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Role of oxygen plasma in the formation of
oxygen defects in HfO, films deposited at room
temperature

Mochamad Januar, Suhendro Purbo Prakoso, Sen-Yao Lan, Rama Krushna
Mahanty, Shou-Yi Kuo, Kou-Chen Liu*

We investigate the oxygen-related defects induced in sputtered amorphous HfO, thin films through
oxygen plasma treatment. This study is devoted to the development of a room-temperature process to
fabricate high-performance metal-insulator-metal (MIM) capacitors and thin-film transistors (TFTs)
deposited on a glass/flexible substrate. Oxygen originated from the plasma can act as a source to
control the surface composition of the HfOy film. X-ray photoelectron spectroscopy analysis shows that
different plasma powers stimulate different layers of stoichiometry within the films, which are
represented by Hf 4f and O 1s core-level variations in terms of binding energy and peak broadening. The
stoichiometry on the surface improves the quadratic voltage coefficient and frequency dispersion of the
capacitances, whereas deepening the stoichiometry enhances the leakage current density, device
uniformity and breakdown field strength. Recipes for the fabrication of both MIM and TFT devices
through a simple-processed plasma treatment at low temperatures are provided. Herein, we
demonstrate HfO-based devices encompassing a MIM capacitor with low-frequency dispersion and a
voltage nonlinearity of 12 ppm/V* as well as an a-1GZO TFT with a mobility of 22 cm?/V-s, a threshold

voltage of 2.66 V, an lon/loss ratio of 1.09x10” and a subthreshold swing of 0.258 V/dec.

Introduction

Deploying hafnium oxide (HfO,) high-kx dielectrics in metal-
insulator-metal (MIM) capacitors and thin-film transistors
(TFTs) is essential for the fabrication of low-cost transparent
and/or flexible electronic devices due to their large permittivity,
low leakage current and high breakdown strength.’? In a
capacitor, this high- k maintains a capacitance density of above
5 fF/um? and a leakage current density below 108 A/cm? while
keeping the quadratic voltage nonlinearity coefficient below
100 ppm/V2.2 Subsequently, this material enables the full room-
temperature fabrication of transparent amorphous metal-oxide
TFTs for the active matrix in display applications, such as
amorphous indium-gallium-zinc-oxide (a-1GZ0O)-based TFTs.?
With this oxide technology, devices that possess high mobility
and high switching speed capability with a large area of
uniformity and smoother interface due to the absence of grain
boundaries could be realized.® Their low-temperature feature
allows them to be manufactured on inexpensive substrates, such
as glass, flexible plastic and paper.*®

For large-scale industrial applications, magnetron sputtering
facilitates the production of low-temperature HfO, films with a
large area of uniformity at a relatively high growth rate.® This

This journal is © The Royal Society of Chemistry 2015

technique offers lower contamination with a compositional
consistency between the sputter target and deposited film.%’
Nevertheless, similar to other known low-temperature
deposition techniques, such as atomic layer deposition and the
solution process,*® the as-deposited HfO, films from the
sputtering  process generally have nonstoichiometric
compositions with either excessive or deficient oxygen
concentrations (HfO,).8™! To realize HfO, on actual devices, an
exact stoichiometric composition is required to avoid traps that
can lead to poor device performance.**!3 For this reason, high-
temperature annealing is frequently performed after deposition
to improve the stoichiometry.®'! In elevated temperature
processing, the defects are likely to be highly active, and thus,
the incoming oxygen sources will easily diffuse into the vacant
sites to minimize the total energy of the system.** However, this
process is generally followed by rapid crystallization that
encourages the emergence of grain boundaries.’**!® The
oxygen vacancies from the oxygen deficiency sites may induce
interface states at the grain boundaries, which are responsible
for Fermi-level pinning effects and a diffusion path for electron
tunneling or mobile ions, enabling a higher current
leakage.'***'7 Moreover, the addition of the thermal budget

J. Name., 2013, 00, 1-3 | 1



Journal of Materials Chemistry C

breaks the room-temperature corridor, which may damage the
aforementioned transparent glass/flexible substrate.®

On the other hand, oxygen plasma treatments can be
developed to suppress these oxygen-related defects at room
temperature. It was recently reported that this plasma exposure
can improve the leakage current and the dielectric breakdown
performance of HfO, films prepared through sputtering without
any thermal annealing.’® This oxygen treatment was also
reported to lower the post-annealing temperature necessary to
achieve stoichiometric Hf0O,.*!® Unfortunately, a clear
understanding of how the oxygen plasma treatment organizes
the stoichiometry, including its role in improving the dielectric
performance, is still lacking. Consequently, the realization of a
fully room-temperature procedure for preparing high-quality
HfO, thin films has been hindered.

