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Atomic layer deposition (ALD) is a thin film deposition technique based on self-saturated reactions
between a precursor and reactant vacuum conditions. A typical ALD reaction consists of the first half-
reaction of the precursor and the second half-reaction of the counter reactant, in which the terminal
groups on the surface change after each half-reaction. In this study, the effects of counter reactants on
the surface termination and growth characteristics of ALD HfO, thin films formed on Si substrates using
tetrakis(dimethylamino)-hafnium (TDMAH) as a precursor were investigated. Two counter reactants, H,O
and Osz, were individually employed, as well as in combination with consecutive exposure by H,O-0O3z and
0O3z—-H,0. The film growth behaviors and properties differed when the sequence of exposure of the sub-
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strate to the reactants was varied. Based on X-ray photoelectron spectroscopy (XPS) and density func-
tional theory (DFT) simulation, the changes are attributed to the effects of the surface terminations
formed from different counter reactant combinations. The knowledge from this work could provide
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1. Introduction

The characteristic features of atomic layer deposition (ALD),
such as large-area uniformity, ability to cover meter-scale sub-
strates, excellent step coverage in 3D nanostructures, and
precise thickness control at the atomic scale' * have made this
process a prominent technique for depositing thin films for
fabricating nanoscale devices. The growth of thin films by ALD
is performed in a layer-by-layer manner through a self-satu-
rated surface reaction mechanism by alternate exposure of the
substrate to the precursors.*”” Because the surface reactions
under saturation conditions limit the growth to one monolayer
at each cycle, atomic-scale thickness control is achieved during
ALD film growth. Therefore, film growth using ALD is strongly
affected by the chemical species on the surface. For example,
the growth rates of the ALD films differ even on the same sub-
strate if surface terminations are different, such as H, OH, and
O terminations at the initial growth.®°

“Department of Materials Science and Engineering, Incheon National University,
Incheon, 22012, Korea. E-mail: hbrlee@inu.ac.kr

bSchool of Chemical and Biological Engineering, Seoul National University, 08826,
Korea

‘Department of Chemical Engineering, Hongik University, Seoul, 04066, Korea
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1dt03465k

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2021

insight for precisely tuning the growth and properties of ALD films.

In addition to the surface species and materials, film
growth depends on the surface chemical terminations formed
by the precursors, the reactants used for ALD, and the original
surface species.®'* Various oxygen source, such as H,0, H,0,,
0,, Oz, and O, plasma, have been used as reactants for
ALD,'" where these reactants generate different surface ter-
minations during the reactant half-reaction,'®'® resulting in
different growth rates.*®>" Therefore, the growth rate may vary
depending on the type of counter reactant.>>>* For example,
ZnO ALD commonly employs H,O, O, plasma, and O; as the
counter reactant, and the growth rate of ALD ZnO films using
0, plasma is higher than achieved with H,0 and 03.>***7°
This difference is attributed to: (1) differences in the reactivity
of the counter reactants with the adsorbed precursor and (2)
different surface species that remain after the counter reactant
half-reactions. For the latter, H,O and O, plasma leave an OH-
terminated surface, while O; forms an O-terminated surface in
most cases of ALD, resulting in different growth characteristics
depending on the reactant.””?" From this knowledge, it is logi-
cally deduced that adsorption of the precursor could be con-
trolled in each half-cycle by using different counter reactants,
which affords control of the surface terminations. Several
studies have reported the use of two types of reactants in one
ALD cycle. However, there is no detailed study on the effects of
terminal surface groups on the film growth characteristics.””
The growth behavior and electrical properties of ALD films
formed by using multiple reactants have been reported based
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on in situ analysis. However, the mechanism of the surface
reaction using two reactants is not clear.>’

