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Abstract 

Variations in the growth behavior, physical and electrical properties, and microstructure of the atomic 

layer deposited (ALD) HfO2 gate dielectrics were examined with two types of oxygen sources: O3 and 

H2O for the given Hf-precursor of Hf[N(CH3)(C2H5)]4. The ALD temperature windows for the O3 and 

H2O were 160-320
o
C and 160-280

o
C, respectively, with the growth rate of HfO2 using O3 being 

higher than that of the films using H2O within the ALD window. While the film density of HfO2 using 

O3 decreased, that of HfO2 using H2O increased with the decreasing ALD temperature. As the 

deposition temperature decreased, the amount of impurity in the HfO2 film with the O3 oxidant 

increased due to the insufficient reaction, which led to the crystallization of the HfO2 film into the 

tetragonal structure after the post-deposition annealing at 600
o
C. The films with a lower density and a 

higher carbon-impurity concentration retained the portion of the tetragonal phase (~30%) to the 

highest annealing temperature of 1000oC. However, the HfO2 films grown at 200oC with H2O showed 

the best electrical performance, which could be ascribed to the highest density, low impurity 

concentration, and negligible involvement of the interfacial low dielectric layer.  
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I. Introduction 

HfO2 thin films have been widely used in the semiconductor industry, especially in the mass 

production of Si-based metal insulator semiconductor field effect transistors (MISFETs), as high 

dielectric constant (high-k) gate dielectric thin films since 2007 [1-3]. Atomic layer deposition (ALD) 

has many advantages in the formation of gate dielectric thin films for extremely scaled planar or 

three-dimensional structured devices due to its self-limiting growth behavior, which confirms a low 

leakage current, high dielectric constant, and atomic-level precise thickness control. However, more 

studies are required to fabricate Hf-based dielectric films with even higher-k values (k > 30) for 

further scaled MISFETs that require an equivalent oxide thickness (EOT) < ~0.5 nm. In addition, 

there is a greater challenge to apply ALD-processed HfO2 to high-mobility channel materials such as 

III-V or II-V compound semiconductors for the n-type MISFET and Ge for the p-type MISFET 
[2-3]

. 

These challenges are known to be caused by the unstable interfaces between the HfO2 film and the 

high-mobility substrates 
[4-8]

, the status of which is largely influenced by the detailed ALD conditions. 

Several other high-k dielectrics, such as Al2O3, La2O3, and LaLuO3 
[9-12]

, have been adopted for the 

high-mobility substrates, but it might be best if the use of HfO2 can be extended to these substrates 

considering its mature process equipment, conditions, and contamination-control protocols in mass-

production lines. 

Because of these important aspects of HfO2 in advanced semiconductor chips, ALD of the HfO2 

film is one of the most extensively studied ALD processes. While the commercialized ALD process of 

the HfO2 film for high-k gate dielectric application adopted HfCl4 and H2O as the Hf-precursor and 

the oxygen source, respectively [13-16], alternative ALD processes that utilize metal-organic Hf-

precursors and O3 are still under intensive research 
[17-19]

. The major driving force for the search for 

such an alternative ALD process is the difficulty in handling the powdery HfCl4 precursor, which 

requires a high vaporization temperature (~200oC) to achieve sufficient vapor pressure, and hardware 

problems related to the corrosive reaction by-product (HCl) of the process 
[20]

. The ALD process of 

the HfO2 film using HfCl4 and H2O could be performed well at the substrate temperatures (Ts) of 300 

- 400oC without the concern related to the thermal decomposition of the HfCl4. In contrast, most 
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metal-organic Hf-precursors suffer from such degradation at a relatively low Ts; most Hf-alkoxides 

and Hf-alkylamides thermally decomposed at temperatures lower than ~200-250 and 300-350
o
C, 

respectively, the accurate values of which are dependent on the detailed process conditions [21-23]. 

(Modified) cycloropentadienyl (Cp)-based Hf-precursors have shown higher thermal decomposition 

temperatures (of up to ~ 400
o
C) 

[24]
, but ALD using the Cp-based Hf-precursors usually has a lower 

growth rate (< ~0.05 nm/cycle) than other metal-organic Hf-precursors, presumably due to the higher 

bulkiness of the ligand and its superior thermal stability [24-25].   

O3 is attracting increasing interest as the oxygen source for the ALD of various oxide films due to 

its generally higher oxidation potential than H2O at a normal ALD temperature range. The higher 

oxidation power of O3 is particularly attractive when the ALD process temperature approaches the 

upper limit of the ALD temperature window, where the (partial) thermal decomposition of Hf-

precursors results in C-impurity contamination in the film. H2O can hardly remove the cracked C 

from the ligands, but the strong oxidation power of O3 can remove it by forming volatile CO and CO2 

[17]
. O3 has been highly accepted in capacitor dielectric layer formation for dynamic random access 

memory (DRAM), such as ZrO2 and Al2O3, where the as-high-as-possible ALD temperature was 

preferred to achieve higher crystallinity accompanied by a higher dielectric constant. However, for the 

MISFET application, O3 almost always induces interfacial thin SiO2 formation during the ALD of the 

HfO2 film, which really deteriorated the overall k-value of the gate dielectric layer when the high-k 

HfO2 film was within the practical thickness range (2-4 nm) 
[26]

. Therefore, there must be an 

appropriate compromise between the attainable lowest EOT and the film quality by controlling the Ts, 

O3 concentration and the O3 pulse time [27]. The lower Ts generally induces a lower interfacial layer 

(IL, mostly SiO2 or Hf-silicate), but the high quality of the high-k film must be sacrificed under such 

condition. Recently, a technology where adoption of a chemically active metal gate, which is active 

enough to scavenge the oxygen from the IL without degrading the quality of HfO2, was developed [28]. 

