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A B S T R A C T   

Modification of the surface composition, stoichiometry, morphology, and structure of HfO2 ultra-thin layers upon 
exposure to atomic hydrogen beams has been investigated by a combination of time-of-flight secondary ion mass 
spectrometry (ToF-SIMS) depth profile analysis, angle-resolved x-ray photoelectron spectroscopy (ARXPS), 
atomic force microscopy (AFM) imaging, and transmission electron microscopy (TEM). The etching reaction has 
been found to be thermally activated (Ea = 96 kJ/mol) and governed by the expression Retch(Å/h) = 3.03 × 108 

e− 1.15x104
T within the 350–400 ◦C temperature range. The rate law determined experimentally, i.e., Retch(Å/h) =

1.07 × 10− 1[H2]1/2, is consistent with a reaction mechanism that involves the formation of a volatile hafnium 
dihydroxide, Hf(OH)2 in two successive elementary steps. Precise control of the etching conditions allows to 
reach atomically smooth HfO2 surfaces having r.m.s. roughness below 0.2 nm, with no evidence of Hf metal 
formation derived from the reaction with atomic H. Elimination of C, Cl, F, and S contaminants from the HfO2 
surface through the formation of the corresponding volatile hydrides has proved to be generally most effective at 
high temperatures and H2 flow rates.   

1. Introduction 

Hafnium oxide (HfO2) exhibits good mechanical, thermal and 
chemical stability at high temperatures, high refractive index (n = 2.11), 
wide bandgap (4.5–6.0 eV), high dielectric constant (κ ≃ 16–70), and 
high conduction band offset on Si (CBO ≃ 1.5 eV) [1–4]. Due to these 
exceptional properties, HfO2 has been deployed in the fabrication of 
energy-efficient windows [5], wear resistant and anti-reflection coatings 
[6,7], gas sensing devices [8], resistive random-access memory (RRAM) 
cells and field-effect transistors (FET) for ultra-scaled, high-density logic 
and memory applications [9–14]. In ultimately scaled FET devices the 
integration of the high-κ gate dielectric HfO2 with a III-V compound 
semiconductor having higher mobility than silicon will be needed [15]. 
Given that most of these high mobility III-V semiconductors, e.g., InAs, 
InGaAs, have high dielectric constants and hence inferior electrostatic 
integrity, it will be also necessary the use of an ultrathin body (UTB) 
channel-on-insulator structure in a multigate configuration to reduce 
short channel effects (SCE) and enhance the device drive current 
[16,17]. Direct wafer bonding [18–21] and epitaxial lateral overgrowth 
(ELO) [22–24] of the III-V compound on the HfO2 ultrathin gate are the 
main approaches reported to date to form the UTB channel-on-insulator 

structure. Sulfur passivation [19], thermal InAsOx interfacial layers [18] 
and low energy electron cyclotron resonance plasma [25] treatments are 
some of the strategies described in the literature to achieve a high 
quality III-V/high-κ interface by direct wafer bonding. In the ELO 
approach, in turn, III-V epitaxial growth has to be carried out in high or 
ultra-high vacuum on an atomically smooth and impurity-free HfO2 
surface in order to achieve an abrupt, oxide- and defect-free III-V/high- κ 
interface. Therefore, having an in-situ process that adequately prepares 
the surface of the HfO2 prior to epitaxial growth would be most 
desirable. 

Hydrogen has been profusely investigated in microelectronics as a 
means to remove native oxides from semiconductor surfaces [26–27], to 
induce the passivation and volatility of defects [28–29] and to modify 
epitaxial growth kinetics [30,31]. Studies on the effect of H2 annealing 
on the properties of HfO2 have shown that high temperatures can lead to 
oxygen deficiency in the dielectric and increased surface roughness 
during crystallization of the monoclinic phase [32]. Furthermore, high- 
pressure H2 annealing of HfO2/Al2O3/InGaAs MOS capacitors has 
proven effective at passivating interface states, although degradation of 
the leakage current and out-diffusion of In and Ga into the high-κ 
dielectric gate stack were also observed [33]. Kaviani et al. [34] used 
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density functional theory calculations to examine the interaction of 
hydrogen with amorphous a-HfO2 as a possible origin of the charge 
instability observed in CMOS devices when the hafnia film thickness 
decreased to the range of a few nanometers. Their results revealed that 
charged states of hydrogen in HfO2 were thermodynamically more sta
ble than the neutral state at all Fermi level positions, particularly the 
charged state that results from the donation of an electron to trapping 
sites, i.e., oxygen vacancies, grain boundaries, accompanied by the 
formation of O-H bonds at HfO2 lattice sites. 