Herein, we study the effects of H,O and O3 as counter reac-
tants on the change in the terminal surface groups and the
growth characteristics of ALD HfO, thin films. ALD HfO, thin
films have been actively studied as dielectric layers for metal-
oxide-semiconductor field-effect transistors (MOSFETs) and as
ferroelectric layers for nonvolatile memory devices.”>** The
growth characteristics of HfO, are comparatively analyzed
herein by alternating between H,O, Oz, and their combi-
nations, as counter reactants, during the reactant half-reac-
tion. Interestingly, when the substrate is sequentially exposed
to both H,O and O3 as counter reactants in one ALD cycle after
the precursor half-reaction, the ALD growth characteristics of
the films differ from those of the ALD films formed by using a
single reactant. Exposure to each counter-reactant changes the
surface termination and oxidizes the precursors in a different
manner. When the counter reactants are changed during ALD
of the HfO, films, the film properties (such as the crystallinity
and electrical properties) change significantly. The half-cycle
reaction during ALD of HfO, films using different counter
reactants is studied to understand the mechanisms underlying
the changes in the growth characteristics and film properties
based on theoretical calculations and density functional
theory (DFT) simulations, along with several experimental ana-
lyses, including X-ray photoelectron spectroscopy (XPS), trans-
mission electron microscopy (TEM), X-ray diffraction (XRD),
and X-ray reflectivity (XRR).

2. Experimental
2.1 HfO, ALD

A p-type Si(100) wafer was used as the substrate. The Si sub-
strate was cleaned by sequential ultrasonication in acetone,
isopropyl alcohol (IPA) (Samchun Chemicals), deionized water,
and subsequent immersion in a buffered oxide enchant solu-
tion (BOE) comprises a 6:1 volume ratio of 40% NH,F in
water to 49% HF in water for 30 s to remove native oxides. All
ALD experiments were performed in a laboratory-built ALD
chamber with a quartz-glass tube furnace. For HfO, ALD, the
substrate temperature was set to the range of 200-310 °C.
Tetrakis(dimethylamino)-hafnium (TDMAH; Ocean Bridge Co.,
Ltd, Korea) was used as the Hf precursor, and H,O or O; was
used as the counter reactant. The Hf precursor was contained
in a stainless canister heated at 40 °C and H,O was kept in a
glass canister at room temperature. The precursor feeding
lines were heated to 10 °C higher than the canister to prevent
condensation of the precursor. O; was generated by an O; gen-
erator (WHOZ-10A, Won High Tech) using high-purity O,
(99.999%) gas, and the O; concentration was maintained at
120 g m>. N, was used as both the precursor carrier gas and
purge gas, and the flow rates of N, gas were 30 sccm and 100
scem for the carrier and purge, respectively, controlled by a
mass flow controller (MFC).
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Two types of ALD processes were employed: four-step ALD
with a single counter reactant and six-step ALD for film depo-
sition using the two-counter-reactant system. Single-reactant
ALD was composed of a TDMAH pulse (4 s), N, purge (60 s),
H,O pulse (2 s), and N, purge (90 s). For ALD using Oj, the
process sequence and conditions were the same, except that
H,O was replaced with Oz. The double reactant ALD was com-
posed of a TDMAH pulse (4 s), N purge (60 s), H,O pulse (2 s),
N, purge (90 s), O; pulse (2 s), N, purge (90 s) or TDMAH
pulse (4 s), N, purge (60 s), O; pulse (2 s), N, purge (90 s), H,O
pulse (2 s), and N, purge (90 s).

2.2 DFT calculation

To model the HfO, surfaces, DFT calculations were carried out
under periodic conditions using the Vienna ab initio simu-
lation package (VASP).>>° The energy was calculated by DFT
analysis using the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA). Three-layer thick HfO, slabs
were used to model the surfaces. The plane-wave cutoff energy
was set to 450 eV. The k-point sampling was generated using
the Monkhorst-Pack method, and a grid size of 4 x 4 x 1 was
used for structure optimization.?”*® To calculate the transition
state energy, the climbing-image nudged elastic band (CI-NEB)
method was used with the same cutoff energy and k-point.*
The following equation expresses the adsorption energies:

E= Esysytem - (Esubstrate + Eadsorbate)

where E is the difference between the energy of the slab after
adsorption and the total energy of the clean HfO, slab plus the
adsorbate, which is negative for exothermic adsorption.*’