This means that the IL can be removed by the post-process after the gate formation 
[29-30]

. Such 

removal of IL was inevitably accompanied by the degradation of the carrier mobility and reliability in 

the MISFET device, but such deterioration of the device performance could be overcompensated for 
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by the increased capacitance effect [28,30]. Therefore, the adoption of O3 for MISFET fabrication has a 

higher probability in the most recent integration flow. Another advantage of O3 over H2O is its faster 

purge-out speed, especially when the ALD temperature is lower than < ~150oC, during which the 

purge-out speed of H2O becomes very slow [17,31]. In contrast, the chemical activity of O3 at such a low 

temperature drops quickly, so adoption of O3 for low-temperature ALD is not desirable. In this regard, 

the maintained high chemical activity of H2O toward the ligand-exchange reaction of ALD oxide 

films could be highlighted. 

Another important task of the ALD of high-k films is the phase control to achieve an even higher k 

value, which has been less focused on the MISFET field compared with the capacitor dielectric for 

DRAM. The k-value of HfO2 is largely dependent on its crystallographic phases (amorphous and 

monoclinic, ~15, and tetragonal and cubic, ~30) 
[32-33]

, which must be largely determined by the 

detailed deposition as well as the post-deposition annealing (PDA) conditions. Although the 

thermodynamic stable phase of HfO2 at the ALD temperature (160-360
o
C in this study) and at the 

typical PDA temperature (TPDA, up to 1000
o
C) is monoclinic 

[34]
, there have been many reports on the 

formation of tetragonal- or cubic-phase HfO2 thin films by controlling the microstructure of the films 

[35-39]
. In this report, the higher-k HfO2 phase is considered the tetragonal phase because it is usually 

difficult to clearly distinguish the tetragonal phase from the cubic phase in a thin HfO2 film via 

laboratory X-ray diffraction. In addition, the k values of the two phases do not differ much and are 

also dependent on the crystallographic directions 
[40]

. Therefore, the higher-k phase could be 

tetragonal, cubic, or even a mixture of them, but a clear distinction was not attempted for as long as 

the phase was distinguished from the monoclinic phase. Although there are diverse detailed methods 

of such transformation of HfO2 to the higher-k phases 
[39,41]

, they basically rely on the grain size effect 

(a smaller grain size is preferred in the higher-k phase) because the surface (or the grain boundary) 

energy of the higher-k phase is lower than that of the monoclinic phase [42-44]. Therefore, varying the 

Ts and the types of oxygen sources could be a viable way to vary the grain size at the as-deposited 

state or after the PDA, and to achieve the higher-k phase. 

For the III-V and Ge substrates, the different oxidation powers of H2O and O3 at different Ts values 
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may provide a certain ALD process window for the HfO2 films, where the adverse interfacial effects 

are minimized. Additionally, the application of the very-low-temperature ALD of high-k dielectric 

films to transparent and flexible electronic devices is being actively studied. Some of the authors 

recently reported the growth behavior and film properties of the HfO2 film at a Ts as low as 30oC 

using a high O3 concentration (350 g/m
3
) as the oxygen source in ALD 

[31]
. Therefore, in this study, 

various properties of ALD-HfO2 films using tetrakis-ethylmethylamino-hafnium {Hf[N(CH3)(C2H5)]4, 

TEMAHf} as the Hf-precursor and different oxygen sources (H2O and O3) grown at different Ts 

values are examined systematically. While the mentioned previous reports focused on extending the 

higher end of the ALD temperature window to higher Ts values [17,21-25], this study attempted to 

explore the possible deposition of high-quality ALD HfO2 films at lower Ts values, which could 

provide an essential clue to the achievement of promising growth and electrical behavior of HfO2 on 

high-mobility substrates for futuristic MISFET or on plastic substrates for flexible-device fabrication, 

although this study dealt with only Si substrates. The evolution of phases according to detailed ALD 

and PDA conditions is also studied in detail. 

 

II. Experiment Procedure 

The HfO2 films were deposited on deionized-water-diluted, hydrofluoric (HF)-acid-cleaned p-type 

Si(100) wafers with 10Ωcm resistivity via ALD at substrate temperatures (Ts) of 160-360oC, using 

TEMAHf as the Hf-precursor and different oxygen sources (H2O and O3). O3 was generated by 

flowing a mixture of O2 (1,350 sccm) and N2 (10 sccm) into an ozone generator (Astex, AX8200). 

The ozone concentration was fixed at 170 g/m3. The optimized condition of the Hf-precursor pulse-Ar 

purge-H2O (or O3) pulse-Ar purge time was 3-20-3-10 s, respectively, where an Ar purge gas flow rate 

of 200 standard cubic centimetres per min (sccm) was adopted. The Hf-precursor vapor was achieved 

by heating the Hf-precursor canister to 60oC and transporting it into the cross-flow-type ALD reactor, 

which is capable of processing an 8-inch-diameter wafer, with the help of Ar carrier gas with a flow 

rate of 200 sccm. The deionized water with which a steel canister was filled was cooled down to 5oC 

to achieve the appropriate H2O vapor pressure. 
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The thickness of the HfO2 film was measured with a single-wavelength ellipsometer (L116D, 

Gaertner Co.) and a spectroscopic ellipsometer (SE, ESM-300, Wollam Co.). The crystalline structure 

of the HfO2 film was analyzed via glancing angle incidence X-ray diffraction (GAXRD, X’Pert PRO 

MPD, PANalytical Co., X-ray incidence angle 2o). The surface morphology was examined with a 

scanning electron microscope (SEM, S-4700, Hitachi) and an atomic force microscope (AFM, JSPM-

5200, JEOL Co.). The root-mean-squared (RMS) roughness of the thin films was measured with the 

same AFM. The density and roughness of the thin films were measured via X-ray reflection (XRR, 

using the same equipment as in the XRD). The microstructure of the films was observed via cross-

sectional high-resolution transmission electron microscopy (HRTEM, JEM 3000F, JEOL). The 

HRTEM sample was prepared via standard sample bonding, grinding, and ion milling. The chemical 

bonding states of the HfO2 films were examined with the X-ray photoelectron spectra (XPS, Sigma 

Probe, ThermoVG) using a monochromatic Al Kα source (1486.6 eV) to excite the photoelectrons. 

