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Hafnium oxide (HfOx) is a high dielectric constant (k) oxide

which has been identified as being suitable for use as the gate

dielectric in thin film transistors (TFTs). Amorphous materials

are preferred for a gate dielectric, but it has been an ongoing

challenge to produce amorphousHfOxwhilemaintaining a high

dielectric constant. A technique called high target utilization

sputtering (HiTUS) is demonstrated to be capable of depositing

high-k amorphous HfOx thin films at room temperature. The

plasma is generated in a remote chamber, allowing higher rate

deposition of films with minimal ion damage. Compared to a

conventional sputtering system, the HiTUS technique allows

finer control of the thin film microstructure. Using a conven-

tional reactive rf magnetron sputtering technique, monoclinic

nanocrystalline HfOx thin films have been deposited at a rate

of �1.6 nmmin�1 at room temperature, with a resistivity

of 1013V cm, a breakdown strength of 3.5MVcm�1 and a
dielectric constant of �18.2. By comparison, using the HiTUS

process, amorphous HfOx (x¼ 2.1) thin films which appear to

have a cubic-like short-range order have been deposited at a

high deposition rate of�25 nmmin�1 with a high resistivity of

1014V cm, a breakdown strength of 3MVcm�1 and a high

dielectric constant of�30. Two key conditionsmust be satisfied

in theHiTUS system for high-kHfOx to be produced. Firstly, the

correct oxygen flow rate is required for a given sputtering rate

from the metallic target. Secondly, there must be an absence of

energetic oxygen ion bombardment to maintain an amorphous

microstructure and a high flux of medium energy species

emitted from the metallic sputtering target to induce a cubic-

like short range order. This HfOx is very attractive as a

dielectric material for large-area electronic applications on

flexible substrates.
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Hafnium oxide (HfOx) is a wide
bandgap material whose high resistivity, high dielectric
constant, k, and large conduction and valence band offset
with respect to silicon has led to its adoption as a replacement
for silicon dioxide as the gate dielectric in CMOS devices
[1, 2]. In particular, the high value of k (typically�25) allows
the thickness of the gate insulator to be increased whilst
maintaining the same gate capacitance, resulting in a
reduction in the gate leakage current due to electron
tunnelling [3–5]. The industrial relevance of HfO2 is evident
by Intel Corporation’s milestone of incorporating high-k
hafnium-based dielectric material into their 45-nm CMOS
process technology [6, 7]. Thin film transistors (TFTs) based
on metal oxide channel materials such as zinc oxide (ZnO),
[8–14] indium zinc oxide (IZO) [15, 16] and indium gallium
zinc oxide (IGZO) [17–19] may equally benefit from
incorporation of HfO2 as the gate dielectric. The motivation
for this is the drive towards flexible displays on plastic
substrates using organic (polymer or small molecule) light
emitting diodes (OLEDs) [20]. In a similar fashion to the
commonly available active matrix (AM) liquid crystal
displays (LCDs), OLED displays also require an AM array
of TFTs to control the light emission from each pixel.
However, the performance required of the TFTs is quite
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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different and, in particular, the TFTs in AMOLED displays
require amuch higher on-state current and greater duty cycle
compared to those used for AMLCDs.

The TFTs that are currently used in AMLCDs are based
upon an hydrogenated amorphous silicon (a-Si:H) channel
and silicon nitride (SiNx) gate insulator. They suffer from a
significant threshold voltage shift as a function of time with
a gate bias applied, and deposition by standard rf plasma
enhanced chemical vapor deposition (PECVD) typically
requires the substrate to be heated to temperatures in excess
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of 200 8C,which is incompatible withmost plastic substrates
[21].Although other techniques are being developed to allow
deposition at lower temperatures [22–26] and compensation
circuits are being devised to counteract the threshold voltage
shift [27, 28] to allow a-Si:H TFTs to be used in AMOLED
displays, both of these approaches add complexity to the
device fabrication process. Compared to the incumbent
a-Si:H TFT technology, metal oxide TFTs have demon-
strated a much higher field effect mobility (typically 10–
50 cm2V�1 s�1) and enhanced stability, making them an
attractive alternative for AMOLED display backplane
applications.