2.3 Analysis

The chemical composition of the films was analyzed by X-ray
photoelectron spectroscopy (XPS; PHI 5000 II Versa Probe II,
ULVAC) using a monochromatic Al-Ka X-ray source. The crystal-
linity of the films was analyzed by grazing-incidence angle
X-ray diffraction (GI-XRD; SmartLab, Rigaku) using a Cu-Ka
source with an incidence angle of 1° and by transmission elec-
tron microscopy (TEM; JEM-2100F, JEOL Ltd). Lamella for
TEM were fabricated by focused ion beam using Helios G4
(Thermo Fisher Scientific). The film density was measured
using X-ray reflectivity (XRR). The thickness of the film was
measured by ellipsometry analysis (Elli-SE, Ellipso Technology)
in the region of 245-1000 nm (i.e., from —1.24 to 5.06 €V) at an
incident angle of 64.885°. A metal-oxide-semiconductor
(MOS) structure device was fabricated to investigate the electri-
cal properties based on the capacitance-voltage (C-V) and
current-voltage (I-V) characteristics of the HfO, ALD thin
films. To fabricate the MOS structure, an 18 nm HfO, film was
deposited by ALD, followed by deposition of an Au top elec-
trode using a thermal evaporator. The diameter of the Au top
electrode was 160 pm. An In-Ga eutectic alloy was used to
form a bottom contact with the Si substrate. The C-V and
leakage I-V characteristics were investigated using an Agilent
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E4980A precision LCR meter and a 4156A precision semi-
conductor parameter analyzer.

3. Results and discussion

Fig. 1a shows the growth characteristics of the ALD HfO, films
formed on the Si substrate by using single or double reactants
at 200-310 °C. Although the growth per cycle (GPC) curves of
the films formed with the four counter reactants showed
different trends, almost constant GPCs were observed for all
films in the range of 200-275 °C, corresponding to the ALD
window of HfO,, consistent with previous results.*’™** Above
300 °C, the GPC increased in all cases because the temperature
was higher than the decomposition temperature of the
TDMAH precursor.***® The saturated GPC of the ALD HfO,
films deposited using H,O and O, was approximately 0.99 A
per cycle and 1.23 A per cycle, respectively. Interestingly, when
the counter reactant sequence was changed to H,0-O; and
0;-H,0, the GPC changed to 1.09 A per cycle and 1.16 A per
cycle, respectively. The additional pulse of O; followed by the
H,O pulse leads to an increase in the GPC compared with the
H,0-only pulse, whereas adding H,O after the O; pulse
decreases the GPC compared with the Oz-only pulse, as shown
in Fig. 1a. For all reactant pulse sequences, the thickness of
the HfO, film changed consistently as a function of the
number of ALD cycles at 275 °C (Fig. 1b) compared to that in
Fig. 1a. In addition, almost no nucleation delay was observed
on the H-terminated Si surface, consistent with the previous
report that showed a negligible nucleation delay in approxi-
mately four initial cycles.*®

The differences in the growth characteristics of the HfO,
ALD films deposited with single or double reactants can be
explained by several aspects, including (1) differences in the
reactivity of the reactants for oxidation, (2) changes in the
surface termination due to the reactant, and (3) differences in
the reactivity of TDMAH on both types of functionalized sur-
faces. For the first reason, it is well known that Oj; is a stronger
oxidant than H,O. It is difficult for H,O to remove carbon-

(a)

Temperature (°C)

o 18

3 W O,

) 161 & OsH0

< | -mHoo, A
~ -@ H0 7
o 14 :

° Ay
5 1_2::'::::j:x::x/J—v-
N i8-8
£1.0,,&—————.—‘.