The positions of all the peaks were calibrated for the C 1s peak of the adventitious carbon-carbon 

binding energy to be assigned at 284.5 eV. The carbon impurity concentration was confirmed via 

Auger electron spectroscopy (AES, Perkin-Elmer 660) in the depth profiling mode, which is 

performed via Ar
+
 ion sputtering. 

To examine the electrical property, metal-insulator-semiconductor (MIS) capacitors were fabricated 

with sputter-deposited Pt top electrodes through a shadow mask with 300 m-diameter holes. 

Forming gas annealing was performed to passivate the dangling bonds at the interface between the 

oxide and the substrate under a H2 (5%)/N2 (95%) mixture gas atmosphere at 450oC for 10 min. The 

capacitance-voltage (C-V) was measured using an HP 4194A impedance analyzer at the frequency of 

100 kHz. The oxide leakage current (Jg) was investigated using an HP 4140B picoammeter/DC 

voltage source. The Pt gate was biased while the Si substrate was grounded during the electrical 

measurements. The capacitance equivalent thickness (CET) was estimated from the accumulation 

capacitance values when the films were thick enough (> ~10 nm), and from the fitting of the C-V 

curves to the theory using the CVC program [45]. 
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III. Results and Discussion 

First, the changes in the film growth rate (the thickness increase per ALD cycle) and the film density 

were examined as functions of Ts. Figures 1 (a) and (b) show the variations in the growth rate and the 

film density of the HfO2 film, respectively, as functions of Ts. Here, the growth rate was estimated 

from the slope of the best-linear-fitted graphs of the data points that showed the film thickness as a 

function of the ALD cycles for each condition (data not shown). Therefore, the data presented in 

Figure 1 (a) are free from the possible influence of any interfacial layer (IL) growth. In the case of the 

HfO2 with O3, the film growth rate monotonically decreased with the increasing Ts up to ~320
o
C, but 

suddenly increased at the Ts of 360oC. This suggests that the ALD window could be assigned to the Ts 

of ~240 to 320
o
C, where the variation in the growth rate is minimized, and the growth rate was ~0.1 

nm/cycle, which is similar to that in previous reports 
[16-17]

. The sudden increase in the growth rate at 

the Ts of 360oC revealed that the film growth was by then governed by the thermal cracking of the Hf-

precursors on the O3-pulsed surface. The increased growth rate at Ts < ~240
o
C could be ascribed to 

the decreased film density and the increased impurity concentration in the films, which will be shown 

later. 

In the case of HfO2 with H2O, the film growth rate was generally lower than that with the O3 within 

the ALD Ts window (< 280
o
C) which could be ascribed to the lower oxidizing power of H2O than of 

O3 
[15]. Within the ALD temperature window, the ALD film growth rate is generally governed by the 

steric hindrance effect of the chemically adsorbing precursors. When the Hf-precursor was pulsed on 

the O- or OH--terminated surfaces, for the O3 and H2O cases, respectively, a certain part of the ligands 

was removed by the ligand-exchange reaction. Depending on the chemical reactivity between the 

surface reaction sites (the O-radical or OH
-
-group) and the ligands of the Hf-precursor, the number of 

ligands left, and thus, the bulkiness of the chemisorbed species, is determined when this reaction is 

completed. The higher reactivity induced the lower bulkiness and the higher growth rate.  

As the Ts exceeded 320
o
C, the growth rate increased abruptly, which again suggests that the thermal 

cracking of chemisorbed Hf-precursors is activated at this temperature and chemical vapor deposition 

(CVD)-like deposition occurs. It is interesting to note that the initiation temperature at which the 
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CVD-like deposition reaction occurs is lower for H2O even though its driving force toward the ALD-

type deposition reaction in the lower Ts region appears to be lower than in the O3 case. The accurate 

reasons for such disparate chemical activity of O3 and H2O toward CVD-type reaction at different Ts 

regions are not understood yet, but a hypothesis is given below. 

Figure 1 (b) shows that the film density of HfO2 was the highest (~8.5 g/cm
3
) when HfO2 was 

deposited with O3 at a Ts of 280oC, but it is still substantially lower than the ideal value of bulk HfO2 

(9.68 g/cm3). This highest value was similarly achieved at the Ts of 320oC, but it decreased 

significantly with the decreasing Ts down to 160
o
C. The film grown at a Ts of 360

o
C also showed a 

very low density, which could be ascribed to the CVD-like growth behavior of the film at such 

temperature. On the other hand, the layer-by-layer growth in the ALD mode at a lower Ts could 

induce films with a higher density despite the lower Ts. Even in the ALD mode, however, a too low Ts 

(< 200oC) provides the surface-adsorbed atoms with insufficient thermal energy for them to migrate 

and form a dense film. The insufficient thermal energy also induced an incomplete ligand exchange 

reaction, which resulted in the high impurity (carbon-related impurities) in the film, as will be shown 

later, and which also contributed to the lower film density. 

In contrast, the film density of HfO2 with H2O increased monotonically with a decreasing Ts, and 

the highest density (~8.5 g/cm
3
) was achieved at the lowest Ts of 160

o
C. While the low density of the 

films grown at the Ts of 320 and 360oC could be ascribed to the CVD-like growth behavior, as in the 

O3 case, the decreasing density with the increasing Ts within the ALD window required different 

explanations from the usual temperature-dependent density of ALD films. 

Figure 2 shows the AES depth profiling results of HfO2 films grown at four different deposition 

conditions. The condition of 280
o
C O3, as shown in Figure 2 (a), had the lowest carbon impurity 

contents (< 5 atomic %), which indicates that the ALD reaction fluently occurred under this condition. 

