully crystallised 
HfO2 thin film with a tetragonal phase. 
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In the ZrO2 thin-film case, a solution for stabilising the tetragonal 
phase from the bulk level has already been reported: yttrium-stabilised 
zirconia (YSZ) [23–25]. The monoclinic phase is the most stable crystal 
structure in bulk ZrO2 films. This is because the ionic radius of Zr4+ is too 
small to stabilise the tetragonal structure, with a coordination number of 
eight. When tetravalent Zr4+ is replaced by trivalent Y3+, a charge 
imbalance is induced, resulting in the retention of a coordination 
number of eight, and a higher fraction of Zr atoms can adopt a coordi-
nation number of seven. Consequently, the tetragonal phase is stabilised 
and the transformation to the monoclinic phase is suppressed. The 
calculation result predicted that 12.5 mol% of Y stabiliser in ZrO2 must 
be added to reduce the coordination number of all cations to seven 
[26–28], where the tetragonal phase would be stabilised and trans-
formation to the monoclinic phase would be suppressed. HfO2 is known 
to have quite similar physical properties and crystallisation behaviours 
to those of ZrO2. Hence, Y doping would be an effective solution to 
obtain the tetragonal phase in a thin film with a thickness greater than 
the critical thickness. Accordingly, achieving homogeneous doping of Y 
in the entire range of HfO2 thin films is important for implementing the 
tetragonal phase. 

In the general atomic layer deposition (ALD) process, doping of a 
dopant in a thin film is carried out by a constitution of a supercycle with 
ALD subcycles of the dopant and thin film [11,29,30]. However, the 
dopant profile obtained by this layer-by-layer doping method using the 
ALD supercycle inevitably has a locally concentrated gradient [17,31, 
32]. Consequently, the property enhancement deliberated by intro-
ducing the dopant was not effectively achieved [33–36]. In contrast, the 
cocktail precursor can achieve a homogeneous dopant concentration in 
the deposited thin film. Therefore, in this study, a cocktail precursor of Y 
and Hf precursors was employed for ALD. 

2. Experimental procedure 

HfO2 thin films were deposited by means of ALD (iOV dX1, iSAC 
research) using HfCp(NMe2)3 and O3 as the Hf precursor and oxygen 
source, respectively. The substrate consisted of 100-nm TiN as a bottom 
electrode on a thermally oxidised (100) Si wafer. The Hf precursor was 
introduced into the process chamber with Ar carrier gas using a bubbler 
system. For the deposition of Y2O3-doped HfO2 (Y-HfO2) thin films, a 
cocktail precursor consisting of HfCp(NMe2)3 and a cyclopentadienyl 
yttrium amide (SK Trichem Co., Ltd.) as the Hf and Y precursors, 
respectively, was employed. The precursor was kept on room tempera-
ture. The vaporizer was heated to 150 ◦C to vaporize the liquid cocktail 
precursor injected 0.05 g/m controlled by liquid mass flow controller 
with Ar flow of 100 sccm as a carrier gas. The ALD sequence was con-
sisted of precursor feeding, Ar purge, ozone feeding, and Ar purge of 5, 

30, 5, and 10 s, respectively. The growth per cycle (GPC) in the satu-
ration ALD condition was 0.106 nm/cycle regardless to the Y concen-
tration of the cocktail precursor. The ALD sequence was conducted 104 
cycles to deposit 11-nm-thick Y-HfO2 thin film. In addition, 11-nm-thick 
Y-HfO2 thin films were deposited using the cocktail precursor with 
various Y concentrations to vary the composition of Y in the Y-HfO2 thin 
film. The Y-HfO2 thin films with varying Y compositions are denoted as 
YH-1, YH-2, and YH-3. To ensure a consistent vapour pressure ratio of Y 
and Hf precursors during the process, a liquid delivery system was uti-
lised. A mixture of Y and Hf precursors with the same concentration as 
that of the cocktail precursor was injected into the process chamber 
during the precursor feeding step. The process temperature was main-
tained at 300 ◦C. Postdeposition annealing was performed at 600 ◦C for 
30 s under N2 ambient conditions to crystallize the thin films. To mea-
sure the electrical properties, a metal–insulator–metal (MIM) capacitor 
was fabricated with a top electrode, which consisted of 50-nm-thick Ti 
and 50-nm-thick Pt films that were defined by a metal shadow mask with 
a 300-μm-diameter hole. 