5 0.84

O 05 250 300

View Article Online

Paper

aceous ligands while these ligands are easily removed by
0,.2%% Therefore, in contrast with H,0, O actively eliminates
the ligands of the TDMAH precursor to form Hf0,.>**®

On the other hand, the surface terminations formed after
exposure to H,O and O; would affect the following reactions.
In the typical ALD of HfO, films using H,O as a reactant, H
and OH surface species are formed by dissociation of H,0.*°
The Hf-N bonds of the TDMAH precursor are converted to Hf-
O bonds on the surface.?*”*! For ALD of the HfO, films with
03, however, the molecular O; breaks the Hf-N bonds of the
Hf precursor, forming Hf-O bonds. Therefore, the surface is
entirely O-terminated and almost no OH-terminations are
present on the films after exposure to 03.2%*>°

The dominant surface species after oxidation using H,O or
O; as single reactants were OH and O, respectively.
Furthermore, the terminations could be modulated by alter-
nate exposure of the substrate to the reactants in the present
double reactant approach. DFT calculations in Fig. 2a show
that exposure to H,O changes the O-termination to OH-termin-
ation by dissociative adsorption of H,O; this change can take
place in the O3-H,O double reactant process. In contrast, sub-
sequent exposure to Oj after the H,O pulse can eliminate the
OH species on the surface, producing H,O and O, as gaseous
byproducts, as shown in Fig. 2b. As a result, the OH-termi-
nated surface can be changed to an O-terminated surface.
Therefore, in the double reactant process using H,0-O3, the
Hf-OH surface formed by the reaction with H,O is trans-
formed to Hf-O by subsequent exposure to O;. Similarly, after
O3 exposure, the Hf-O surface is changed to Hf-OH by sub-
sequent exposure to H,O in the case of the O;-H,O double
reactant.

The GPC in the H,0-O; double reactant process was higher
than that in the H,O single reactant process, whereas the GPC
in the O3-H,O double reactant process was lower than that in
the Oz single reactant process. Therefore, the GPC in the
double-reactant ALD differs from that in the respective single
processes because of the higher reactivity of TDMAH on the
O-terminated surface than on the OH-terminated surface. The
protons on the O-terminated surface are available for the dis-
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Fig. 1 (a) Growth characteristics of ALD HfO, films formed at various temperatures using different reactants, (b) thickness versus ALD cycle number

using each reactant.
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each reactant and schematic of change in surface termination in HfO, film upon exposure to each reactant.

sociation of ligand fragments.® These protons frequently

travel between oxygen and nitrogen and may be considered to
be shared between oxygen and nitrogen. In other words, mul-
tiple ligands become protonated before the desorption com-
mences. On the O-terminated surface, Hf is surrounded by
more oxygens. In this case, the proton may travel a shorter dis-
tance to attach to the nitrogen than on the OH-terminated
surface. Therefore, proton diffusion from the O-terminated
surface to the N of TDMAH has a relatively low barrier and is
an exothermic process.’® Therefore, it is expected that the
surface O will be more reactive toward TDMAH adsorption
during subsequent exposure to the precursor. In addition, de-
sorption of H,O when the O-terminated surface is exposed to
H,O depletes the surface of reactive protons for the dis-
sociation of TDMAH ligand fragments.?® Thus, the lower GPC

Dalton Trans.

of HfO, using the O;-H,O reactant is attributed to the change
in the surface termination. For the four reactant systems,
simulation of the reaction with different reaction rate con-
stants showed a similar trend (see Fig. S1 in the ESIY).

Fig. 2c shows the FT-IR spectrum of each HfO, film. For all
samples, peaks were observed at 3200-3550 cm™', corres-
ponding to OH absorption. Comparing the H,O and O3 pro-
cesses, the spectrum of the HfO, film formed by ALD with
H,0 shows a stronger OH absorption peak than that formed
using the O; process. This means that for the H,O process,
there is a higher OH concentration in the film or on the
surface due to the formation of an OH-terminated surface
during the reaction. The OH peak of HfO, formed with O; was
also less intense than that of the film formed with H,O. The
OH peak of the HfO, film formed with O; was assumed to be