The HfO2 film also contained Si with an approximate concentration of 5 atomic %, which must be 

diffused from the substrate. The Hf/O ratio was constant throughout the film thickness. The film 

grown at the same Ts with H2O, as shown in Figure 2 (b), also had a low carbon impurity 

concentration, and the Hf/O ratio was also constant throughout the film thickness. In addition, the Si 
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concentration was much lower than that in Figure 2 (a). This suggests that the Si diffusion observed in 

Figure 2 (a) was induced by the high oxidation potential of O3 and not by the thermal energy of 280
o
C. 

O3 could be well decomposed into O2 and O-radicals at this Ts, and the resulting O-radicals induced 

the fluent ALD-type reactions to form the stoichiometric HfO2. The high activity of the O-radicals 

adsorbed on the film surface induced the outward diffusion of Si from the substrate. In the case of the 

200oC O3, as shown in Figure 2 (c), a significant concentration of carbon impurity was observed, 

which was also seen in the previous report [36]. However, the Si concentration in the HfO2 film was 

negligible in this case. It can also be seen that the Hf concentration was much lower than that in the 

film grown at a higher temperature and was non-uniform across the film thickness, but the oxygen 

concentration did not significantly differ. This suggests that some of the oxygen atoms might have 

combined with C (and also H, which cannot be detected by AES) and been contained in the film. This 

explains well the low film density in this case, as shown in Figure 1 (b). It appears that the  

decomposition of O3 into the O2 and O-radicals at this Ts was not high enough, so the fluent ALD-

type reaction did not occur. The almost negligible Si concentration in the films also supports this 

hypothesis, because the small difference in the Ts (80oC) was not expected to induce such a subtle 

difference in the thermal diffusion of Si into the HfO2 film. The high carbon impurity concentration in 

the HfO2 film was also reported under similar ALD conditions, except for the adoption of O2 instead 

of O3 at a Ts of 280oC by Cho et al. [39]. 

In contrast, the condition of 200
o
C H2O, as shown in Figure 2 (d), resulted in lower carbon contents 

than in the film grown at 200oC with O3, and the overall composition profiles did not significantly 

differ from that of the film grown at 280oC under the H2O condition. These AES results suggest that 

the ALD behavior of the HfO2 films with O3 or H2O is not simply governed by the oxidation power of 

the adopted oxygen source.  

From these data, the deposition mechanisms of the HfO2 film with O3 or H2O as the oxygen source 

could be as follows. The possible chemical reaction routes for the ALD of HfO2 using TEMAHf and 

H2O were carefully examined using molecular dynamic simulations based on the density functional 

theory [46]. In that study, it was concluded that the key ingredient that triggers the ALD reaction of the 
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HfO2 film to commence with the TEMAHf and H2O was the supply of protons from the OH- groups 

to the incoming TEMAHf molecules when they were pulsed on the OH
-
-terminated surface 

[28]
. The 

donation of protons to the TEMAHf molecules and the chemical reaction with the TEMA ligands 

have a highly exothermic nature, which makes them occur fluently even at a very low temperature 

without involving the significant activation energy barrier. This is in quantitative agreement with the 

earlier suggestion on the two-step ALD mechanism based on the experiment results reported by Liu et 

al [17]. Therefore, it could be considered that the 160oC of Ts was high enough to induce the ideal ALD 

reaction between the TEMAHf-precursor and H2O, and to produce HfO2 films with a high density and 

a high growth rate. However, as the Ts increases, the surface concentration of the OH- group decreases 

due to re-evaporation, which would inevitably induce sparse adsorption of TEMAHf-precursor 

molecules in the subsequent metal-precursor pulse step. Once the TEMAHf-precursor molecules 

sparsely adsorb on the growing surface, further ALD steps would produce a film with a porous 

structure because the subsequently impinging TEMAHf-precursor molecules must feel the steric 

hindrance effect when they attempt to fill in the empty surface sites that were formed in the previous 

ALD cycle. H2O molecules may not feel such hindrance effect because they have much smaller 

molecular size. This could explain the tendency of growth and impurity concentration with respect to 

Ts, as shown in Figures 1 and 2, in the cases of ALD using H2O. As the Ts exceeds 320
o
C, such proton 

diffusion may occur at a higher extent to form multiple layers composed of partially fragmented 

TEMAHf molecules in the Hf-precursor pulse step. This could significantly increase the growth rate, 

as shown in Figure 1 (a), but the multiple layers could have a less dense structure, which is in 

accordance with the results shown in Figure 1 (b). This is not correlated with the normal mechanism 

of film growth, wherein the increase in the deposition temperature promotes migration of an adatom 

and results in a high film density.  

In contrast, in the case of ALD with O3, a different mechanism should be invoked, because there is 

hardly any OH
-
 group 

[17]
 on the film surface, and therefore, there would be hardly any proton 

donation as well. Instead, in this case, when the Hf-precursor molecules were pulsed, they chemically 

adsorbed on the surface by temporarily making the coordination number metal centers of the 
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TEMAHf molecules five from the reaction between them and the surface oxygen ions [46] that were 

contained in the previously grown HfO2, or the O-radicals adsorbed at the Hf sites. When the O3 was 

subsequently injected onto the O-TEMAHf-containing surface, it decomposed to the O2 molecules 

and O-radicals, and the O-radicals reacted with the ethylmethylamide-ligands, which finally 

completed the ALD reaction. From the analysis of the reaction by-products of the TEMAH-O3 ALD 

process, it was concluded that there was a low probability of replacing the ethylmethylamide-ligand 

with OH- groups, but the Hf-N bond was replaced by the Hf-O bond, and the fragmented 

ethylmethylamide-ligands were decomposed into simpler compounds due to their combustion from 

their reaction with O3 
[17]. The decomposition of O3 into the O2 molecule and the O-radical must be 

thermally activated. Such reaction routes may involve a very high activation energy barrier that could 

thermally activate the overall reaction and lead to more effective ligand removal and a higher film 

density and purity at a higher Ts. O-radicals are not expected to diffuse to the chemically absorbing 

molecules in the precursor pulse step, as they are very different from the proton donation and 

diffusion in the case of ALD with H2O, so the initiation temperature for the CVD-like behavior 

increased to 360oC, as shown in Figure 1 (a). Such a subtle difference in the reaction mechanism of 

ALD using H2O and O3 resulted in the following very distinctive film properties. 