While the thermodynamics and the effects on materials and device 
properties have been previously investigated, a kinetic study of the 
interaction of hydrogen with HfO2 has not yet been addressed, despite 
its interest for the development of epitaxial UTB channel-on-insulator 
devices. The present paper is devoted to elucidating the kinetics and 
mechanism of the surface modification undergone by a-HfO2 upon 
exposure to atomic H beams under ultra-high vacuum conditions and 
low temperatures. Based on ToF-SIMS profile analysis, we show that 
under the conditions examined an etching reaction that follows half- 
order kinetics takes place at the HfO2 surface. A reaction pathway in 
which the rate limiting step is the formation of an adsorbed Hf(OH)2 
intermediate is then proposed to account for the experimentally 
observed rate law. Finally, we discuss the effect of the etching conditions 
on the HfO2 surface morphology, structure, and the concentration of the 
most relevant impurities. 

2. Material and methods 

HfO2 layers with a nominal thickness between 12 and 14 nm were 
deposited in an electron-beam evaporation system (Oerlikon Leybold 
Vacuum, Lab 600) on (001)-oriented n-type GaAs wafers with a rate of 
0.1 Å/s at a substrate temperature of 150 ◦C under O2 at a total pressure 
of 7.5 × 10-5 Torr. The as-deposited 1 × 1 cm2 HfO2/GaAs samples were 
mounted onto 5 cm diameter molybdenum platens and introduced in the 
growth chamber of a solid-source III-V molecular beam epitaxy system 
(RIBER Compact-12 MBE), operating at a base pressure of 1 × 10-10 Torr 
and equipped with a home-built hydrogen thermal cracker cell. The 
cracker cell consists of a tungsten capillary heated by electron 
bombardment from a tungsten filament located at its front end, where 
the dissociation of the effusing hydrogen beam takes place. An accel
eration voltage of 2.5 kV was applied from a home-built power supply to 
obtain ionization currents in the 30–35 mA range and filament tem
peratures around 1800 ◦C. The supply of H2 gas (Praxair, ≥ 99.9999% 
purity) to the cracker cell was varied between 0.1 and 0.4 sccm by means 
of a mass flow controller (M200 MKS). The HfO2/GaAs samples were 
first outgassed at 350 ◦C during 45 min and then exposed to the disso
ciated atomic H beam at substrate temperatures between 350 and 400 ◦C 
for 30 min at a background pressure of 1–2 × 10-6 Torr. Under these 
conditions the estimated atomic H flux on the sample is 1.2–6.0 × 1016 H 
atoms/s. As H atoms impinge on the HfO2 sample at rather high tem
peratures, diffusion over the surface and saturation coverage with 
chemisorbed hydrogen is favored [35–37]. After exposure to the atomic 
H beam the samples were cooled down to room temperature at a rate of 
4 ◦C/min and covered with a few monolayers-thick As capping layer to 
protect the surface against atmospheric contamination prior to 
elemental analysis by ToF-SIMS. 

Mass spectra, elemental maps and depth profiles of the HfO2 samples 
exposed to the atomic H beam were acquired in dual-beam mode, using 
a ToF-SIMS IV instrument (ION-TOF GmbH, Germany) equipped with a 
1 keV Cs+ ion sputter gun and a 25 keV Bi3+ liquid metal ion gun (LMIG) 
used as the primary ion source for analysis, mounted at an angle of 45◦

with respect to the sample surface. The secondary ions generated by 
bombardment with the pulsed Bi3+ beam were extracted with a 10 kV 
voltage and their time of flight from the sample to the detector were 
measured by means of a reflectron mass spectrometer. The area for 
analysis was 126x126 µm2 with a pixel resolution of 256x256 and the 
ion fluence was kept below the static limit (1 × 1012 ions/cm2). A low- 

energy electron flood gun was applied for charge compensation during 
all depth profiles analysis. Negative secondary ions mass spectra were 
acquired in the mass range of 0 < m/z < 1000. Negative polarity was 
chosen due to the much higher secondary ion yield of oxide matrices 
with respect to metal ones. We obtained moderately high mass resolu
tion (m/Δm) values of the secondary ion peaks in the negative spectra, 
which varied between 3000 and 9000. Negative spectra were calibrated 
using the H-, C-, CH–, C2