This journal is © The Royal Society of Chemistry 2021
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due to byproducts such as CO,, H,0, and CH,0, which are
formed when the TDMAH precursor reacts with the O reac-
tant.** The H,O byproduct can partially form an Hf-OH termi-
nated surface instead of an Hf-O-terminated surface during
the reactant half-reaction.”! For the film formed by using the
double reactants, the OH peak was significantly less intense
compared to that for the film formed with H,O. The FT-IR
data may provide indirect evidence that Oz pulse after H,O
pulse changes the OH-terminated surface to the O-terminated
surface, consistent with the DFT calculation. Comparing the
data for the films formed by the O; and O;-H,O processes, the
intensity of the OH absorption peak also increased after the
H,O pulse. This means that the H,O pulse after O; pulse can

(@)
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partially change the O-terminated surface to an OH-terminated
surface, as explained above. The schematic illustration in
Fig. 2c shows how the surface termination varies depending
on the reactant in the HfO, ALD reaction. The precursor
adsorption reaction is closely related to the terminal surface
groups.”'™>?

Fig. 3 shows the Hf 4f XPS profiles of the HfO, films
formed by ALD at 275 °C, using H,0, O3, H,0-03, and O3-H,0
reactants. All four spectra show two main peaks at 18.2 and
16.5 eV, corresponding to Hf 4f;, and 4f;/,, respectively. In
addition to the Hf 4f;), and 4f,,, peaks, two other peaks were
found at lower energy. Due to the existence of defects such as
oxygen vacancies (Voyx), Oxygen interstitials (O;), and Hf intersti-
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Table 1 Chemical composition of HfO, films deposited at 275 °C
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tials, Hf sub-oxides (HfO,, x < 2) were formed,”*>° the signals

of which are typically found in a lower energy range than that

Hf (%) 0 (%) Impurity (%) of HfO,.***° The atomic percentages of the bonds in the HfO,
Reactant type  HfO, Hfo, O-Hf OH C N films formed with different reactants are listed in Table 1.
Theoretically, Vo, and O; can be considered as point defects in
H,0 24.81 4.45 53.75 5.71 7.23 4.05 . 5560 1
H,0-0, 25.97 10.66 60.95 241 <« b the HfO, .lattlce, ” WhG}(f—lés beco.me larger and more stable
[oR 25.88 11.78 59.65 2.68 <1 <1 under O-rich conditions. During the O3, 03-H,0, H,0-O;
03-H,0 2526 13.01 5722 4.50 <1 <1 pulses, which provide O-rich conditions, it is expected that the
(a) XRD spectra
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E
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Fig. 4 (a) XRD spectra of as-deposited HfO, film formed at 275 °C, and TEM image of HfO, film grown at 275 °C using each reactant process: (b)

Hzo, (C) 03, (d) H20—03, (e) O3-H20.
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numbers of these point defects will increase, leading to
increased formation of HfO, sub-oxides. Consistently, the
amounts of HfO, sub-oxides in the double reactant pulses are
larger than in the case of a single H,O pulse (Table 1).

Because Oj is a stronger oxidant that the other species, the
reactants containing Oj, such as Oz, O3;-H,0, and H,0-0;3,
react with the ligand completely.>>*® However, a single H,O
pulse is likely to result in incomplete reaction with remaining
oxygen radicals such as C-O or C-OH.>**%>% Thus, more impu-
rities (7.23% C and 4.05% N) were detected in the ALD HfO,
film formed by deposition with H,O due to incomplete reac-
tion. Fig. 3e shows the leakage current densities measured at
an electric field of —1 MV cm™" using the Au/HfO,/Si MOS
structure. The results show a low leakage current of 4.55 x
107°, 3.6 x 107°, and 2.6 x 10~° A cm™? for O3, O5-H,0, and
H,0-0;, respectively, which are comparable with the previous
results for HfO,, whereas for the HfO, film formed by using
H,O0, the leakage current was much higher (1.87 x 10™* A
cm™?). The high leakage current of the film formed with H,O
as a reactant can be attributed to the high level of C and N
impurities in the HfO, film.%*°