The evolution of crystalline phases according to the deposition and PDA conditions was examined 

using GAXRD. Figure 3 (a) shows the GAXRD spectra of the as-deposited films with an increasing 

film thickness when the films were grown at a Ts of 280
o
C using O3. When the films were thinner than 

~25 nm, they retained amorphous structure; but they started to be crystallized to the monoclinic phase 

as they became thicker than ~27 nm. When the films were ~47nm-thick, clear diffraction peaks that 

could be assigned to the monoclinic phase emerged, which suggests that the films were crystallized 

well to the monoclinic phase even at their as-deposited state under such ALD condition. Figure 3 (b) 

shows, from bottom to top, the GAXRD patterns of the as-deposited 45nm-thick HfO2 films grown 

under these four different deposition conditions: 280
o
C O3; 280

o
C H2O; 200

o
C O3; and 200

o
C H2O. 

The HfO2 films grown at the Ts of 280oC crystallized to the monoclinic phase for both oxygen sources, 

and the HfO2 film grown under the condition of 200oC H2O showed very weak crystallization. 
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However, the HfO2 film grown under the condition of 200oC O3 showed an almost complete 

amorphous state despite such thickness. However, the evolution of the crystalline phases upon the 

PDA of the as-deposited film differed significantly according to the ALD conditions, as shown in 

Figure 4. 

Figures 4 (a)-(d) show the variations in the GAXRD patterns of the four different HfO2 samples 

grown under conditions identical to those in Figure 2, which thicknesses were 6 nm, with the 

increasing PDA temperature (TPDA) of 450oC to 600oC. All the as-deposited samples were amorphous. 

While the HfO2 films grown under the conditions of 280
o
C O3 and 200

o
C H2O were crystallized to the 

monoclinic phase after the PDA at > 550oC, the HfO2 films grown under the conditions of 200oC O3 

and 280
o
C H2O retained their amorphous structures up to 550

o
C and crystallized to the mostly 

tetragonal phase at the TPDA of 600
o
C. The crystallizations to the monoclinic phase of the films grown 

under the conditions of 280oC O3 and 200oC H2O were normal, as the monoclinic phase is a 

thermodynamically stable phase. However, the evolution of the HfO2 phase to the tetragonal phase in 

the case of the two other conditions had a somewhat unexpected result. As mentioned in the 

Introduction section, the crystallization of HfO2 to the tetragonal phase is mainly driven by the grain 

size effect, and the results shown in Figure 4 (c) could be understood from the viewpoint of the 

adverse interference effect of carbon impurity with the crystallization and grain growth of the 

amorphous HfO2 on the PDA. This is in good agreement with the report of Cho et al. [39], where the 

ALD of HfO2 was performed at a Ts of 280
o
C, with the oxygen source of molecular O2, the oxidation 

potential of which was far lower than that of O3, so that the film had a similar level of carbon impurity 

concentration (~10%) despite its high Ts. However, the density and AES data shown in Figures 1 (b) 

and 2 (b) revealed that the HfO2 films grown under the condition of 280
o
C H2O had a low density and 

a low carbon impurity concentration. This clearly revealed that not only the carbon impurity but also 

the low density of the as-deposited film induced the crystallization to the tetragonal phase. The low 

density of the as-deposited film interfered adversely with the grain growth in the PDA and resulted in 

the tetragonal phase, which was confirmed by the AFM and TEM data that will be shown later. Such 

trend could be further confirmed by the harsher PDA condition and the thicker thickness. Figure 5 
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shows the GAXRD spectra of the 45nm-thick HfO2 films grown under the four different conditions 

after the PDA at 1000
o
C. The crystalline quality generally increased so that the diffraction peaks 

became clearer. The HfO2 films that were grown under the conditions of 280oC O3 and 200oC H2O 

were further crystallized to the monoclinic phase. Interestingly, the HfO2 film grown under the 

condition of 280
o
C H2O, which was predominantly tetragonal after the PDA at 600

o
C [Figure 4 (b)], is 

now predominantly monoclinic. However, the film grown under the condition of 200oC O3 still has a 

non-negligible peak intensity that corresponds to the tetragonal phase, although monoclinic phase 

peaks appeared after this PDA. This suggests that the carbon impurity really interfered with the grain 

growth and crystallization of the HfO2 film to the monoclinic phase even at the TPDA of 1000oC. 

The correlation between the ALD conditions and the microstructure of the 45nm-thick film after the 

PDA at 1000
o
C was further examined via extensive HRTEM analysis. Figure 6 (a)-(d) show the 

representative HRTEM images of the 45nm-thick HfO2 films grown under these four different 

deposition conditions: 280
o
C O3; 280

o
C H2O; 200

o
C O3; and 200

o
C H2O after the PDA at 1000

o
C. For 

each sample, more than 10 HRTEM images were taken, and at least 20 grain images were analyzed 

using the fast-Fourier transformation technique to identify their phases. The phase analysis results and 

the grain size distribution in this TEM study are summarized in Figure 7 and Table I, respectively. 

While the GAXRD results indicated the phase distribution qualitatively, this TEM analysis showed 

quantitative distributions of the monoclinic and tetragonal phases in each sample. Interestingly 

enough, the 200
o
C H2O condition resulted in the most dominantly monoclinic phase, and the 200

o
C 

O3 condition resulted in ~30% of the tetragonal phase even after the PDA at 1000oC. The 280oC H2O 

condition also showed a high portion (~26%) of the tetragonal phase, which could be understood from 

its initially low density and low carbon impurity concentration. The 280
o
C O3 condition, which was 

not expected to induce any tetragonal phase due to its high density and low carbon concentration, 

showed ~15% of the tetragonal phase, which could be ascribed to the presence of Si impurity [48]. The 

grain size distribution was consistent with the phase distribution. As expected, the 200
o
C O3 condition 

produced the smallest average grain diameter (28.6±8.02 nm), which corresponds well to the highest 

portion of the tetragonal phase in this sample. The 200oC H2O condition produced the largest grain 
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diameter (47.7±19.3 nm), which means that this sample has the lowest driving force for the formation 

of the tetragonal phase. The two other conditions resulted in an intermediate grain diameter, so the 

intermediate phase distribution in this case could be understood well from the grain size effect.   