Although much has been made of the selection of the
metal oxide semiconductor in published literature for metal
oxide TFTs, there has been less focus on the equally
important choice of gate dielectric. HfOx is one such
candidate material. Deposition of HfOx has been achieved
using pulsed laser deposition (PLD) [29], atomic layer
deposition (ALD) from metalorganic precursors [2, 30], and
rf magnetron sputtering from a HfO2 target [31, 32] and a
metallic Hf target [33, 34] in a gas mixture of argon and
oxygen. However, in order to achieve good electrical
characteristics, deposition at high temperatures or a post-
deposition anneal is required. In addition, PLD and ALD
operate at relatively low growth rates of 0.1–1 nmmin�1.
This limits the potential process scalability for high volume
manufacturing on an industrial scale where films of tens to
hundreds of nanometres in thickness are required, especially
for thin film electronic application such as TFT arrays for
display backplanes.

Amongst the various deposition techniques, ALD has
been themost frequently studied for depositing theHfO2 gate
dielectric for CMOS devices at elevated temperatures. The
resulting HfO2 films tend to be polycrystalline, and may
consist of various crystalline phases: monoclinic, cubic,
tetragonal, and orthorhombic [1, 3–5, 35, 36]. The mono-
clinic phase is the most stable polymorph of HfO2 under
normal conditions (i.e., the most stable phase for HfO2),
but it has the lowest k value (�20). The cubic phase, which
is metastable, but can exist indefinitely under normal
conditions, has a higher k (�30) whilst the tetragonal
phase has the highest k value (�40 or higher) [36, 37].
While polycrystalline HfO2 may contain phases with
higher k values at local sites, the presence of grains
and grain boundaries in polycrystalline films has an
undesirable influence on the device-to-device uniformity,
leakage current and device stability. Therefore, amorphous
gate dielectrics are preferable. However, it has remained
an ongoing challenge to deposit amorphous HfO2 at low
temperature with high k values (>20).

The authors have previously reported that a high-k
(k� 30) cubic-like amorphous HfOx (ca-HfOx, x¼ 2.1)
phase exists in thin film form [38]. The present paper
discusses the mechanism by which this ca-HfOx may be
deposited at low temperature using a technique called high
target utilization sputtering (HiTUS). The advantages of the
HiTUS technique are illustrated by comparing HfOx films
www.pss-b.com
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deposited by this method with those deposited by conven-
tional 13.56MHz radio-frequency (rf)magnetron sputtering.
No intentional substrate heating and no post-deposition
annealing is employed in either case, resulting in a process
that is compatible with the use of plastic substrates. Reactive
sputtering from ametallic target in the presence of argon and
oxygen gases is used in both techniques. It is demonstrated
that the use of a metallic target affords control of the
oxidation state of the surface of the target and sample.

An optimization study of HfOx thin films deposited by
rf magnetron sputtering and HiTUS is described in the
following sections. The electrical and physical properties of
the optimized material is presented and correlated with
the energetics of deposition. The material properties are
compared with the requirements of a gate dielectric in TFT
applications.

2 Experimental
2.1 Rf magnetron sputtering A standard rf mag-

netron sputtering system (CCR Technology GmbH) was
used for HfOx deposition. The system contains three targets.
The vacuum chamber is pumped by a turbo/rotary pump
combination and a base pressure of�10�6mbar is achieved
prior to deposition. 13.56MHz rf radiation is applied to a
100mm diameter metallic hafnium target of 99.999% purity
(Testbourne Ltd.) in an atmosphere of argon and oxygen
gases, both of which have a 99.999% purity (BOC Gases
Ltd). Gas flow is regulated by mass flow controllers. A
stainless steel shroud is placed around the target that extends
down to just above the sample, which is 100mm below
the target. The shroud is only used for metallic oxide
depositions, and therefore serves to reduce the contami-
nation of the sputteredHfOx sample by other impurities in the
vacuum chamber. Furthermore, it confines the plasma to a
small volume, thereby increasing the deposition rate for a
given rf power.