In this work, HfO, thin films were prepared by sputtering
followed by oxygen plasma treatment at room temperature
without thermal annealing. The role of stoichiometry was
investigated by varying the oxygen provided to the film through
different plasma powers. This variant oxygen supply is
expected to produce differences in chemical compositions and
Hf-related bonding so that samples with distinct stoichiometries
can be produced. Once oxygen ions diffuse into the films to
initiate the stoichiometric formation, a charge transfer and
relaxation mechanism must follow due to their ionicity.**%
This process is expected to shift the Hf-O bond strength and
drive a change in their chemical states. By monitoring these
chemical trends and the electrical device characteristics, one
can obtain more information about how chemistry controls the
dielectric performances, such as the change in voltage
nonlinearity, leakage current, breakdown field, and device
uniformity. In this paper, descriptions of the chemical changes
induced by the plasma treatment are discussed in detail via X-
ray photoelectron spectroscopy (XPS) analysis.

Experimental Section

We investigated the characteristics of HfO, insulator films by
fabricating MIM capacitors and an n-type 1IGZO TFT on ITO-
coated glass substrates with a sheet resistance of 4.3 Q/[1. The
ITO substrates were ultrasonically cleaned using DI water,
acetone and an isopropy! alcohol solution, followed by a 200 W
oxygen plasma treatment under a working pressure of 20
mTorr, an oxygen flow of 2 sccm and a treatment time of 4
min. This treatment is important to reduce surface
contamination and roughness to suppress the leakage
current.>#* Approximately 80 nm of HfO, dielectric film was
deposited by DC reactive magnetron sputtering using a 3 in-
diameter Hf metal target at room temperature. The sputtering
process was conducted with a working pressure of 5 mTorr and
a DC power of 150 W under an atmosphere of 5% O, and 95%
Ar. The as-deposited HfO, samples were then subjected to
reactive oxygen plasma treatment with different RF powers of
100, 200 and 300 W for 4 min under working pressure of 20
mTorr and oxygen flow of 2 sccm. For brevity, these different
samples will be denoted as SO0, S100, S200, and S300,
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respectively. The plasma treatments were performed in a
capacitive reactive-ion etching tool with the substrate electrode
was connected to a 13.56 MHz RF-generator (Huttinger PFG
300 RF), and the upper electrode was grounded. The influences
of these different plasma conditions on the chemical
compositions of the films were examined by XPS using a PHI
5000 VersaProbe (ULVAC-PHI, Chigasaki, Japan) system with
a micro-focused (100 um, 21.4 W) Al X-ray beam. During the
measurement, in situ argon sputtered cleaning was used to clean
the surface contamination and then varied over time to
investigate the chemistries beneath the surface. Further material
characterizations, such as X-ray diffraction (XRD) and
transmission electron microscopy (TEM), were also performed
to determine the amorphousness of the HfO, samples. A 100
nm Al layer was then coated using thermal evaporation with
shadow mask patterning techniques for the top electrodes of the
Al/HfO,/ITO capacitor structure. For the TFT fabrication, n-
channel a-1GZO was sputtered on top of the HfO, prior to the
source/drain thermal Al deposition. It was also patterned by
shadow masks. Finally, 1-V and C-V characteristics were
measured by Agilent E5270B and Agilent E4980A parameter
analyzers.

Results and discussion

The structures of HfO, thin films prepared on glass and
ITO/glass substrates were investigated by XRD measurement.
As shown in Figure 1, peaks can be observed in the samples
deposited on the ITO/glass substrate, but they primarily come
from the body-centered cubic (bcc) structure of the
polycrystalline 1TO.2? Although a residual peak of monoclinic
(m) HfO, appeared at 34° (002 orientation), its intensity is less
than 15% of that of the (222) ITO and is reduced by increasing
the plasma power. Additionally, the (-111) and (111) m-HfO,
orientations have been reported to be more favorably grown on
ITO than the (002) or (200) planes. Moreover, no significant
peak appears in the samples deposited on the bare glass. These

o bcc ITO
* (002) m-HfO,
l\ «|\ L (S300)
@ * (S200)
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=)
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Figure 1. X-ray diffraction analysis to confirm the amourphousness of the HfO,
films.
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Figure 2. (a) Atomic concentrations of Hf and O elements against the depth
profile and (b) contact angle analysis, for different RF powers of the oxygen
plasma treatment.

lines of evidence suggest that the peak of m-HfO, is not intense
enough to confirm a crystallization, so that its existence could
be neglected.?* Thus, the resulting HfO, films are verified to be
amorphous. This is further confirmed by the cross-sectional
TEM image in Figure 12(a). The absence of nanocrystallites in
the image demonstrates that the amorphous nature of the a-
HfO, layer is preserved even after implementation in a TFT
device.