The crystallization behavior of the HfO2 films grown under the four different conditions was further 

examined as a function of the film thickness for different TPDA’s by measuring the RMS roughness of 

the films using AFM. Although the RMS roughness does not provide direct evidence of the detailed 

evolution of crystallographic phases in oxide thin films, the increase in such value could be generally 

ascribed to the accompaniment of the grain formation by crystallization. SEM images can supplement 

the AFM data. Figures 8 (a)-(d) show the SEM (left panel) and AFM topographic (right panel) images 

of the 45nm-thick films annealed at 1000
o
C and deposited under the four different conditions. The 

morphological images in Figures 8 (a) and (b) allowed estimation of the grain sizes in the two cases, 

which were 39.5±0.8 nm and 31.6±0.8 nm, respectively, which coincide very well with the data 

shown in the first and second rows of Table I that were estimated from the TEM. However, the much 

smoother surface morphologies in Figure 8 (c) and (d) did not allow statistically meaningful grain size 

estimation. 

Figures 9 (a) and (b) show the variations in the RMS roughness measured via AFM of the HfO2 

films deposited under the four different ALD conditions, at the as-deposited state, and after the PDA 

at 600oC and 1000oC, respectively, as a function of the film thickness. For the cases of 280oC O3, 

280
o
C H2O, and 200

o
C H2O, the RMS roughness generally increased with the increasing film 

thickness for all three process conditions, which suggests the increased crystallization with the 

increasing film thickness. This is coincides well with the GAXRD results shown in Figures 3 and 5. 

However, the HfO2 film grown under the condition of 200
o
C, O3 maintained a very low RMS 

roughness value irrespective of the thickness in all the PDA conditions. The RMS roughness of the as-

deposited film remained at a very low value (~0.2 nm) up to the thickness of 45 nm, which 

corroborates the complete amorphous structure of this sample. Even after the PDA at 1000
o
C, the 

increase in the RMS roughness was very low, which is a remarkable finding considering the obvious 

crystallization of this sample after the PDA. 
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Next, the chemical binding states of the films grown under the four different conditions were 

examined via XPS, and the results are correlated with the electrical characteristics. For the XPS 

examination, no PDA was performed, and the samples for the electrical characterization were 

annealed under the forming gas condition (see the Experiment section). For the XPS, the SiO2 film 

that was thermally grown on Si was also analyzed for reference. In Figures 10 (a) and (b), the C 1s 

and O 1s spectra of the four ALD HfO2 films and the SiO2 samples are shown. All the samples 

showed clear C 1s peaks, of which C-C BE was set at 284.5 eV. The SiO2 sample showed the lowest C 

1s peak intensity, and the HfO2 samples showed generally high intensities, which suggest the higher 

adsorption of adventitious carbon from the atmosphere. In addition, the HfO2 samples showed non-

negligible intensities near the BE of 288.5 eV, which coincides with the hydrocarbon peak that was 

not observed in the SiO2 sample. This means that the HfO2 films contained hydrocarbon impurities 

that were most probably induced by the incomplete ALD reactions. Such non-ideal aspect of ALD 

cannot be completely eliminated even for the most favorable ALD conditions (280
o
C O3 and 200

o
C 

H2O). The O 1s spectra of the HfO2 samples showed relatively broad peaks that could be 

deconvoluted into three components that corresponded to the oxygen ions in the HfO2 (BE ~530 eV), 

Hf silicate (BE ~531.5 eV), and SiO2 (BE ~532.5 eV), whereas that of SiO2 was composed of only 

oxygen in the SiO2. The inclusion of the Hf silicate and SiO2 components in the HfO2 films was due 

to the chemical interaction between the HfO2 films (or the atmosphere during ALD) and the Si 

substrate, which could be understood more clearly from the variations in the Si 2p XPS spectra shown 

in Figures 10 (c) and (d). In the Si 2p spectra, the signal from the Si substrate (BE ~98-98.5 eV) could 

be clearly observed due to the thinness of the films (~6 nm). Unlike the BE of SiO2 (~103 eV), the 

BEs of the oxide peaks from the HfO2 films shifted into the lower BE direction, which suggests that 

the ILs were mostly Si sub-oxides or the Hf silicate. The oxide Si 2p peaks from the HfO2 films 

deposited under the different ALD conditions were deconvoluted, assuming that there were Si4+, Si3+, 

Si
2+

, and Si
1+

 components. The BE of the Si 2p spectra from the Hf silicate is similar to that of Si
3+

 

and Si2+ [49], so they are not exclusively included in this deconvolution process. Among the four 

different ALD conditions, the conditions that involved O3 resulted in the obviously intense peaks, 
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which suggest that the Si substrate was oxidized by the strong oxidation potential of O3 at the Ts of 

280
o
C and 200

o
C. In contrast, the conditions that involved H2O induced a much lower intensity of the 

oxide Si 2p peak, which reflects the lower oxidation potential of H2O compared with O3. The lower Ts 

also induced the lower oxide peak intensity for both oxygen sources. These observations are well-

correlated with the electrical properties, as shown in Figure 11. Figures 10 (e) and (f) show the N 1s 