2.2 High target utilization sputtering (HiTUS) A
schematic diagram of the HiTUS deposition system is
illustrated in an earlier publication [39]. The HiTUS
deposition system generates a remote, high-density rf argon
plasma in the sidearm, which is then amplified and directed
onto the target using two electromagnets. Although the
plasma has a high density �1013 cm�3, the ion energy is
<50 eV, and hence sputtering is only achieved with the
application of an additional target bias. This enables a
high level of independent control of the sputter deposition
parameters and decouples the ion density (which is
controlled by the rf antenna power supply) from the ion
energy (which is controlled by the bias power supply). The
substrate to target distance is 250mm, and so the sample is
removed from the magnetically confined sputtering plasma.
A reactive deposition process is used to generate the oxide
film required. This is when a metal target is used with an
argon/oxygen gas mixture resulting in very high deposition
rates. The argon and oxygen are injected into the chamber
separately using gas distribution rings, with the argon next to
www.pss-b.com
the target and the oxygen in close proximity to the substrate.
The remote generation of the plasma enables nearly full
target erosion; this substantially reduces the level of target
poisoning observed compared to magnetron processes [40],
and no feedback mechanism is required. Deposition of HfOx

is performed using the HiTUS system without intentional
substrate heating from a 400 diameter metallic hafnium target
of 99.999% purity and 6mm thickness (Testbourne Ltd) in
an atmosphere of argon and oxygen gases, both of which
have a 99.999% purity (BOC Gases Ltd). The chamber is
pumped to a base pressure of 2� 10�6mbar. Argon gas is
then admitted at a flow of 50 sccm which raises the pressure
to 2� 10�3mbar. The rf launch power is 1 kW, the DC bias
power is varied from 600 to 1200W, and the oxygen flow is
varied between 10 and 20 sccm.

2.3 Characterization methods HfOx samples, with
film thickness in the range of 50–300 nm, were deposited
onto clean, n-type Si(100) wafers. Their refractive index and
thicknesswere determined using aGaertnerHe–Ne (633 nm)
ellipsometer. The thickness of selected films was cross-
checked by cross-sectional transmission electron micro-
scopy (TEM) and X-ray photoelectron spectroscopy (XPS)
depth profiling using Ar-ion sputtering.

Metal-insulator-semiconductor (MIS) capacitor struc-
tures were formed by thermally evaporating chromium/
aluminum bilayer contacts of �100 nm thickness onto
the HfOx sample through a shadow mask with holes of
0.5, 0.7, and 1.0mm diameter. Electrical characterization
was performed using an Agilent B1500A Semiconductor
Parameter Analyser or a Hewlett Packard HP4140B
picoammeter/voltage source, and a Hewlett Packard
HP4192A LF impedance analyzer. A delay time of several
seconds was used between the application of a voltage and
measurement of the current to allow the reading to stabilize.
The resistivity was calculated from current–voltage (I–V)
measurements at an applied field strength of 1MV cm�1, as
this is a typical operating field in a TFT. The breakdown field
was defined to have occurred when the current density
reached 0.02Am�2 [41]. The dielectric constant was
extracted from capacitance–voltage (C–V) characteristics,
measured at a frequency between 1 kHz and 1MHz, using
the formula
C ¼ ke0A
d

; (1)
where C is the measured capacitance, e0 is the permittivity
of free space, A the capacitor area, and d is the film
thickness.

Samples for plan view TEMwere deposited onto silicon
nitride membranes and analyzed using a Tecnai F20
instrument operating at 200 kV. X-ray diffraction (XRD)
measurements (theta–theta scans) were performed using a
Bruker D8 with Cu Ka (0.154 nm) radiation. Samples were
tilted out of plane by 38 to supress the intense (400) reflection
of the single-crystalline Si wafer. The experimental diffrac-
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion patterns were matched with reference patterns from the
International Centre for Diffraction Data (ICDD; powder
diffraction files 53–0550 and 34–0104) and with [35]. XPS
was performed using an Amicus Photoelectron Spec-
trometer. The optical transmission spectrum was measured
using a Perkin Elmer LAMBDA 950 UV/Vis/NIR Spectro-
photometer.

3 Results and discussion
3.1 Rf magnetron sputtered films Rf magnetron

sputtering of HfOx takes place at gas pressures
�1� 10�3mbar. At this pressure, the mean free path of
species in an O2/Ar gas mixture is 5.5 cm, and this is
relatively independent of the gas mixture due to the very
similar collision diameter of these two gases [42]. Therefore,
it is clear that the likelihood of gas phase reactions between
Hf atoms that have been sputtered from the target and oxygen
species in the plasma is very low.On the other hand,Hf is one
of themost easily oxidizedmetals – indeed, it is often used as
a getter for oxygen gas. The time for complete exposure of a
surface to a gas at a pressure of �10�3mbar is �10�3 s. It
follows that this is also a goodmeasure of the time required to
oxidize the Hf target surface. Hence, the mechanism by
which HfOx is sputtered from a metallic target is a two-stage
process: firstly the target surface is oxidized and sub-
sequently HfOx species are sputtered from the target,
primarily by the high mass argon ions in the plasma. The
observation of a colored HfOx thin film on the target surface
at the end of a deposition is indicative of this oxidation
process.