Figure 2(a) shows oxygen concentrations in a-HfO, samples
in respect to equivalent depth profiles (with a step of 0.6 nm)
for different powers of plasma treatment. As the oxygen content
of the non-treated sample (SO) at a 0.6 nm depth level is similar
to that in the bulk region, the XPS analysis was started from
this surface level for all samples. This approach is important to
avoid ambient surface contaminant interference to the analysis.
Furthermore, Figure 3 shows that the spectra of Hf 4f and O 1s
core-levels in SO are unchanged with the depth increases,
verifying that the Ar sputtering during XPS depth profiling
does not modify the O/Hf states. Thus, chemical changes on the
samples can be derived solely from the plasma treatment. In SO,
the percentage of O/Hf atomic ratio is below the HfO,
stoichiometric value for all depth profiles (x is about 1.42-1.65),
revealing the oxygen deficiency of the as-deposited sample. By
imposing the oxygen plasma treatment, the oxygen ratio is
progressively intensified on the surface with the power
increases. A proper stoichiometric O/Hf ratio (x = 2) occurs at
0.6 nm in S100, at approximately 1.2 nm in S200 and at 3.0 nm
in S300. This indicates that the oxygen permeates through the
bulk to a depth of 3.0 nm upon increasing the RF power to 300
W. Furthermore, the contact angle analysis demonstrates a
similar tendency from the improvement of the HfO, surface
hydrophilicity. As shown in Figure 2(b), increasing the power
makes the contact angle between the surface material and H,O
droplet smoother. This effect occurs because a greater
concentration of oxygen on the HfO, surface attracts the
droplets of water molecules more strongly, spreading them over
the surface and resulting in a lower contact angle.

The chemical states of the a-HfO, samples can be examined
through the center positions of the XPS spectra in terms of
binding energy (BE). The BEs of all measured signals were
calibrated by setting the C 1s peak for adventitious carbon at
285 eV to account for sample charging.’®® The spectra were
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Figure 3. (a) Hf 4f and (b) O 1s core-level spectra of XPS measurements for the
non-treated sample.

then carefully deconvoluted using the Gaussian-Lorentzian
distribution function, which included prior Shirley background
subtraction. Figure 3(a) shows the Hf 4f core-level of the non-
treated sample. In this sample, the spectra appear as broad
shoulders, which indicate that the signals may consist of
different BEs of Hf 4f species. This appearance is reasonable to
be formed considering the as-deposited HfO, samples are
amorphous and having a less oxygen content (x < 2),%° as
confirmed by the XRD and O/Hf ratio. Correspondingly, the Hf
4f spectra could be fitted to the entire region by adding some
additional peaks, at 16.5 & 18.1 eV (Hf;) and 14.5 & 16.1 eV
(Hf,;)), next to the main peaks (Hf,) that located at 18.4 & 20.0
eV. The two BEs of each state correspond to the Hf 4f;, and Hf
4fs, doublet spin-orbit splitting, respectively. The relative areas
of these doublet signals follow the theoretical ratio of 4:3 with
different BEs maintained constantly at 1.6 eV and the full
widths at half-maximum (FWHM) of all fitting curves below or
equal to 2 eV, to constrain the fingerprint of each species.?
According to the relative area calculations (Figure 4a), the
percentages of the Hf,, Hf;, and Hf,;, signals are 55.4%, 34.0%
and 12.6%, respectively, in the bulk. This ratio represents
highly disordered Hf-O bonds in which the Hf atoms contribute
to more diverse bonding configuration, so that various types of
Hf"-O species coexist in the sample. Both the Hf,, and Hf,
features can be straightforwardly identified as the Hf?*-O sub-
oxide and Hf-metal bonding states, respectively.?’~*° However,
the Hf, 4f;, main peak lies at 1 eV away from the
stoichiometric BE ranges (16.7-17.4 eV),®3% which is
unlikely to be interpreted as a typical Hf**-O bonding state. The
occurrence of such higher BE may be caused by the abundant
presence of oxygen defects that disturb the neighboring Hf
atoms.***” The Hf-O bonds are possibly modified as they are
formed between atoms with nontrivial coordination numbers.?
This condition leads to bond length changes and BE shifting to
a higher energy .**3¢

The nonstoichiometric tendencies of the as-deposited film
are supported by the O 1s counterpart in Figure 3(b). The data
counts of the oxygen spectra can be consistently deconvoluted
by two constant peak positions centered on 530.5 (O,) and
531.3 (Oy)) eV. The lowest peak is attributed to the formation of
fully oxidized oxygen states, 223841 which is minor in SO
(only 10.8%). On the other hand, the O,, shoulder dominates the
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Figure 4. Relative area of the deconvoluted peaks in the Hf 4f and O 1s core-level spectra.

oxygen states by covering 89.2% of the total area. This
domination signifies the nonstoichiometric properties of the
film, which is in line with the Hf 4f result. However, judging
from the broader spectra on the Hf 4f side, the single peak of
O, could not be correlated to only one single species of the Hf-
related bonding. Instead, the O, should be corresponded to the
collective contributions of all nontrivial oxygen formations that
may occur.”® In SO, the highly presence of O, component
quantifies the large numbers of oxygen defect states that exist
in the vicinity of the Hf-O bonds with nontrivial formations,
26283841 o g nontrivial coordination and/or nontrivial bond
length. This interpretation is in consistent with the broader Hf
4f spectra and the oxygen deficiencies that were displayed in
the O/Hf atomic ratio.