–, C3
–, C3H–, C4

- , C4H-, C5
- , C5H-, C6

- , C6H- peaks 
before further analysis of the samples was carried out. The ions repre
sented in the depth profiles included in this work are those shown in 
Table. 1: 

Angle-resolved x-ray photoelectron spectroscopy (ARXPS) was used 
to analyze the stoichiometry of the HfO2 layers deposited on the GaAs 
substrates after exposure to atomic H. These studies were carried out 
using a Thermo Scientific Theta Probe spectrometer equipped with a 
Double-Focusing Full 180◦ spherical sector analyzer and mono
chromatic Al radiation with a spot size of 400 × 400 µm2. The excitation 
source energy was 1486.6 eV. The angle resolution needed for moni
toring compositional depth profiles was achieved by varying the 
detector-sample between 24.88◦ and 81.13◦. All signals were calibrated 
with respect to the position of C 1s, located at 285 eV. The surface 
morphology of the samples treated with atomic H was examined by AFM 
using a Nanotec Electrónica commercial instrument working in dynamic 
mode. Etched single-crystalline silicon tips with a nominal end radius of 
2 nm and resonance frequency 75 kHz were used with scans rates of 0.5 
lines per second. The data were taken at 512 lines per scan. Finally, 
cross-sectional HfO2/GaAs specimens were examined in a Philips Tecnai 
20 TEM/STEM operating at 200 keV and equipped with a field emission 
gun (FEG) and an integrated system for Energy Dispersive X-ray Spec
troscopy (EDS) and Electron Energy Loss Spectroscopy (EELS) analysis. 
Both bright field TEM images and high-angle annular dark field 
(HAADF) scanning TEM (STEM) images were recorded. 

3. Results and discussion 

3.1. HfO2 etch kinetics 

The etch kinetics of HfO2 with hydrogen was investigated by 
examining the variation of the etch rate with substrate temperature and 
H2 flow rate for a constant exposure to the atomic H beam of 30 min. The 
results are gathered in Figs. 1 and 2. Etch depths were determined from 
ToF-SIMS depth profiles by measuring the sputtering time employed to 
reach the HfO2/GaAs interface, taking into account the sputtering rate 
calibrated by optical profilometry in the 126x126 µm2 analysis crater for 
each sample. Fig. 1(a) shows the ToF-SIMS depth profiles corresponding 
to HfO2/GaAs samples exposed to the atomic H beam generated by 
dissociation of 0.1 sccm H2 at substrate temperatures between 350 ◦C 
and 400 ◦C, where a clear increase in etch depth with temperature can 
be observed. Likewise, ToF-SIMS depth profiles of HfO2 samples exposed 
to atomic H for the same length of time at a constant temperature of 
400 ◦C showed an increase in etch depth with H2 flow rate, as depicted 
in Fig. 1(b). Under the experimental conditions studied the calculated 
etch rates varied between 2.7 Å/h and 13.0 Å/h (0.5–2.5 ML/h), which 
allows for a precise layer-by-layer control of the HfO2 etching reaction 
with atomic hydrogen. 

The Arrhenius plot depicted in Fig. 2(a) confirmed that the etching 
reaction is thermally activated and governed by the expression Retch(Å/ 

h) = 3.03 × 108 e− 1.15x104
T , from which an associated activation energy of 

Table 1 
List of negative ions whose ToF-SIMS depth profiles are studied in this work.  

Center Mass 
(u) 

210.91 143.83 1.01 12.00 19.00 34.97 31.97 

Ion 
Assignment 

179HfO2
- GaAs- H- C- F- Cl- S-  
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96 kJ/mol has been calculated. The reaction order with respect to H2 
was then determined from the etch rate dependence on H2 flow rate in a 
series of HfO2/GaAs samples treated with atomic H, using flow rates 
between 0.1 and 0.4 sccm at a constant substrate temperature of 370 ◦C. 
As shown in Fig. 2(b), the reaction order derived from the slope of the 
log–log plot of the etch rate vs. the H2 flow rate was found to be ½. In 
consequence, the experimental rate law derived from the graph has the 
expression Retch(Å/h) = 1.07 × 10-1[H2]1/2. 