The thickness of the insulator films was measured by a spectroscopic 
ellipsometer (ESM-300, J. A. Woollam). The depth profiles of the 
composition and chemical status of the thin films were analysed using X- 
ray photoelectron spectroscopy (XPS, K-Alpha+, Thermo Fisher Scien-
tific). Glancing angle incident X-ray diffraction (XRD, X’pert Pro, 
PANalytical) was used to examine the crystal structure of the films with 
an incident angle of 0.5◦. The electrical properties were evaluated by 
measuring the capacitance–voltage and the current–voltage character-
istics using Agilent 4284 and 4155C, respectively. 

3. Results and discussion 

The composition of the thin film was investigated through XPS an-
alyses (Fig. 1). From the atomic concentration values of Y and Hf 
measured at an etching time of 20 s, as shown in Fig. 1(a), the Y/Hf 
ratios of the YH-1, YH-2, and YH-3 films were calculated to be 0.107, 
0.147, and 0.220, respectively. The depth profile analysis revealed that 
all the Y-HfO2 thin films had a homogeneous composition of O, Hf, and Y 
in the depth direction, as shown in Fig. 1(b). In the YH-1 and YH-2 thin 
films, the Y concentration in the thin film was almost identical at all 
examined points. In the case of the YH-3 thin film, the Y concentration 
linearly increased to the surface. Although a concentration gradient was 
observed, there was no fluctuation of concentration in the depth direc-
tion, which is generally observed in a thin film doped with a dopant by 
executing the ALD supercycle process [17,31]. When the doping is 
separately conducted by employing the dopant ALD subcycle process for 
thin-film deposition, i.e., the Al2O3 subcycle for Al doping of the TiO2 
thin film, the dopant concentration profile has a large gradient with a 

Fig. 1. (a) Y/Hf ratio in the deposited thin films and (b) depth profiles for O, Hf, and Y of the YH-1, YH-2, and YH-3 thin films, respectively.  
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peak where the subcycle is executed [32]. In other words, a homoge-
neous dopant concentration profile cannot be achieved through doping 
by employing the ALD supercycle process. However, a homogeneous Y 
concentration profile was obtained by employing the cocktail precursor 
because the dopant and thin film were deposited simultaneously. 
Therefore, the Y-HfO2 thin-film deposition process with a homogeneous 
dopant concentration profile was successfully achieved by adopting the 
cocktail precursor. 

The crystal structure of the Y-HfO2 thin films was investigated using 
XRD measurements. The XRD spectra of pristine HfO2 and Y-HfO2 with 
various Y/Hf ratios are shown in Fig. 2(a). In the case of the HfO2 thin 
film, the XRD spectrum indicates that the HfO2 thin film has mixed 
crystallinity with monoclinic and tetragonal phases. As determined from 
the relative peak intensity, the major crystal structure was in the 
monoclinic phase, agreeing with previous results that HfO2 thin film 
deposited by ALD generally has a monoclinic-phase crystal structure 
[11,37]. In contrast to the pristine HfO2 thin film, the Y-HfO2 thin films 
were solely composed of the tetragonal phase, and no contribution of the 
monoclinic phase was observed in the XRD spectra. In a previous study 