Both the Hf 4f and O 1s photoelectron trends indicate that
the Hf-O lattices are surrounded by extremely large oxygen
deficiencies or Hf-metal rich environments that possibly drive

o
o = lattice O

. = incorporated O

Oxygen-surplus a-HfO,,
Figure 5. lllustrated structures for (a) a fully oxidized stoichiometric HfO, lattice
sites, (b) the oxigent deficient HfO, in which some oxygen vacancies (Voz+) are
induced and (c) the oxygen rich HfO, in which some O-O bonds are formed. For
simplicity, the stoichiometric state is illustrated by the three-fold of Hf and four-
fold of O coordinations.

Oxygen-deficient a-HfO,,
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the BE shifting in the neighboring Hf atoms.**%" The

mechanism is illustrated in Figure 5. Cho et al. experimentally
confirmed that due to their ionicity, these defects may induce
lattice relaxation and bond length changes at the Hf-O bonding
sites.®® Once an oxygen atom disappears from its original
position in a stoichiometric state (Figure 5(a)), a doubly ionized
positive oxygen vacancy (Vo2") is more favorable to be formed,
and hence, the equilibrium positions of the nearest Hf atoms are
disturbed.?®** These Hf atoms tend to relax outward and
attempt to re-establish bonding with their nearest oxygen
neighbors, constructing a new stable equilibrium position, as
illustrated in Figure 5(b). In such circumstance, the mean
distance of the Hf-O bond is relatively reduced compared to the
earlier position, and therefore, a larger BE is observed,?%3%
Thus, the broader Hf 4f spectra along with its higher BE
elucidates the nonstoichiometric properties of the as-deposited
amorphous HfO, films that are commonly yielded from a low-
temperature deposition.®°

Figure 6 shows the spectra of HfO, film with 100 W power
of plasma treatment (S100). Comparing with Figure 3, the
spectra of bulk states of S100 at depths lower than 1.8 nm are
identical to the non-treated sample, which implies that the
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Figure 6. (a) Hf 4f and (b) O 1s core-level spectra of XPS measurements for 100

RF power of plasma treatment.
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oxygen plasma treatment only controls the chemistries around
the films surface. In the affected region, the center of the Hf
41, signal gradually shifts from 18.4 to 17.7 eV and eventually
reaches 17.4 eV (at 0.6 nm), which is in agreement with the
reported stoichiometric BE for a thick HfO,.3*3% If this peak
shifting explains Hf-O stoichiometric oxidation mechanism, the
other components are either the Hf 4f or O 1s BEs, and their
shoulder areas are expected to follow the same trend.*? Through
the shifting, the broadening of the Hf 4f spectrum is reduced.
As detailed in Figure 4(b), the relative area of the Hf, species
increases from 55.4% to 77.9%, and Hf, and Hf,, decrease
from 34.0% to 19.5% and 12.6% to 2.6%, respectively.
Apparently, this peak sharpening (at 17.4 eV) implies the
enhancement of Hf-O stoichiometric formation, which reveals
the autograph of the oxygen plasma in passivating the oxygen
vacancies. This hypothesis is well corroborated by the fully
enhanced O, peak center on the O 1s side (Figure 6(b)). The O,
species approaches 100%, whereas its O,, counterpart decreases
from 89.2% to zero at the 0.6 nm depth level. This alteration
quantifies the number of fully oxidized oxygen atoms fastened
to the surrounding Hf atoms, exhibiting the formation of a
stoichiometric HfO, layer with Hf** and O% valences.'?%® This
result agrees with Figure 2 in which the O/Hf atomic ratio of
S100 displays an appropriate stoichiometric composition of x =
2 at a depth of 0.6 nm. Therefore, the Hf, 4f;,, peak at 17.4 eV
corresponds to the O, peak, describing the fully oxidized
stoichiometric layer formation in the sample.

By increasing the plasma powers to 300 W, the oxygen
concentration generally increases from 60% to 84% on the
surface of the samples (see Figure 2(a)). Nevertheless, this
excess oxygen does not all correspond to the stoichiometric
configuration. Although an identical stoichiometric layer is
found shifting to a deeper level at around 1.2 and 3 nm for S200
and S300, respectively, the upper layer retains much richer
oxygen content. In the rich region, the O 1s spectra broaden
towards the higher BEs, as depicted in Figure 7(b) and (d).
Consequently, the O,, species reappears, and a new higher BE
oxygen species (Oy,) was introduced at 532.15 eV to maintain
the FWHM of the O, fitting < 2 eV. In S200, the O, relative
area initially decreases from 91.7% (3 nm) to 0.1% (1.2 nm)
followed by the Hf, BE shift from 18.6 (3 nm) to 17.4 (1.2 nm)
eV, which occurs due to the aforementioned enhancement of

Journal of Materials Chemistry C

increases to 40.6% at 0.6 nm, and a 6.5% Oy, shoulder is
subsequently created. This O,, reaches 51.6% at 0.6 nm in
S300, and the Oy, species reaches 25.9%. The trend is
correspondingly followed by the reduction of the stoichiometric
species (Oy), which declines to 52.9% and 22.5% at the surfaces
of S200 and S300, respectively. Moreover, the
nonstoichiometric sign is also engraved on the Hf 4f side via
shifting to the higher BE (Figure 7(a) and (c)).