Once the rate law was determined experimentally, we proceeded to 
postulate a reaction pathway consistent with the observed etch kinetics. 
Numerous investigations have demonstrated that the reaction of metal 
oxides with high temperature hydrogen or water vapors leads to mate
rial loss through the formation of volatile hydroxides or oxyhydroxides 
[38–42]. In these works, identification of the volatile species was carried 
out by using the transpiration technique, Knudsen effusion mass spec
trometry, free jet expansion mass spectrometry and kinetic studies based 
on the dependence of the hydroxide species flux on partial pressure of 
the gaseous reactant (i.e. reaction order). In the absence of thermo
chemical data relative to hafnium hydroxides and oxyhydroxides at 
elevated temperatures, we considered in our analysis hafnium di- and 
tetra hydroxides as possible products of the etch reaction with atomic H, 
given that their existence had been previously verified by means of 
Fourier-transform infrared (FTIR) spectroscopy and confirmed by elec
tronic structure calculations [43]. In order to discriminate between 
these two hydroxide species, we evaluated the two alternative reaction 
pathways by comparing the expression of the rate equation derived for 
each case. While the resulting rate equation pointed to a reaction order n 
with respect to H2 equal to 1 for the hypothesis of the Hf(OH)4 product, 
we found a value of n = 1/2 for the formation of Hf(OH)2 through two 
elemental reaction steps, the first being the rate limiting step of the 
overall reaction. In consequence, we consider that the most plausible 
mechanism of the interaction of atomic H with HfO2 involves the 
following sequence of elementary reactions: 

1 Dissociation of the H2 molecule at the cracker cell: 

H2(g) →
k1

←
k− 1

2H(g) (1) 

2 Adsorption of atomic H radicals on terminal O atoms of the HfO2 
surface: 

H(g) →
k2

←
k− 2

H*(ads) (2) 

3 Formation of adsorbed Hf(OH)2* by reaction of atomic H with HfO2 
in two consecutive steps, the first of which is the rate-limiting step of the 
process: 

HfO2(s) + H*(ads)→
k3 Hf(OH)O*(ads) (3)  

Hf(OH)O*(s) + H*(ads) →
k4

←
k− 4

Hf(OH)2
*
(ads) (4)  

3.2. Desorption of hafnium dihydroxide from the solid surface: 

Hf(OH)2
*
(ads) →

k5

←
k− 5

Hf(OH)2(g) (5) 

Considering that reactions (1) and (2) are sufficiently fast to reach 
equilibrium, their corresponding equilibrium constants K can be 
expressed as: 

K1 =
k1

k− 1
=

[H(g) ]2

[H2(g) ]
(6)  

K2 =
k2

k− 2
=

[H*(ads) ]
[H(g) ]

(7) 

The etching rate can be expressed as:  

Retch = k3 [HfO2 (s)] [H* (ads)] = k3́ [H* (ads)]                                  (8) 

since the HfO2 solid film is in excess with respect to the adsorbed H 
atoms, i.e. [HfO2(s)] ≫>≫ [H* (ads)], and its concentration can be 
assumed to be constant:  

k3́ = k3 [HfO2(s)]                                                                            (9) 

Substituting equations (6) and (7) into (8) the etching rate can be 
expressed as a function of the H2 gas concentration, i.e., flow rate, 
resulting in the following rate law:  

Retch = k3́ K2 K1
1/2 [H2(g)] ½                                                            (10) 

Fig. 1. ToF-SIMS depth profiles of the 179HfO2
- and GaAs- ions (a) after exposure to an atomic H beam at substrates temperatures between 350 ◦C and 400 ◦C using a 

constant H2 flow rate of 0.1 sccm, (b) after exposure to atomic H showing the effect of the H2 flow rate on the etch depth at a constant substrate temperature of 400 ◦C 
(As-deposited HfO2 layer thickness: 12 nm). As an example, we show in (a) a vertical dotted line indicating the position of the HfO2/GaAs interface used to calculate 
the etch depth in the sample treated with atomic H at 400 ◦C. 
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which agrees with the etch rate dependence on H2 flow rate determined 
experimentally, i.e., Retch(Å/h) = 1.07 × 10-1[H2]1/2. 