XPS peak and valence band (VB) spectra. The N1s peaks had certainly non-negligible intensities 

compared to the HfO2 samples, the intensities of which were independent of the ALD conditions. Of 

course, the SiO2 film did not show any N 1s peak intensity. This revealed that a non-ideal component 

of ALD was involved, wherein fragments of the ligands remained and the Hf-N bonding of the Hf-

precursor molecules was not completely replaced with the Hf-O bonding in the film. The VB spectra 

of all the HfO2 samples are also very similar. Their comparison with the VB of Si provides 

information on the VB offset between the Si and HfO2, which is commonly 1.90-1.96 eV. This value 

is consistent with the theoretical estimations 
[50-51]

, but previous reports of experimental results are too 

extensive, and, thus, were focused on a relative comparison. There are in-gap states that could be 

ascribed to the presence of impurities, such as C, N, and Si, and only a slight difference in the leakage 

current - capacitance equivalent thickness (Jg-CET) plots from the different samples for thinner films 

(< 6 nm), as shown in Figure 12, and such characteristics could be understood from the negligible 

difference in the VB offset and in-gap states. However, the bulk dielectric properties, represented by 

the k-values of the different HfO2 layers, and the thickness of IL could be well- correlated to the XPS 

signals. 

Figure 11 shows the variations in the CET as functions of the physical oxide thickness (POT) of the 

HfO2 films grown under the four different ALD conditions, wherein the POT was limited to ~8 nm in 

(a) and increased to up to ~18nm in (b). The inverse of the slope of the best-linear-fitted graphs of the 

CET-POT plot indicated the k value of the HfO2 films, which were free from the influence of any IL, 

and the y-axis intercept corresponded to the CET of IL, which includes any possible contribution from 

the interface with the metal electrode [30]. The CET-POT plots showed a change in their slope at POT 

~8 nm, except for the 280oC O3 condition, so the k-values are not constant throughout the entire 
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thickness range. The estimated k-values are summarized in Table II. In the thin thickness range, all the 

films were mostly amorphous, so the k-values could be mostly determined by the density of the films. 

However, the highest k-value of ~12.7 from the 280oC O3 case was still much lower than that of other 

reports from the amorphous HfO2 (~15-17 [30, 32-33, and 35-37]). The k-values of the HfO2 films from the 

other conditions were even lower (~10.7), which suggests that the thin as-deposited films generally 

have a low density, which coincides with the density estimation shown in Figure 1 (b). When the films 

became thicker, some of them started to include crystalline grains even at the as-deposited state, 

which could have influenced their k-values. The k-values estimated in the POT range of ~9-18 nm 

were ~17, 26, 22, and 30 for the ALD conditions of 280oC O3, 280oC H2O, 200oC O3, and 200 oC H2O, 

respectively. The lowest k-value of 17 for the condition of 280
o
C O3 suggests that the film maintained 

its amorphous structure with a slightly increased density, which could be ascribed to the self-

annealing effect at the ALD temperature for growing the thicker film. The highest k- value of 30 for 

the condition of 200
o
C H2O suggests that the film came to have tetragonal grains, although they could 

not be clearly identified from GAXRD perhaps due to the still too small grain size of up to 18 nm of 

POT. The two conditions also showed higher k-values than in the thinner film cases, which suggests 

that there was an increase in the crystallinity that contained the non-negligible concentration of the 

tetragonal phase, which could not be detected via GAXRD.  

The y-axis intercept in Figure 11 (a) clearly shows that the conditions that involved O3 induced a 

thicker IL, the CET of which was ~0.8 nm, whereas the two other conditions that involved H2O 

induced an IL CET of as small as ~0.2 nm. This coincided well with the higher and lower oxide peak 

intensities in the Si 2p XPS spectra in the former and latter cases, respectively, which suggests the 

higher interfacial oxidation of Si in the former case. 

Figure 12 summarizes the Jg-CET plots of the HfO2 films grown under the four ALD conditions. As 

the HfO2 films grown under the different conditions had different flat-band voltages (Vfb), Jg was 

estimated at the gate voltage of Vfb-1 V. Within the smallest CET range of ~1.5-2.0 nm, the HfO2 films 

grown under the condition of 200oC H2O showed the lowest Jg level, which could be ascribed to the 

fluent ALD mechanism in such condition that resulted in the high density and the low impurity 
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concentration. The Jg-CET performance was comparable to the state-of-the-art levels of the TEMAH-

H2O and TEMAH-O3 ALD processes performed at 345
o
C, as reported by the IMEC group 

[18]
, even 

though in this study, a much lower Ts (200oC H2O) was adopted. However, as the CET exceeded ~3 

nm, the Jg level of the samples deposited under the conditions that involved H2O became higher than 

that of the samples deposited under the conditions that involved O3 by ~1-2 orders of magnitude. Such 

result requires further investigation for accurate understanding. Hydrogen content could be different 

in the various types of the films in this work, which could have quite large influence on the electrical 

properties. However, quantitative determination of the hydrogen content is generally difficult, so it 

was not attempted. Meanwhile, the hydrogen might be present in the form of hydrocarbons, so 

correlating the electrical properties with the carbon concentration could be an indirect indication of 

correlation between the property and the hydrogen content. 

 

IV. Conclusion 

The effects of O3 and H2O as oxygen sources on the ALD of HfO2 films grown at substrate 

temperatures of 160-360oC were examined in terms of their growth characteristics and structural 

evolution upon the thickness increase and post-deposition annealing. While the ALD process that 

involved H2O was achieved well at a temperature as low as 160
o
C, the ALD in which O3 was used 

required substrate temperatures of 240-280oC to induce a fluent ALD reaction. This could be ascribed 

to the proton-induced ligand exchange reaction in the case of the ALD with H2O, whereas the O-

radical mediated ALD reaction appeared to require supply of thermal energy to overcome its rather 

high activation energy. According to these different ALD mechanisms, the HfO2 films grown at 200oC 

and 280
o
C for the ALD that involved H2O and O3, respectively, showed the highest density. The HfO2 

films with a low density or (and) a high carbon-impurity concentration crystallized to the tetragonal 

phase after the PDA at 600oC, whereas the thin film with both a low density and high carbon impurity 