To enlighten the explanation, the Hf 4f;, peak positions to
the oxygen changes are summarized in Figure 8. From the
figure, the BE shifts of the metal core-level peaks decrease
continually with increasing oxygen composition until the
stoichiometry reaches, and slightly increase as the oxygen
further increases. In Hf-rich region, the higher Hf 4f BEs
including its broadening spectra, are more likely due to
variation in coordination environments because of the largely
presence of the metallic Hf-components, i.e., the Hf-O bonds
are strongly modified because of the largely presence of Vo2*.
However, this effect would not be expected for the O-rich
environment, because most of the Hf atoms on the surface have
probably been oxidized with a fully coordinated oxide. This can
be seen from the disappearances of the Hf?"-O and Hf-metal
species on the Hf 4f signal in S300. Further distinguishes also
can be seen from the induced Hf 4f shifts that are not more than
0.4 eV even as the oxygen content exceeds 75% of the O/Hf
atomic ratio (x > 3).

In fully oxidized condition, the excess oxygen are hardly to
gain electron from lattice Hf atoms, so that they might present
only in the form of atomic interstitials.** The recent theoretical
first principle studies have demonstrated that the interstitial
oxygen form a dumbbell type configuration with lattice oxygen
in Hafnia and Zirconia, forming Hf-O-O-Hf configuration with
0-0 covalently bonded.?>** To accommodate the interstitials,
the lattice oxygen strongly relaxes from its original position.
However, in contrast to the presence of V2", the relaxation on
the nearest Hf atoms to the pair is quite small (= 0.05 A),*® and
thus, leading to only small Hf 4f BE shifting in the present of
large amount of the interstitials. Furthermore, a similar small
shifting on the Hf 4f peak was also reported to occur due to a
change in ionic environment as some of the second adjacent Hf
atoms were substituted by more electronegative atoms.***°
Owing to high electronegativity of the incorporated oxygen, the

the stoichiometric formation. However, the O, species small Hf 4f shift can also be explained by this mechanism.
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Once an oxygen dumbbell pair formed between two cations, the
electron donation from the second nearest-neighboring Hf
atoms is decreased, causing the electron density on the metal
atom slightly decreases. In this case, the screening effect of the
metal core-levels reduces, and thereby, increasing the measured
BE.®

The formation of O-O covalent bonds leads to less negative
net charges at O atoms, which are typically implied on a higher
BE in the corresponding O 1s photoelectrons.?® This is in
agreement with the O 1s spectra that broaden to the higher
energy, as shown in Figure 7(b) and (d). The exchange in the
peak predominance of O, to Oy, at the surface reveals that the
oxidized lattice oxygen loses some negative charges as oxygen
further injected after the stoichiometry is formed. In this case,
the excess oxygen may capture the charges to form the
aforementioned covalent bonding. Thus, in O-rich condition,
the O, peak corresponds to the nonstoichiometry in the
presence of O-O bonds. On the other hand, the emergence of a
small shoulder at a higher BE (Oy,) is typically attributed to the
loosely bound hydroxyl groups, such as adsorbed -OH or
0,.34384046 1n 5200 and S300, the surface hydroxylation might
be permeated, because the greater concentration of oxygen on
the HfO, surface can strongly attract the water molecules from
the ambient, as confirmed by the contact angle analysis in
Figure 2(b).

The different tendencies observed in S200 and S300 suggest
that the Hf-O bond formed during the plasma treatment differs
from that formed in the annealing process. The oxygen bonds
generated by the plasma treatment may appear through an
enforcement process. In the absence of high-temperature
annealing, the defects must be frozen and correspondingly
produce a greater energy barrier hindering oxygen from
incorporating into the vacant sites.** Thus, the incoming oxygen
ions must gain sufficient energy to breach the barrier energy
before filling up the nearby vacancies around the Hf atoms.?%*

6 | J. Mater. Chem. C, 2015, 00, 1-3

The source for such high energy strength may come from the
electron discharge power during the plasma generation that
induces sheath potential to accelerate oxygen ions toward the
sample.*” This process provides bombardment energy for the
oxygen ions to diffuse and bind with the Hf atoms. In S100, the
100 W RF power applied provides an ion energy that is
sufficiently high to breach the a-HfO, barrier around the
surface, allowing the incoming oxygen to fill the vacancies and
form stoichiometric layers close to the interface (0.6 nm). As
illustrated in Figure 5(a), the Hf-O bonds previously relaxed by
the presence of the Vo> are restored upon the oxygen
incorporation. This process causes a lowering in the Hf 4f main
peaks and reduction in the Hf**-O and Hf’-metal peaks, as
shown in Figure 6(a). Such a bombardment mechanism may be
the reason why the amorphousness of the film is preserved even
after the stoichiometry is formed. In the samples with higher
power (S200 and S300), both the plasma density and ion energy
are probably increased.'**” This situation allows more oxygen
to penetrate and occasionally induces bombardment damage to
the film surface. Once a more energetic oxygen ion impinges
on the film, the stoichiometry of the deeper level can be
constructed. This process is accompanied by a greater lattice
relaxation along the propagation path that may break the
previously formed stoichiometric Hf-O bonds.*® These breaking
are expressed in the reduction of the Hf 4f signal counts on the
surface layers with respect to the power increases, as shown in
the inset of Figure 8. The relaxation induces a larger potential
barrier that makes it more difficult for the next incoming
oxygen atom to bind with neighboring Hf atoms,** although the
oxygen atoms are continually provided by the high plasma
density. Alternatively, the excess oxygen ions may present as
atomic interstitials, and subsequently establish their present by
bonding to lattice O via O-O covalent bonds, as elaborated
previously.