The reaction mechanism proposed here is supported by previous 
theoretical and experimental investigations on the interaction of group 
IV oxides with hydrogen and the formation of volatile hydroxides. As 
mentioned above, the formation of hafnium dihydroxide has been 
identified by infrared spectroscopy and confirmed by electronic struc
ture calculations. In addition, density functional theory (DFT) calcula
tions relative to the interaction of atomic H with a-HfO2 have shown that 
the most favorable configuration is that where atomic H donates its 
electron to a trapping precursor state and the resulting proton forms a 
hydroxyl group bonded to a Hf atom [34,44]. The electron is predomi
nately localized on two Hf ions, deforming the surrounding network due 
to weakening of the Hf-O bonds. This circumstance, together with the 
high kinetic energy of the impinging H atoms and the low pressure 
conditions used in the experiments, facilitates the desorption of the Hf 
(OH)2 molecule from the surface. 

3.3. Effect of atomic H on the composition, morphology and structure of 
the HfO2 films 

ToF-SIMS depth profiles of atomic H in HfO2/GaAs samples were 
investigated as a function of substrate temperature and H2 flow rate. In 

general, we observed a maximum value of the H concentration at the 
oxide surface and a gradual decrease in the HfO2 layer as the oxide/ 
semiconductor interface was approached, indicating the existence of H 
diffusion towards the interior of the sample at the temperatures as low as 
350 ◦C. Fig. 3 shows the depth profile of the H- ion in a sample after 30 
min exposure to the atomic H beam at 400 ◦C using a H2 flow rate of 0.1 
sccm. It was also found that the H content in the HfO2 layer decreased 
slightly with increasing temperature and H2 flow rate, which is consis
tent with an increased fraction of H atoms being involved in the surface 
reaction with HfO2 relative to those that diffuse into the layer as a 
consequence of the faster etch reaction kinetics. 

The chemical composition in the near-surface region of the HfO2 
layers after exposure to atomic H in ultra-high vacuum was studied 
using ARXPS in parallel mode. The spectral features of the HfO2 layers 
are presented in Fig. 4. Fig. 4(a) shows the ARXPS collapsed spectrum 
acquired with angles of 24◦ and 28◦ for a series of HfO2/GaAs samples 
irradiated with atomic H at temperatures between 350 and 400 ◦C using 
H2 flow rates in the 0.1–0.3 sccm range during 30 min. Two signals 
located at 18.5–19.5 eV and 17.0–17.5 eV, with a spin–orbit separation 
of 1.4 eV, were invariably observed. They are attributable to the 
Hf4+4f7/2 and Hf4+4f5/2 levels in HfO2 (O-Hf-O-like bonds). The absence 
of signals at 14.4 eV and 15.4 eV, corresponding to Hf0 4f7/2 and Hfx+Oy 
4f7/2 levels respectively [45,46], indicates that the HfO2 film has not 
been reduced to metallic Hf or to a non-stoichiometric suboxide by re
action with atomic H. Therefore, under the experimental conditions 
deployed in this work the initial stoichiometry of the dielectric is pre
served. In Fig. 4(b) we have gathered the high-resolution Hf4f and O1s 
ARXPS spectra for a HfO2/GaAs sample irradiated at 400 ◦C with 0.1 
sccm H2 acquired at the surface and bulk (6 nm depth) with glancing 
angles of 81◦ and 25◦, respectively. The low intensities registered for the 
surface spectra are due to the high glancing angle used in the mea
surements. As in Fig. 4(a), only the signals attributable to HfO2 can be 
observed and therefore the formation of metallic Hf has to be ruled out. 

The variation of the root mean square (r.m.s.) roughness of the HfO2 
film surface upon exposure to the atomic H beam for 30 min was studied 
by AFM as a function of substrate temperature and H2 flow rate. The 
HfO2/GaAs substrate temperature was varied between 350 and 400 ◦C, 
while the H2 flow rate was controlled in the range 0.1–0.4 sccm. The 
effect of both variables on the film surface morphology can be seen in 
Fig. 5. Fig. 5(a) shows the increase in HfO2 surface roughness with 
substrate temperature for a constant H2 flow rate of 0.2 sccm, while the 
graph in Fig. 5(b) shows how the HfO2 surface roughness decreases with 

Fig. 2. Kinetics of the reaction of HfO2 with atomic H: (a) Arrhenius plot for the 
350–400 ◦C temperature range 400 ◦C and a constant H2 flow rate of 0.1 sccm, 
showing an activation energy of 96 kJ/mol (R2 

= 0.95) and (b) Dependence of 
the HfO2 etch rate on H2 flow rate at a substrate temperature of 370 ◦C, 
rendering a reaction order of ½ with respect to H2 (R2 = 0.95). 