on the induction of tetragonal-phase crystallisation by adopting a 
dopant, such as Al2O3, it was impossible to completely eliminate the 
contribution of the monoclinic phase in the crystal structure of the HfO2 
thin film [11,38]. Moreover, there is a certain upper limit on increasing 
the dopant concentration because too high a dopant concentration in-
duces amorphisation rather than tetragonal-phase crystallisation [11]. It 
is believed that this limitation of tetragonal-phase transformation by 
employing the dopants originates from the phase transformation 
mechanism that induces stress at the surface of the HfO2 grain, not from 
the bulk region. The effect, which induced tetragonal-phase formation 
using a dopant in previous cases, was confined only to the localised 
region near the surface of the thin film or the grain; hence, the mono-
clinic phase still should remain in the bulk region. When the dopant 
concentration is too high, it is incorporated into the bulk, resulting in the 
suppression of crystallisation and, in turn, amorphisation. Consequently, 
the dopants previously examined cannot prevent the formation of the 
monoclinic phase. However, Y doping by introducing Y2O3 into the HfO2 
thin film by adopting the cocktail precursor exhibited full trans-
formation to the tetragonal phase in all the examined Y concentrations. 
This crystallisation behaviour agreed well with the previous results for 
YSZ [39]. As the Y dopant in the ZrO2 thin-film-induced tetragonal--
phase crystallisation, an oxygen vacancy (VO) introduced by the stoi-
chiometry difference between Y2O3 and HfO2 formed in the HfO2 thin 
film, resulting in the formation of a tetragonal phase. Because Zr4+ and 
Hf4+ have almost identical ionic radii, the same mechanism would affect 
the formation of the tetragonal phase in the HfO2 thin film by doping 
with Y. 

The most distinctive difference between Y and the previously re-
ported dopants is the origin of the tetragonal-phase transformation. In 
contrast to previous dopants, Y induces a tetragonal-phase trans-
formation from the bulk of the HfO2 grain. Therefore, the Y dopant can 
achieve tetragonal-phase formation in the entire region of the HfO2 thin 
film. Furthermore, the grain size of the HfO2 thin film affected the for-
mation of the tetragonal phase. The critical thickness is governed by the 
formation energy difference between the monoclinic and tetragonal 
phases. When the ratio of the surface is higher than that of the bulk, the 
tetragonal phase is more favourable than the monoclinic phase. This 
implies that a smaller grain size, which has a larger surface ratio than 
larger grains, is favourable for inducing tetragonal-phase formation. The 
relative grain size, which is calculated from the full width at half 
maximum (FWHM) of the peak from (101) at 30.8◦, indicates that the 
grain size decreases with increasing Y/Hf ratio, as shown in Fig. 2(b). 

To characterise the chemical state of the films depending on the Y/Hf 
ratio, the binding energies of Y and Hf were investigated by means of 
XPS surface analysis. The peak position was recalibrated based on the 
C–C bond peak position (C1s peak), considering a binding energy of 285 

Fig. 2. (a) XRD patterns of HfO2, YH-1, YH-2, and YH-3 thin films and (b) Y/Hf 
ratio versus the grain size (calculated from the reciprocal value of FWHM of the 
t(101) peak from the XRD pattern in Fig. 2(a)). 

Fig. 3. Y 3d XPS profiles of YH-1, YH-2, and YH-3 thin films.  
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eV. Fig. 3 shows the XPS profiles of the 3d core levels of Y for the Y-HfO2 
thin films. The Y 3d XPS profiles of the three samples are composed of Y 
3d5/2 peaks centred at a binding energy of 179.8 eV with identical 
shapes, indicating that explain the Y dopant in the Y-HfO2 thin film had 
identical chemical state regardless to the Y concentration in the cocktail 
precursor. In the case of the XPS profiles of the Hf 4f core levels, the 
spectrum was deconvoluted so that the Hf 4f peaks were composed of Hf 
4f7/2 peaks centred at the 16.7- and 16.1-eV binding energies, which 
correspond to HfO2 and HfO2-x (x < 1), respectively (Fig. 4). The lower 
binding energy of the Hf 4f peak from HfO2-x indicates that the Hf ion is 
less oxidised owing to the incorporation of VO in the lattice. In this 