To this point, it has been demonstrated that different oxygen
plasma powers can induce different oxygen states in the HfO,
film. We now have four different chemical conditions of the
HfO, samples: a non-treated sample (S0), a sample with a
stoichiometric surface (S100), a sample with a deeper
stoichiometric layer but a few nonstoichiometric layers at the
surface (S200), and a sample with more stoichiometric layers
but also more nonstoichiometric layers at the surface (S300).
Investigation on the effect of these different chemistries on the
electrical performance yields interesting results. For simplicity,
we tested these dielectrics using MIM capacitors and then
choose the sample with the optimal conditions (i.e. better
uniformity, lower leakage current and higher breakdown field)
to fabricate an amorphous 1GZO-based TFT.

The MIM capacitors examined in this paper have the same
structure as the HfO, investigated in the preceding paragraphs,
only with the addition of Al as the top electrode, as drawn in
Figure 9(a). In the use of high-x oxide as the insulator layer, the
benchmark point to characterize its performance is based on the

nonlinear coefficient (a) of the quadratic voltage-capacitance

AC . T
N « a:VZ).2 This characterization is important because the
0o
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Figure 9. (a) Schematic structure of the MIM capacitors. Normalized capacitance vs. electric field characteristics of HfO, MIM capacitors with various plasma

treatment powers, for (b) low frequency (10 kHz) and (c) high frequency (100 kHz).

magnitude of « is strongly dependent on the dielectric
constant*® and must be preserved under 100 ppm/V? to maintain
the device precision.? Fortunately, as depicted in Figure 9(b)
and (c), the obtained « values are lower than 50 ppm/V? in the
barely deposited a-HfO, capacitor (S0) and decrease upon
introducing the 100 W plasma treatments, which exhibits the
lowest « at both low (19 ppm/V?) and high frequencies (12
ppm/V?). Improvements in the dispersion of the capacitance
frequency dependency are also shown in Figure 10. These
should have a correlation with the stoichiometry on the surface
of this sample, as confirmed by XPS. Because when excess
oxygen was induced at the surface (as in S200 and S300), the «
value and the frequency dispersion are elevated, regardless of
how deep the stoichiometric layers are formed. To understand
the responsible chemistry, the underlying physical mechanism
behind such nonlinearity must be understood.

The phenomenon has recently been explained by the
electrode polarization model proposed by Gonon et al.}’%0-%3
This model was derived based on a dielectric relaxation
mechanism in which the mobile ions in the bulk drift toward
the electrode as a result of the electric field and accumulated in
the interface over a Debye length (Lp).>® The induced charges
of the accumulated ions lead to the voltage and frequency
dependency of the double-layer capacitance, revealing the
nonlinear behavior of the capacitance.’*>* Accordingly, the
capacitance density is increased by either increasing the DC
field or decreasing the frequency as follows:*

AC _ 2 L 1-2n 1 a_gn ngEs

C_o - (€0€)?™ (Z) (p+2)z(1—n)me kT, (1)
AC we\ 2N

=4 (;) where 0 < 2n < 1, )

e we = [ 1, =[BT s the
Jonscher response, L is the film thickness, € is the bulk
dielectric permittivity, s is the hopping distance, N is the
density of accumulated charges (N = Sls) and p is the electrode

where A =

blocking parameter that determines the transparency of charge
transfer at the electrode (p = 0 for blocking contact and p = o
for Ohmic contact). In the equations, the blocking parameter p
is the only parameter adjusted to fit the experimental data,
whereas the others are obtained directly from the fittings. For
instance, the values of 2n were extracted from the logarithmic
slope of the normalized capacitance-frequency curves presented
in the inset of Figure 10(a) and (b). By fixing 2n at a certain
frequency, s can be determined by taking the exponential fitting
of the C-E curves in Figure 9. Additionally, from the known
fitting parameters, the effective barrier (¢;) for the AC charge
transfer at the metal-oxide interface can be calculated from
p= a%’“exp (—%).50'55 Thus, a qualitative description of the
effect of stoichiometry on the capacitor performance can be
examined by fitting the equations to the capacitance
dependences of both the voltage and frequency results in Figure
9 and Figure 10. As shown in the figures, our data trend and
fittings are in an excellent agreement with the model.