Fig. 4a presents the XRD data for the ALD HfO, film formed
at 275 °C. Typically, HfO, films formed by using the TDMAH
precursor remain amorphous in the absence of post-depo-
sition annealing.***® Interestingly, however, the XRD profiles
of the HfO, films formed by using the double reactant (Os-
H,0 and H,0-0;) show strong peaks of crystalline species
despite the lack of a high-temperature annealing process
(Fig. 4a). The peaks observed at 28.5°, 31.6°, 35.5°, and 40.9°
are due to the (111), (111), (200), and (211) planes of monocli-
nic phases, respectively. In addition, a peak corresponding to a
mixture of orthorhombic and tetragonal phases (111) was also
observed at 30.4°.°7°® In contrast with the pattern of the film
formed by using the double reactant, there was almost no
strong peak in the XRD spectrum of the HfO, films formed by
using H,0 and Oj; single reactants, except for a very small peak
at 30.4° in the pattern of the HfO, film formed by using H,O.

To better understand this crystallization phenomenon,
TEM images of the HfO, films deposited at 275 °C, with a
thickness of 17 nm, were obtained as shown in Fig. 4b-e. The
HfO, film formed by the H,O single pulse comprised an amor-
phous phase with small crystallites (Fig. 4b). It has been
reported that the remaining C-O bonds from the insufficient
oxidation reaction become a key factor in the formation of the
tetragonal phase.’”®® Thus, a very weak peak indexed to the
tetragonal phase was observed at 30.4° in the XRD pattern. As
shown in Fig. 4c, vague crystalline fringes were observed, but
the overall crystallinity of HfO, formed by ALD with O3 was not
very defined. Owing to this low crystallinity, there was no
strong XRD peak in Fig. 4a.

Fig. 4d and e show that the films formed using the double
reactants (H,O0-O; and O3;-H,0) were fully crystallized. When
an additional O3 pulse was performed after the H,O pulse, the
profile of the HfO, film showed clear crystalline fringes
(Fig. 4d) with a d-spacing of 2.9 A, corresponding to the mono-
clinic (111) plane. Similarly, the HfO, film prepared using O;-

This journal is © The Royal Society of Chemistry 2021
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H,O shows a clear crystalline structure with a measured
d-spacing of 3.1 A (Fig. 4e), consistent with the (111) plane of
the monoclinic structure.®”””® These results show that the HfO,
films prepared using the double reactants have polycrystalline
microstructures even without annealing, which is consistent
with the XRD results in Fig. 4a. As discussed, the densities of
Vox and O; point defects increase under O-rich conditions,®*™®?
affecting the formation of the monoclinic HfO, phase.
Thus, the double reactant process provides O-rich conditions,
leading to an increase in the defect density in the lattice. The
defects (Vo and O;) in the lattice are known nucleation sites
for the crystallization of oxide films.”>”® In addition, it was
reported that O; defects may initiate the nucleation of monocli-
nic Hf0,.°" As the number of ALD cycles increased, the defects
formed with the double reactant contributed to the formation
of crystallite nuclei, leading to crystal growth,®* as observed in
the XRD and TEM results.

61,71

4. Conclusion

The effect of H,0, O3, and their combinations on the growth
behavior and film properties of ALD HfO, were investigated.
The GPC for the HfO, film formed by ALD using a single O;
reactant is higher than that of the film formed by using H,O
because Oj; is a stronger oxidant, which leads to formation of
an O-terminated surface that is more reactive for TDMAH
adsorption. The terminal groups formed after exposure to the
first reactant (half-cycle) changed during subsequent exposure
to the other reactant, such as in the O;-H,0 or H,0-0; cycles,
resulting in different growth rates. The single and double reac-
tants affect the formation of defect sites, V., and O;, in the
HfO, films due to the different oxidation conditions. Highly
crystallized HfO, films were formed with the use of the
double-reactant, without additional annealing, but not in the
case of the single-reactant. The defects are known nuclei for
crystallization, and thus promote the formation of a polycrys-
talline microstructure during ALD of HfO,. From this study,
control of the surface terminal groups by changing the reac-
tant combination significantly improves the properties of ALD
films, and this approach can be easily applied to other
material systems. For example, based on our previous results
that showed Ru ALD by using both of H,O and O, counter
reactants,”? the termination of Ru can be controlled by H,O
and O, to modify the film properties and growth
characteristics.
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