Fig. 3. ToF-SIMS depth profiles of the H-, 179HfO2
- , and GaAs- ions corre

sponding to a HfO2/GaAs sample exposed to an atomic H beam at 400 ◦C for 30 
min. H2 gas flow rate: 0.1 sccm. 
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increasing H2 flow rate for a constant temperature of 370 ◦C. 
The observed variations in morphology with temperature and reac

tant gas flow rate are characteristic of an etch process controlled by a 
surface chemical reaction. Migration of O2– and Hf4+ ions are not likely 
to have a significant effect on the overall process, since they both exhibit 
a sub-diffusive behavior in amorphous HfO2 arising from their nanoscale 
confinement, according to molecular dynamics simulations [47]. 
Despite the relatively low values of the diffusion coefficient of H in 
amorphous HfO2 reported in the literature (Do = 7.2 × 1010cm2/s at 
255 ◦C) [48], the high temperatures and fluxes of the atomic H beam 
impinging on the HfO2 thin film facilitate its diffusion over the surface, 
as mentioned above. The sticking coefficient of atomic H on HfO2 de
creases with increasing temperature and chemisorption takes place 
through formation of O-H bonds on active sites of the surface, where it is 
energetically most favored. According to ab initio calculations, once the 
strong O-H bonds have been formed on the surface, the hydroxyl groups 
are inmobile [49]. The etching reaction thus occurs at preferential lo
cations on the surface, leading subsequently to an inhomogeneous 
desorption of the reaction products. The result of this anisotropic 

etching is the increase in HfO2 surface roughness observed experimen
tally. By contrast, larger H2 flow rates lead to higher H coverages of the 
HfO2 surface and, as a consequence, desorption of the reaction products 
occurs to a greater extent and more homogeneously over the surface. 
Under these conditions, the etching rate is not sensitive to specific sites 
or directions on the surface due to a uniform removal rate of surface 
atoms, i.e., isotropic etching, which leads to a much smoother etching 
morphology [50]. The 1 μm × 1 μm AFM images inserted in the graphs 
illustrate these differences. Those samples exposed to low atomic H 
fluxes at high temperatures exhibit an irregular morphology with pro
trusions where chemisorption was less favorable. In contrast, samples 
treated with higher atomic H fluxes (H2 flow rates ≥ 0.35 sccm) and 
relatively low temperatures (≤375 ◦C) lead to an atomically flat surface 
(rms ≤ 0.2 nm), characteristic of a highly homogeneous layer-by-layer 
chemical etch process. 

Fig. 6(a) depicts the cross-sectional TEM image of a HfO2/GaAs 
sample after irradiation with atomic hydrogen at 400 ◦C with a 0.3 sccm 
H2 flow rate. The surface roughness derived from the etching process 
and the onset of HfO2 crystallization reported by other authors [51] can 

Fig. 4. (a) Collapsed ARXPS spectrum for a series of HfO2/GaAs samples exposed to atomic H during 30 min in the 350–400 ◦C temperature range with 0.1–0.3 sccm 
H2 flow rates, (b) High-resolution Hf4f and O1s ARXPS spectra of the surface and the bulk (6 nm depth) acquired with glancing angles of 81◦ and 25◦ for a HfO2/GaAs 
sample irradiated at 400 ◦C with a 0.1 sccm H2 flow rate. 
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be observed in this image. In Fig. 6(b) we show the STEM image and 
HAADF intensity profile, together with the EDS scan profile of Hf (L) and 
EELS scan profile of O (K), where the cross-sectional composition of the 
HfO2 layer was investigated in a sample irradiated with atomic H at 
400 ◦C with a 0.1 sccm H2 flow rate. As shown in the image, the Hf and 
HAADF signals track each other, thus facilitating the identification of the 

HfO2 layer. The elemental profiles indicate that neither Hf nor O diffuse 
appreciably into the GaAs substrate at the temperature of the experi
ment and within the resolution of the EDS scans (2 nm), no distinct 
interlayer is observable between the HfO2 layer and the GaAs substrate. 
Furthermore, the relative profile heights of Hf and O signal do not evi
dence the formation of a metallic Hf layer on the surface resulting from 

Fig. 5. Variation of the HfO2 surface roughness with (a) substrate temperature for a constant H2 flow rate of 0.2 sccm and with (b) H2 flux rate for a substrate 
temperature of 370 ◦C. Insets are 1 µm × 1 µm AFM images of the surface topography corresponding to the experimental data pointed by the red arrows. 