The parameters extracted from the fittings are presented in
Table 1. The calculated barrier ¢; in the treated samples is
improved relative to the non-treated one (0.66 eV), particularly
in S100 (0.80 eV) and S200 (0.82 eV). These larger barriers are
attributed to the formation of the stoichiometric layer by the
plasma treatment. This layer provides an optimum ratio of Hf
and O atoms to avoid point defects that can act as a path for
charge migration, forming the aforementioned double-layer

Table 1. Parameters describing the capacitance-voltage dependency of MIM capacitors with respect to the O, plasma power variations

w =10 kHz w =100 kHz
Parameters
s (nm) 56 17.7 11.9 23.7 5.9 15.3 6.8 25
N (cm™) 5.5 x 108 1.8 x 10%7 6.0 x 10%7 7.5 % 10%° 4.9 x 1018 2.8 x 10%7 3.2x 108 6.6 x 10%°
g, (Slcm) 169x1078 957x107! 518x 1071t 514x107 169x10® 957x 107! 518x107! 514x 107t
p 69.1 19.1 18.1 1.02 x 102 41.7 18.4 75 1.06 x 10%®
L, (nm) 2.02 11.2 6.2 055 22 9.0 27 06
$,(AC) (V) 0.66 0.80 0.82 0.28 0.67 0.80 0.87 0.04

This journal is © The Royal Society of Chemistry 2015
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capacitances on the interfaces. This can be seen from the
reduction of the accumulated charge density (N) of S100 in
Table 1 (5.5 x10'® — 1.8 x 1017 cm?®) and explains the
voltage nonlinearity improvement observed in Figure 9 (a = 37
— 12 ppm/V?). However, Table 1 indicates that N is increased
in the higher-power samples of S200 and S300. This larger
defect density is attributed to the O-rich states that occur on the
surface, as elucidated by XPS. These stoichiometric
imperfections can act as interface charge trappers, restoring the
nonlinearity behavior in the capacitors.5! Hence, they might be
responsible for the elevation of a to 147 ppm/V? and 288
ppm/V?2 in S200 and S300, respectively. This indicates that the
voltage nonlinearity is more sensitive to the interface condition
than to the bulk properties, which is in accordance with
previously reported works. 35253

Figure 10 shows the frequency dependency of the
capacitance of the capacitors. At frequencies below 10 kHz, the
space charges induced by the movement of the oxygen
vacancies will have more time to be modulated by the AC
signal, and hence a higher capacitance will be obtained.%%
However, since all depositions and measurements were
conducted at room temperature (21 °C), nearly flat capacitances
were recorded in the low frequency regime. It appears that the
dispersions are lower than 0.1 nF, even when a high DC field is
applied, because the long-range ionic displacement requires
thermal activation energy to shift the cut-off frequency (w.)
toward the higher frequency, constructing the conduction path
of the ions as the electric field is applied.'"**%" At room
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Figure 11. (a) Leakage current, breakdown voltage, leakage current uniformity
(the inset) and (b) constant-current stress variation by the plasma treatment.
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temperature, w,. is below 10 Hz, so the electrode polarization
effect prefers to be electronic, i.e., the electrons hop via the
vacancies rather than the ions themselves moving.*** This is in
agreement with the calculated hopping distance shown in Table
1, which is two orders of magnitude higher than the interatomic
distance. In addition, the slight increases in the capacitances
and frequency responses (2n) produced in Figure 10(b) and (c)
verify such electronic hopping conduction. As DC fields up to
1.25 MV/cm are applied, more electrons are injected into the
electrode, driving more charges to migrate via the oxygen
vacancies towards the opposite electrode. In that case, the
double-layer capacitance will be upgraded, leading to a slightly
higher capacitance and frequency dispersion.

By increasing the frequency, the polarization effect is
weakened and the capacitance is reduced, obeying the Jonscher
power law, as stated in Eq. 2.°® As shown in Figure 10, the
slope of the dispersions for SO, S100 and S200 capacitors are
found to follow this power law (2n < 1). However, stronger
frequency dependence is observed in S300. Above 60 kHz, the
slope increases drastically, exceeding the power law.%® Das et
al. reported a similar dispersion in Pry;Cay 3MnQO5 oxide, which
was ascribed to carrier relaxation in deep traps.*® For HfO,
MIMs, Gonon et al. recently reported that the abrupt decrease
in frequency is due to a series resistance from the sputtered top
electrode.®® The additional vacancies produced by different
electrode oxygen-affinity shift w, over 1 kHz. However, in this
work, we used the same top electrode condition for all
capacitors, but only S300 showed this large dispersion.
Therefore, the large oxygen defects (probably O-O bhonds) on
the interface may be responsible for significantly larger charge
densities, because these defects can act as deep-traps in
Hafnia.!*?® At such a large defect density, L, becomes

Table 2. Parameters extracted from the leakage current and constant stress
measurements.