regard, there are two possible mechanisms for the formation of HfO2-x: 
insufficient oxidation during the Y-HfO2 thin-film deposition process 
and VO formation by the incorporation of aliovalent Y2O3 into the HfO2 
lattice. The relative amounts of HfO2-x to HfO2 were 1.4, 1.0, 3.3, and 
8.2 at.% for pristine HfO2, YH-1, YH-2, and YH-3 thin films, respectively. 
The values of pristine HfO2 and YH-1 thin films were almost identical, 
indicating that a small amount of Y dopant in HfO2 does not induce 
significant VO formation. Because the peak at a binding energy of 16.1 
eV was significantly increased in the YH-2 and YH-3 thin films, the HfO2- 

x formation is attributed to the formation of VO by the incorporated Y 
dopant. 

Fig. 4. Peak fits of Hf 4f of (a) HfO2, (b) YH-1, (c) YH-2, and (d) YH-3 thin films: in the Hf 4f spectra, the left-, and right-side peaks originated from 4f5/2, and 4f7/2, 
respectively. The peak deconvolution was conducted with 4f7/2 spectra (right-side peak). 

Fig. 5. (a) Dielectric constant (black, left axis) and leakage current density at an applied voltage of +0.8 V (red, right axis) versus Y/Hf ratio and (b) C–V curves, and 
(c) J–E curves of HfO2, YH-1, YH-2, and YH-3 thin films with a thickness of 11 nm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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The electrical property alteration of the HfO2 thin film with respect 
to the tetragonal-phase transformation was evaluated. From the k value 
of 16.8 of the pristine HfO2 thin film, the k values of the Y-HfO2 thin film 
were increased to 22.2, 35.9, and 40.8 when the Y/Hf ratio was 
increased to 0.107, 0.147, and 0.220, respectively, as shown in Fig. 5(a). 
The k values were calculated from the capacitance density versus 
voltage (C–V) curve (Fig. 5(b)) of the MIM structures. The relationship 
between the k value and Y/Hf ratio implies that the tetragonal-phase 
transformation by the Y dopant effectively enhances the k value of the 
HfO2 thin film. The relatively low k value (22.2) of the YH-1 thin film 
considering the crystal structure with only the tetragonal phase in-
dicates that the Y dopant concentration of Y/Hf of 0.107 is not sufficient 
to induce complete crystallisation, but it is sufficient to suppress the 
monoclinic-phase formation. The k value of the YH-2 thin film revealed 
that complete crystallisation to the tetragonal phase is achieved when 
the Y/Hf ratio is 0.147 or higher. This was corroborated by the VO ratio 
with respect to the Y/Hf ratio. Moreover, it should be emphasised that 
the significantly higher k values of 35.9 and 40.8 of the Y-HfO2 thin film 
compared with the previous results could be achieved from a crystal 
structure consisting solely of the tetragonal phase. This enhancement 
was achieved by employing the cocktail precursor, which made possible 
the tetragonal-phase transformation to the entire region of the HfO2 
grain. 

The leakage current density (J) of the Y-HfO2 thin film was also 
improved compared with that of the pristine HfO2 thin film by intro-
ducing the Y dopant. The pristine HfO2 thin film exhibited a J value of 

1.20 × 10− 6 A/cm2. The J value was significantly reduced to 5.27 ×
10− 8, 1.01 × 10− 7, and 1.42 × 10− 7 A/cm2 for the YH-1, YH-2, and YH-3 
thin films, respectively—see Fig. 5(a). As the leakage current density 
versus electric field (J–E) curves in Fig. 5(b) show, the J value difference 
between pristine HfO2 and Y-HfO2 thin films was observed in the entire 
examined electric-field region. 