High quality HfOx is deposited under conditions where
the oxidation rate is sufficiently high relative to the
sputtering rate to ensure that metallic Hf is not sputtered.
Under low pressure conditions, an optimum flow ratio of
O2/Ar is observed. This can be seen in the variation in
refractive index and deposition rate as a function of flow
ratio shown in Fig. 1. For low O2/Ar flow ratios, there is
insufficient oxygen present for oxidation of the Hf target
surface, whilst the high concentration of Ar means that the
Figure 1 Variation in the deposition rate and refractive index of rf
magnetronsputteredHfOxsamplesasa functionofO2/Arflowratios.

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
sputtering rate (and hence the deposition rate) is high. For
very high O2/Ar ratios, there is insufficient Ar present to
maintain an effective sputtering process as the target
becomes heavily poisoned, and the deposition rate falls
appreciably, as does the refractive index. Based on Fig. 1, the
optimal O2/Ar flow ratio for the rf magnetron sputtering
system is near 1:1. This is higher than might be expected
due to the presence of the shroud which limits the ingress of
gas into the plasma region, where the oxygen is effectively
consumed in the oxidation process. The optimum flow ratio
is reduced when no target shroud is employed.

Figure 2 shows how the current density varies as a
function of applied electric field for an optimized HfOx

sample (based on an O2/Ar flow ratio of 1:1). Very low
current densities are observed under the application of
moderate electric fields which corresponds to a resistivity
of (3.8� 0.3)� 1013V cm. This is comparable with the
resistivity of silicon nitride used in a-Si:H TFTs. Under
these moderate electric fields (�1MVcm�1), Poole-Frenkel
conduction dominates, as can be seen by the linear form of
the graph shown as the inset to Fig. 2. The Poole-Frenkel
current is governed by the relation
Figu
for
(�1
J ¼ E exp
2a

ffiffiffiffi
E

p
� bfb

kBT

� �
; (2)
where J is the current density,E the electric field strength, fb
the barrier height, kB the Boltzmann constant, T the absolute
temperature, and a and b are constants. Such conduction
is caused by the excitation of trapped electrons into the
conduction band of the insulator where the field reduces the
barrier [43]. The material is found to break down under
the application of an electric field of 3.5MV cm�1 for a
sample of �100 nm thickness.

The capacitance–voltage curves for MIS structures
incorporating the optimized HfOx are shown in Fig. 3. Very
little hysteresis is observed in these curves. The fixed charge
density is estimated to be 2.25� 1012 cm�2 and the flat band
voltage is �1.5V. The dielectric constant of the HfOx is
re 2 Leakage current density as a function of electric field
an optimized rf magnetron sputtered HfOx dielectric film
00 nm thick). Inset shows a Poole-Frenkel plot.

www.pss-b.com
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Figure 3 Capacitance–voltage characteristics for an optimized rf
magnetron sputtered HfOx dielectric film (�100 nm thick). Meas-
urements were performed using MIS capacitor structures. Inset is a
TEM micrograph of a typical film with associated electron diffrac-
tionpattern showing thepresenceofnanocrystals ofHfOxembedded
in an amorphous matrix. The lattice spacing observed in the crys-
talline regions is consistent with a monoclinic structure.

Figure 4 Variation in the (a) deposition rate, (b) refractive index,
(c) resistivity, (d) breakdown field and (e) dielectric constant of
HiTUS HfOx as a function of target power.
found to be 18.2, which is comparable with measurements
performed on material deposited by PLD and ALD [2, 44].

The microstructure of the optimized rf magnetron
sputtered HfOx has been investigated (inset to Fig. 3) by
TEM. The results revealed that the material is nanocrystal-
line in nature with randomly oriented, small crystals�10 nm
in diameter being embedded within an amorphous matrix.
This is consistent with the electron diffraction pattern which
consists of broad, amorphous rings together with bright spots
that are caused by the presence of the crystals (see inset to
Fig. 3).

The fact that the crystals are very small and are
surrounded by amorphous material means that there are no
grain boundaries which extend through the whole thickness
of the insulating layer. Consequently, the resistivity is high
and relatively uniform across the sample. It is likely that
the surface of the crystals is highly defective, and these
may act as traps for electrons, which is consistent with
the Poole-Frenkel tunnelling mechanism that dominates the
conduction process.