Fig. 6. (a) Cross-sectional TEM micrograph of a HfO2/GaAs sample after irradiation with atomic H for 30 min at 400 ◦C with a 0.3 sccm H2 flow rate and (b) STEM 
image, HAADF intensity profile, EDS scan profile of Hf (L) and EELS scan profile of O (K) for a sample irradiated at 400 ◦C with a 0.1 sccm H2 flow rate. 
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the reduction of HfO2 with atomic H. 

3.4. Effect of atomic H on HfO2 impurity content 

Carbon, chlorine, fluorine, and, to a lesser extent, sulphur were the 
main impurities found in the HfO2 thin films during ToF-SIMS analysis. 
Their content variation upon irradiation of the HfO2/GaAs samples with 
atomic H for 30 min was investigated as a function of substrate tem
perature and H2 flow rate. Fig. 7 gathers the ToF-SIMS depth profiles 
corresponding to C, Cl, F, and S after exposure to the atomic H beam at 
temperatures between 350 ◦C and 400 ◦C using a constant H2 flow rate 
of 0.1 sccm. The graphs illustrate the diffusion behavior and the 
reduction in concentration with increasing substrate temperature un
dergone by all the impurities analyzed. Out-diffusion of impurities from 
the HfO2/GaAs interface most certainly occurs due to temperature 
gradients during HfO2 thin film deposition and later during exposure to 
the atomic H beam. In the latter case, diffusion also occurs as a result of 
the concentration gradient created in the thin film as the impurities are 
being removed from the surface by atomic H through the formation of 
volatile hydrides. Regarding the effect of H2 flow rate on the concen
tration profiles of these impurities in the HfO2 film, we have found that, 
with the exception of F, their concentration also decreased when the 
flow rate was raised from 0.1 sccm to 0.3 sccm, as depicted in Fig. 8. 

The differences in behavior observed in the graphs depend on the 
origin of the impurity and its interaction with atomic H. The depth 
profiles suggest that C contamination comes from the HfO2 surface, the 
most probable sources being the organic solvents used to clean the HfO2 
sample, atmospheric COx and traces of hydrocarbons present in the H2 
gas source or the vacuum system. Part of the C accumulated on the 
surface reacts with the impinging H flux, while another fraction diffuses 
into the oxide during processing. The surface reaction proceeds more 
rapidly at higher temperatures, reducing the available population of C 
atoms that diffuse into the HfO2 layer, as seen in Fig. 7. On the other 
hand, the fact that the concentration of C in the HfO2 bulk is reduced 
when the flow rate of H2 is increased to 0.3 sccm, while the concen
tration on the surface increases, suggests that at high flow rates the 

arrival date of unintentional C contamination coming from the 
impinging H beam is faster than the etching rate of pre-deposited C on 
the surface. Similarly, due to its presence as trace impurity in H2, the F 
concentration present in both bulk and surface of the HfO2 layer in
creases with H2 flow rate, as shown in Fig. 8. 

Contamination of the HfO2/GaAs interface with Cl and S, on the 
other hand, stems from dipping the sample in a HCl solution to remove 
native oxides from the GaAs surface and its subsequent passivation with 
(NH4)2S prior to HfO2 deposition. Both impurities out-diffuse during 
processing towards the oxide surface, where they react with the 
impinging H atoms. As illustrated by the depth profiles shown in Fig. 8, 
the concentration of both elements diminishes when the H2 flow rate is 
increased, thus indicating that the surface reaction leading to their 
desorption is kinetically favored. Therefore, all the investigated impu
rities, with the exception of F, are more efficiently removed from the 
HfO2 film at high substrate temperatures and high H2 flow rates. This 
difference in behavior can be attributed to the fact that F is the only 
element more electronegative than O. As a consequence, F atoms present 
in HfO2 bond to Hf dangling bonds, occupying O vacancies and reducing 
the trap density. For this reason, fluorine is considered as a good alter
native to passivate the dielectric gate oxide and has been proposed to be 
intentionally incorporated to HfO2 with the aim of improving its elec
trical properties [52,53]. 