Electron conduction through the MIM structure employing HfO2 as 
the insulator generally occurs with trap-assisted tunnelling and Poo-
le–Frenkel emission [40,41]. Both conduction mechanisms are strongly 
related to the traps incorporated in the insulator. Indeed, the bandgap 
values of the insulators were almost identical (HfO2, YH-1, YH-2, and 
YH-3 of 6.03, 6.17, 6.11, and 6.14 eV, respectively, as shown in Fig. 6), 
implying that the conduction mechanism related to the barrier height, 
such as Schottky emission, was not affected by the J value difference. 
Moreover, because the bandgaps of the monoclinic and tetragonal 
phases are identical [42], the crystal structure difference between pris-
tine HfO2 and Y-HfO2 does not induce the J value difference. Accord-
ingly, it is inferred that VO affects the leakage current property alteration 
in Y-HfO2 thin films. Although it is well known that VO increases J by 
contributing to trap-related carrier conduction, in the case of the Y-HfO2 
thin film, the J value was decreased compared with that of pristine HfO2, 
even though the VO concentration was increased by introducing the Y 
dopant, as shown in Fig. 4. The trap depth was calculated from the 
temperature-dependent J–E curve (Fig. 7). The trap depth decreased 

Fig. 6. Bandgap values of the insulators by the XPS analyses.  

Fig. 7. (a) Calculated trap depth and (b) Ea versus E1/2 plot from temperature-dependent J–E curves of HfO2, YH-1, YH-2, and YH-3 thin films.  

Fig. 8. J–tox plot of the MIM capacitor using HfO2, YH-1, YH-2, and YH-3 thin 
films with a thickness of 10 nm. 
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with Y doping, implying that VO, which induces tetragonal-phase 
transformation, contributes to the formation of defect sites. The trap 
depth calculation also indicated that VO defect formation from the Y 
dopant did not induce severe degradation of the J value. The mechanism 
of J property degradation by VO in HfO2 is the gap-state formation by the 
localised electrons at the neighbouring Hf ions from the VO formation 
[43]. In other words, the defect site caused by VO formation results from 
the partial occupation of Hf 5d orbitals by the electrons from VO for-
mation. However, VO formation by the Y dopant does not accompany 
localised electron formation because it is related to the stoichiometry. 
Therefore, it can be postulated that VO formation in HfO2 by doping with 
an aliovalent dopant does not induce J property degradation. 

Finally, the scaling of the equivalent oxide thickness (tox) was 
investigated using a J–tox plot (Fig. 8). By increasing the k value 
depending on the Y/Hf ratio, tox was decreased significantly from pris-
tine HfO2 of more than 2.0 nm to YH-2 and YH-3 of approximately 1.0 
nm. This is significantly enhanced result compared with the previously 
reported results about ZrO2- or HfO2-based insulators [40,44]. More-
over, the J property was improved by increasing the Y/Hf ratio. 

4. Conclusion 

A Y-doped HfO2 thin film using a Y + Hf cocktail precursor for DRAM 
capacitor dielectric applications was investigated. The Y-HfO2 thin-film 
deposition process demonstrated homogeneous Y doping into the HfO2 
grain as a result of employing a cocktail precursor rather than the ALD 
supercycle process, resulting in a crystal structure consisting of the 
tetragonal phase with no contribution of the monoclinic phase. This 
crystal structure was induced by effective VO formation in the HfO2 
grain from the ambivalent Y2O3, which stabilised the tetragonal phase of 
the HfO2 thin film. Moreover, the change in grain size contributed to the 
tetragonal-phase transformation. Because of the tetragonal-phase for-
mation, the k value of the HfO2 thin film increased to 40.8 from 16.8 in 
the pristine HfO2. The leakage current density was decreased by intro-
ducing the Y dopant simultaneously. Consequently, the performance of 
the MIM capacitor using the HfO2-based insulator was significantly 
improved by adopting the Y + Hf cocktail precursor. 
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