retained the highest portion of the tetragonal phase (~30%) even after the PDA at 1000
o
C. While the 

majority phase of the crystalline materials was monoclinic phase by the increasing thickness or PDA 

temperature, all the HfO2 films contained a non-negligible concentration of the tetragonal phase, 
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which was found from the extensive and detailed HRTEM study. This could be related to the presence 

of the film surface with a lower energy for the phases other than the monoclinic phase. The density of 

the thin as-deposited films (< 8 nm) was important in the determination of the bulk dielectric constant, 

and the bulk dielectric constants of the thicker films (8-18 nm) were contributed by the (partial) 

crystalline phase and the density. The best electrical performance was achieved in the HfO2 film 

grown at 200oC with H2O due to the minimum-involvement of the interfacial oxide layer and the high 

bulk density of the film. 
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Fig. 1 Variations in the (a) growth rate and (b) film density, measured via the XRR of the HfO2 films 

with O3 and H2O oxidants as a function of Ts (160-360oC) 
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Fig. 2 AES depth profile of the HfO2 films under these four deposition conditions: (a) 280oC O3, (b) 

280
o
C H2O, (c) 200

o
C O3, and (d) 200

o
C H2O 
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Fig. 3 GAXRD spectra of the (a) as-deposited HfO2 films that thickened when the films were grown 

at a Ts of 280
o
C using O3, and (b) as-deposited 45nm-thick HfO2 films grown under these four 

different deposition conditions: 280
o
C O3, 280

o
C H2O, 200

o
C O3, and 200

o
C H2O, from bottom to top 
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Fig. 4 Variations in the GAXRD patterns of the four different HfO2 samples: (a) 280
o
C O3, (b) 280

o
C 

H2O, (c) 200oC O3, and (d) 200oC H2O, the thickness of which was 6 nm, with the increase in the 
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PDA temperature (TPDA) from 450oC to 600oC 
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Fig. 5 GAXRD spectra of the 45nm-thick HfO2 films grown under the four different conditions after 

the PDA at 1000
o
C 
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Fig. 6 HRTEM images of the 45nm-thick HfO2 films grown under these four different deposition 

conditions: (a) 280oC O3, (b) 280oC H2O, (c) 200oC O3, and (d) 200oC H2O after the PDA at 1000oC 

Page 28 of 33Journal of Materials Chemistry C

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
C

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



29 
 

29 
 

 

mono tetra
0

20

40

60

80

100
 O

3

 H
2
O

      280
o
C

 

 

 

P
h
a
se
 r
a
ti
o
 [%

]

mono tetra
0

20

40

60

80

100
 O

3

 H
2
O

      200
o
C

 

 

 

(a) (b)

 

Fig. 7 Phase ratios of the HfO2 films using the O3 and H2O grown at (a) 280oC and (b) 200oC, from 

the TEM analysis, via the statistical analysis of the HR images 
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Fig. 8 SEM (left panel) and AFM topographic (right panel) images of the 45nm-thick films annealed 

at 1000
o
C and deposited under these four different conditions: (a) 280

o
C O3, (b) 280

o
C H2O, (c) 200

o
C 

O3, and (d) 200oC H2O 

 

Page 29 of 33 Journal of Materials Chemistry C

Jo
u

rn
al

 o
f 

M
at

er
ia

ls
 C

h
em

is
tr

y 
C

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



30 
 

30 
 

0 10 20 30 40 50 60
0

1

2

3

4
       O

3
  Close 280 Open 200

o
C

 As-Dep.

 600 
o
C

 1000 
o
C

 

 

R
M
S
 r
o
u
g
h
n
e
s
s
 [
n
m
]

Film thickness [nm]
0 10 20 30 40 50 60

0

1

2

3

4
      H

2
O  Close 280 Open 200

o
C

 As-Dep.

 600 
o
C

 1000 
o
C

 

 

R
M
S
 r
o
u
g
h
n
e
s
s
 [
n
m
]

Film thickness [nm]

(a) (b)

 

Fig. 9 Variations in the RMS roughness, measured via AFM of the HfO2 films deposited using (a) O3 

and (b) H2O grown on 280
o
C (closed data) and 200

o
C (open data) at the as-deposited state, and after 

the PDA at 600 and 1000oC, respectively, as functions of the film thickness 
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Fig. 10 XPS spectra of the (a) C 1s, (b) O 1s, (c) Si 2p, and (d) Si 2p that were deconvoluted 

assuming the Si
4+

, Si
3+

, Si
2+

, and Si
1+

 components, (e) the N 1s, and (f) the valence band for the four 

different deposition conditions of HfO2 (280
o
C O3, 280

o
C H2O, 200

o
C O3, and 200

o
C H2O) and the 

thermally grown SiO2 as references 
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Fig. 11  CET variations as functions of the physical oxide thickness (POT) for the HfO2 films grown 

under the four different ALD conditions, wherein the POT was limited to ~8 nm in (a) and increased 

to up to ~18 nm in (b) 
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Fig. 12 Jg-CET plots of the HfO2 films grown under the four ALD conditions 
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Tables 

 

Table I. Grain size distribution from the TEM bright field images via statistical analysis of the HR 

images 

Deposition condition of 

HfO2 films
Average grain size [nm] Standard deviation [nm]

280℃O3 37.6 9.66

280℃H2O 33.4 6.94

200℃O3 28.6 8.02

200℃H2O 47.7 19.3

 

 

Table II. Dielectric constant k values of the thin (less than 8 nm) and thick thickness ranges of the 

HfO2 films grown under the four ALD conditions 

Deposition condition of 

HfO2 films

Dielectric constant in 

thin thickness range

Dielectric constant in 

thick thickness range

280℃O3 12.7 17.3

280℃H2O 10.2 25.7

200℃O3 10.7 22.0

200℃H2O 10.7 29.4
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ToC graphic : Variations in the (a) growth rate and (b) film density, measured via the XRR of the 

HfO2 films with O3 and H2O oxidants as a function of Ts (160-360
o
C) 
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