3.2 HiTUS films The growth mechanism of thin films
deposited by the HiTUS system is very different to that
deposited by the rf magnetron sputtering system. In the latter
case, oxidation takes place near the target, and the primary
species sputtered from the target is likely to be HfOx. In such
a configuration, target poisoning (i.e., over-oxidation of the
target) is a major concern. In contrast, for the HiTUS system,
the oxygen gas is injected close to the sample where it is
effectively gettered by the depositingmetal, and so oxidation
occurs at or close to the substrate. This has two important
consequences: first, the plasma beam is dominated by a flux
of argon ions which bombard the metallic hafnium target,
and second, the absence of oxygen in the plasma means that
there is no oxygen ion bombardment of the sample. For the
www.pss-b.com
purposes of depositing high quality HfOx, it is therefore
clearly critical that there is sufficient oxygen in the system
relative to the metallic sputtering rate for full oxidation of
the sample, but not excess oxygen so that oxygen starts
to enter the sputtering plasma leading to both oxygen ion
bombardment and target poisoning.

Therefore, initial development ofHiTUSHfOx thin films
focused on examining the variation in material properties
as a function of target power and oxygen flow rate, which
largely controls the sputtering rate ofmetallic content and the
oxidation rate of themetallic species, respectively. As shown
in Fig. 4a, the deposition rate increases with target power
(with all other parameters fixed), which can be explained
by an increase in sputtering rate of the metal target. This
increase in metallic content of the HfOx thin film is reflected
in the increase in the refractive index (due to increasing
density [45]) with increase in target power in Fig. 4b, and in
the decrease in the electrical resistivity as target power
increases above 900W in Fig. 4c. Excessive target power
also causes a drop in the breakdownfield, as shown in Fig. 4d,
which is most likely due to a reduction in the insulating
properties with increased metallic content. Figure 4e reveals
an increase in the dielectric constant from 23 to 32 as
the target power increases from 600 to 1200W. Both the
increase in refractive index and in dielectric constant
suggests densification of the thin film with increasing target
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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power [45, 46]. In general, to be suitable as a gate dielectric in
TFTs, wewant to select a filmwith the highest resistivity and
the highest breakdown strength. From this study of the
impact of target power, it is concluded that, for the deposition
conditions considered here (15 sccm of oxygen), a target
power of 800–900W appears optimal. This results in a
deposition rate of �25 nmmin�1, an average refractive
index of 2.09, an average resistivity of 1014V cm, an average
breakdown field of 2.5MVcm�1 and a dielectric constant
of 30.

The impact of oxygen flow rate on the deposition rate
of HfOx is illustrated in Fig. 5a. As the oxygen flow rate
increases, the deposition rate decreases as a result of
increased oxidation at the target surface. When the oxygen
flow rate is too low, there is insufficient oxidation near the
substrate and sputtering of metal atoms dominates the
deposition process to yield a higher deposition rate.
However, this leads to HfOx films with a relatively high
refractive index and an undesirably low resistivity as shown
in Fig. 5b and c, respectively, suggesting too much metallic
content. On the other hand, when the oxygen flow rate is
sufficiently high, the oxidation process dominates over the
sputtering process, leading to a more resistive film deposited
at a lower rate. A high oxygen flow rate is necessary to trigger
sufficient oxidation to yield HfOx films with a higher
breakdown field (see Fig. 5d). To be applicable as a gate
Figure 5 Variation in the (a) deposition rate, (b) refractive index,
(c) resistivity, (d) breakdown field, and (e) dielectric constant of
HiTUS HfOx as a function of oxygen flow rate.

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
dielectric material, HfOx needs to be as resistive as possible
with a high breakdown strength. Thus, a high oxygen flow
rate is desirable, but at the expense of a lower deposition rate.
The importance of an adequate quantity of oxygen species in
metal oxides is key as oxygen vacancies are normally the
dominant source of charge traps in HfOx films. It has been
reported that deposition and/or post-processing conditioning
in an oxygen-rich ambient is desirable for removal or
passivation of these defects [47]. Thus, it appears that a high
oxygen flow rate is required for reducing the defect density in
HfOx. Figure 5e reveals a decrease in the dielectric constant
from 34 to 24 as the oxygen flow rate increases from 12 to
20 sccm. The concurrent decrease in refractive index and in
dielectric constant suggests a reduction in the film density
with oxygen flow rate, which can be explained by a reduction
in the relative metallic content in the film [45]. From this
study of the impact of the oxygen flow rate, it is concluded
that, for the deposition conditions considered here (800W of
target power), an oxygen flow rate of 14–15 sccm appears
optimal, resulting in a deposition rate of �25 nmmin�1, an
average refractive index of 2.1, an average resistivity of
1014V cm, an average breakdown field of�3MVcm�1 and
a dielectric constant of up to �32.