The most likely mechanism responsible for the elimination of im
purities from the HfO2 surface is the formation of volatile hydrides 
[54–57], according to the following exothermic reactions:  

C(ads) + 4H*(ads) ⇆ CH4(g) ΔH0 = -75 kJ/mol                               (10)  

Cl(ads) + H*(ads) ⇆ HCl(g) ΔH0 = -92 kJ/mol                                (11)  

F(ads) + H*(ads) ⇆ HF(g) ΔH0 = -273 kJ/mol                                 (12)  

S(ads) + 2H*(ads) ⇆ H2S(g) ΔH0 = -21 kJ/mol                                (13) 

In order to gain a deeper understanding of the HfO2 cleaning process 
we studied the temperature dependence of the surface impurity content. 
The Arrhenius plots in Fig. 9 depict the variation of the relative 

Fig. 7. Temperature dependence of the main impurities concentration profiles in HfO2/GaAs samples irradiated during 30 min with atomic H using a constant H2 
flow rate of 0.1 sccm. The dotted lines indicate the position of the HfO2/GaAs interface. 
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concentration of C, Cl. F and, S at the HfO2 surface with reciprocal 
temperature, confirming that their reaction with atomic H is thermally 
activated. The values of the activation energy derived from the graph 
range from 6 to 8 kJ/mol for weakly bound Cl and S to 27 kJ/mol for 

more strongly bound C, which point to the desorption of the corre
sponding hydride molecules, aided by the transfer of kinetic energy from 
the atomic H atoms [54], as the rate limiting step. 

Finally, given that the HfO2 etch morphology becomes rougher at 
high temperatures, a good compromise to obtain an atomically smooth 
(r.m.s. < 0.2 nm) HfO2 surface with minimum impurity content that can 
be applied to form a high quality high-κ/III-V inverse interface is to carry 
out the etching experiments between 375 ◦C and 400 ◦C with a 0.3 sccm 
H2 flow rate, as we have demonstrated for InGaAs channels deposited on 
nanopatterned HfO2/GaAs by epitaxial lateral overgrowth [58]. 

4. Conclusion 

We have studied the kinetics of the interaction of atomic hydrogen 
with the surface of HfO2 in ultra-high vacuum as a function of temper
ature and flow rate of the H2 feed gas. We have found that an etching 
reaction takes place at relatively low temperatures (350–400 ◦C), 
following half-order kinetics with respect to H2 and having an associated 
activation energy of 96 kJ/mol. To account for the experimental rate 
equation, we have proposed a mechanism that includes the formation of 
an adsorbed Hf(OH)2 species by direct reaction of atomic hydrogen 
radicals with the HfO2 surface in two successive elementary steps, the 
first controlling the rate of the overall etching process. Due to this ki
netic limitation, the etched thickness can be precisely controlled in the 
sub monolayer regime and the morphology adjusted to attain an 
atomically smooth HfO2 surface. No secondary reaction leading to the 
reduction of HfO2 to metallic Hf, nor significant changes in the crys
tallinity of the HfO2 film occur in the temperature range examined. 
During the HfO2 etching process with atomic hydrogen, the content of C, 
Cl, S, and F is reduced through the formation of volatile hydrides at the 
surface. The exothermic reactions leading to the formation of CH4, HCl, 
H2S, and HF are thermally activated and exhibit values of the activation 
energy (6–27 kJ/mol) that point to the desorption of the reaction 
products as the rate controlling step. Consequently, temperatures near 

Fig. 8. Variation of the main impurities concentration profiles with H2 flow rate in HfO2/GaAs samples irradiated during 30 min with atomic H at a constant 
substrate temperature of 400 ◦C. The dotted lines indicate the position of the HfO2/GaAs interface. 

Fig. 9. Arrhenius plots showing the effect of substrate temperature on the 
relative concentration of C, Cl, F, and S at the HfO2 surface (Sputtering depth =
0 nm), obtained from ToF-SIMS data for a constant 0.1 sccm H2 flow rate. 
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400 ◦C and H2 flow rates above 0.3 sccm appear as the optimal condi
tions to achieve high quality HfO2 surfaces for CMOS-compatible III-V/ 
high-κ integration processes. 
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