Parameters SO S100  S200  S300
Leakage current density
(nA/cm?) at E =1 MV/cm 500 ) 19 =
Breakdown field (MV/cm) 1.47 2.40 2.49 1.85
CCS voltage shift (V) 6.46 5.38 3.72 8.53

This journal is © The Royal Society of Chemistry 2015
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Figure 12. Implementation of the S200 HfO, as a bottom-gate dielectric insulator in an IGZO-TFT.

extremely thin, allowing electrons to tunnel from the metal
cathode to the defect traps within the dielectric.®! One can also
see that the AC barrier is diminished to 0.04 eV in this sample
due to the high value of the blocking electrode coefficient (p =
9.7 x 10%5), which is a consequence of the large frequency
dispersion (2n = 2.6). This parameter reflects a poor blocking
contact at the S300 interface, giving rise to the massive electron
injection from the electrode into the defect sites.’®*® This
electron leakage causes a strong capacitance nonlinearity in
both voltage and frequency, as observed in Figure 9 and Figure
10.

To confirm the implementation of the HfO, films as a gate
oxide in TFT, we sputtered an n-type channel a-IGZO on the
top of the preceding HfO,/ITO structure and then deposited Al
as its S/D contact. As indicated in the TEM images in Figure
12(a), the amorphousness of both the sputtered gate oxide and
n-channel are preserved. Thus, an amorphous n-TFT has been
fabricated. For brevity, we demonstrate only the optimal sample
in this paper. In contrast with the MIM, for the TFT device,
S200 is found to be preferable to S100. The thicker
stoichiometry in S200 promotes a higher breakdown field of
2.49 MV/cm and a lower leakage current of 1.2 x 10~8 A/cm?
at 1 MV/cm, as indicated in Figure 11(a). Table 2 shows that
these results are improved over those of S100. Moreover, the
thicker stoichiometry can overcome the greater surface
roughness on the film, giving a better device uniformity, as
shown in the Weibull distributions of the leakage current in the
inset of Figure 11(a).’® Furthermore, the presence of a small
amount of residual oxygen is preferable here, as they could be
easily captured by an oxygen deficiency domain on the
channel-oxide interface during the 1IGZO deposition. Filling up
the vacancies can reduce the scattering center so that a higher
field-effect mobility of 21 cm?V-s is obtained here.®? This
follows from the lower constant current stress (CCS) voltage
shift of 3.72 V observed in Figure 11(b) for this sample. This
means that S200 offers fewer charge trapping defects in the
channel interface than the other samples. On the other hands,
although S300 provides even thicker stoichiometric layers, the
presence of an excessive amount of oxygen may cause more
charge-trapping effects, resulting in an elevation of the CCS
voltage shift followed by a decrease in the breakdown strength

This journal is © The Royal Society of Chemistry 2015

and leakage uniformity. In TFT, this will degrade the threshold
voltage (V), subthreshold swing (SS) and TFT mobility.*®3

Finally, the transfer characteristics of the implementation of
S200 in a-1GZO TFT are displayed in Figure 12(b) and (c).
Surprisingly, even without employing any thermal annealing
treatment, a small positive V1 of 2.66 V, a high 1/l ratio of
1.09 x 107 and a reasonable SS of 0.258 V/dec can be achieved.
In fact, the characteristics are improved compared to the
recently reported high-performance  sputtered  work.®*
Therefore, this outcome indicates the potential use of plasma
treatment in the preparation of gate dielectrics for room-
temperature TFTs.

Conclusions

The role of oxygen plasma treatment on the defect chemistries
of the HfO, dielectric films, including their effects on the
electrical properties of MIM capacitors and TFTs, has been
evaluated. XPS confirms the presence of various
stoichiometries in the films after exposure to different powers
of oxygen plasma treatment. The stoichiometry is characterized
by a narrowing of the Hf 4f;,, peak at 17.4 eV together with the
fully enhancement of O, peak. Otherwise, the spectra can be
argued relating to the formation of oxygen defects, i.e., oxygen
vacancies for Hf-rich, and O-O bonds and hydroxyl groups for
O-rich. In the devices implementation, the formation of a
stoichiometric surface (S100) was found to be in line with the
improvement of the quadratic voltage coefficient and frequency
dispersion of the capacitances, and thickening the
stoichiometric layer (S200) contributed to enhancement of the
leakage current density, device uniformity and breakdown field
strength. The first characteristic gives optimum performance for
the MIM capacitors, whereas the latter favors TFT. However,
despite the stoichiometry, applying this higher ion energy can
cause erosion damage to the HfO, film, leading to the
appearance of residual oxygen on the top of the formed
stoichiometric level. The presence of these defects aggravates
the voltage nonlinearity, frequency dispersion, breakdown field
and device uniformity (S300). Nevertheless, this observation
confirms the bombardment mechanism during the passivation
that kept the sample amorphous. This is in contrast to the high-
temperature process that generally induces the rapid growth of

J. Mater. Chem. C, 2015, 00, 1-3 | 9
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crystallization and grain boundaries. It also verifies that the
dielectric interface plays a greater role in device performance
than the nature of the bulk. Therefore, this work provides
insight for understanding and developing a room-temperature
procedure for preparing HfO, dielectric oxide. The process can
be extended to organic flexible substrates, which is currently
under investigation.
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