Figure 6 (adapted from the authors’ previous report on
this material [38]) plots the leakage current density as a
function of electric field for an ‘‘optimized’’ HfOx thin film
(deposited at target power of 800W and oxygen flow rate
of 15 sccm). A leakage current density in the range of
1–10 nA cm�2 is observed for electric fields <1MVcm�1.
Under moderately high electric fields (�1.5–2MV cm�1),
Schottky Emission conduction dominates, as can be seen by
the linear form of the graph shown as the inset to Fig. 6. In
these conditions, the barrierfb between the Fermi energy in a
metal and the conduction band in an insulator is sufficiently
lowered to allow thermally excited carriers to make this
Figure 6 Leakage current density as a function of electric field
characteristics for an optimized HiTUS HfOx thin film (adapted
from Ref. [38]). The film thickness is approximately 100 nm.
Inset shows a Schottky Emission plot in the high field regime.
Measurements were performed using an MIS capacitor structure.

www.pss-b.com
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transition, resulting in a Schottky Emission Current, which
is described by
Figu
and
as as
labe
of m
broa
HfO
cubi
refle
amb

www
J ¼ cT2exp
a

ffiffiffiffi
E

p
� bfb

kBT

� �
(3)
where J is the current density,E the electric field strength, fb
the barrier height, kB the Boltzmann constant, T the absolute
temperature, and a, b, and c are constants. In comparison
to the trap-assisted Poole-Frenkel conduction observed
in rf magnetron sputtered HfOx films, the observation
of Schottky emission for HiTUS sputtered HfOx is an
indication of an apparent reduction in the bulk defect density
in the film. Schottky emission has also been reported in rf
sputtered HfO2 after annealing at 500 8C in a N2 atmosphere
[48], and in PLD HfO2 annealed at 500 8C in N2 [49]. By
comparison, an advantage of HiTUS HfOx is the ability to
obtain equivalently good quality films (controlled defect
density) without substrate heating during growth or post-
deposition annealing. Temperature-dependent current–
voltage measurements are being examined to develop a
better understanding of the underlying current conduction
mechanisms.

The capacitance–voltage curves for the MIS structures
incorporating the ‘‘optimized’’ HfOx have been previously
reported by the authors [38]. The dielectric constant of this
HfOx is found to be 30.6. Very little hysteresis is observed;
re 7 X-ray diffraction (XRD) scans of typical as-deposited (a)
vacuum annealed (b) rf-magnetron sputtered HfOx films as well
-deposited (c) andvacuumannealed (d)HiTUSHfOxfilms.The
led peak in (a) and (b) can be assigned to the strongest reflection
onoclinic HfO2 (labelled m, ICDD-PDF file 34-0104). The
ddiffraction featurearound�328 in (c) isascribed toamorphous

x, while (d) matches the diffraction pattern of polycrystalline
c HfO2 (labelled c, ICDD-PDF file 53–0550; � Designates two
ctions from a minor contribution from another phase that is
iguous to assign).
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the fixed charge density is estimated to be 3.76� 1012 cm�2

and the flat band voltage is 2.5V.
The microstructure of typical HiTUS HfOx samples has

been studied by XRD and compared to typical rf-magnetron
sputtered films in Fig. 7. To seek more in-depth insights in
the film microstructure, we also examined the XRD scans of
rf magnetron sputtered and HiTUS films after vacuum
annealing (�10�7mbar) at �640 8C for 35min. The as-
deposited rf magnetron sputtered film shows a diffraction
peak corresponding to the most intense reflection of
monoclinic HfO2 (Fig. 7a). This is commonly assigned to
monoclinic nanocrystallites [50] and is in agreement with
our TEM results (Fig. 3inset). The XRD scan for the rf
magnetron sputtered film does not change significantly after
annealing (Fig. 7b), indicating the film does not undergo
further crystallization.

In contrast, the as-deposited HiTUS HfOx film exhibits
only a very diffuse reflection centered around 328 (Fig. 7c)
which is commonly ascribed to an amorphous structure [51],
which, by definition, refers to a solid with no long-range
order but with local short-range order of 1–2 bond lengths
distance. We have previously confirmed the amorphous
structure of these HiTUS films by TEM (see Fig. 3 in
Ref. [38]).

The annealed HiTUS film exhibits a clear diffraction
pattern of predominantly polycrystalline cubic HfO2 (with a
small contribution of another ambiguous phase), as shown in
Fig. 7d. The crystallographic evolution from an amorphous
to a predominantly cubic phase is rare for HfO2 films, as the
appearance of a cubic phase is commonly accompanied by
other polymorphs [52, 53]. Based on this unusual crystal-
lization behavior we suggest that the as-deposited amor-
phous HiTUS HfOx possesses a disordered cubic-like
short-range order (i.e., the Hf atoms tend to be eightfold
coordinated and the O atoms tend to be fourfold coordinated
as opposed to the monoclinic coordination of seven for Hf
and either three or four for O) [54]. This short-range order
acts as nucleation sites for topotactic rearrangement to yield
a crystalline cubic phase upon high temperature annealing.

This is consistent with the high k of 30 measured in
HiTUS films, since k values in the range of 30–35 are often
linked to cubic polymorphs of HfO2 [36, 37]. Such a
connection between a high k in amorphousHfO2 and a cubic-
like short-range order was also suggested by recent
simulations of the structure and dielectric properties of
amorphous HfOx [55]. This cubic-like amorphous hafnium
oxide (ca-HfOx) is in contrast to the rf magnetron sputtered
HfOx, which is monoclinic and possesses a significantly
lower k� 18. This is in good agreement with previously
published literature where the monoclinic phase (incl.
monoclinic-like local coordination in amorphous films) is
often linked to a lower k value (k� 20) [36, 37, 56].

Further characterization shows that the HiTUS ca-HfOx

has an optical (Tauc) gap of �5.4 eV. Depth resolved XPS
measurements demonstrate only signals fromHf andO in the
films (not shown) and thus establish that the HiTUS films
are free from any elemental impurities. This is important
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Summary of physical properties of rf magnetron sputtered HfOx and HiTUS ca-HfOx thin films. Properties of high quality
rf-PECVD silicon nitride dielectric (from Ref. [59]) are also included for comparison. The values quoted for HfOx correspond to the
‘‘optimized’’ recipes.

parameter rf magnetron sputtered HfOx HiTUS ca-HfOx rf-PECVD silicon nitride

substrate temperature (8C) 25 25 300
deposition rate (nm min�1) 1.6 25 6.2
refractive index 1.73 2.05 1.9
resistivity (V cm) at 1MVcm�1 3.8� 1013 1.4� 1014 1� 1014

breakdown field (MV cm�1) 3.5 3 10
dielectric constant 18.2 30 7.5
structure nano-crystalline amorphous amorphous
‘‘optimized’’ recipe 1:1 O2:Ar flow ratio 15 sccm O2 flow, 800W target power see Ref. [59]
since impurities have previously been reported to stabilize
metastableHfO2 polymorphs [30, 57, 58], and thus the purity
of the samples (XPS sensitivity limit<0.1–1%) ensures that
the unique film properties are only related to the HiTUS
deposition. A Hf:O stoichiometry ratio of 1:2.1 is estimated
from XPS.

The HiTUS films exhibit an average resistivity of
1.2� 1014V cm and a breakdown strength in excess of
3MV cm�1. These properties are comparable to those
of PECVD silicon nitride for a-Si:H TFTs (see Table 1)
[59] and fulfill the requirements for such a gate dielectric
material.

Based on the XRD results, it is observed that the HiTUS
deposition system can produce ca-HfOx without intentional
substrate heating (heating from momentum transfer and
secondary electrons is significantly less than 100 8C).
Crystallization during room temperature magnetron sputter
deposition can be attributed to bombardment of the sample
surface by oxygen ions [46, 60]. As discussed previously,
such oxygen ions are not normally present in HiTUS
sputtering, allowing the direct formation of an amorphous
material.

However, there is a second issue as to the reason why the
HiTUS deposition permits the formation of a cubic-like
short-range order while rf magnetron sputtering favors
monoclinic structures. In general, the monoclinic phase of
hafnium oxide is favored at room temperature and pressure
(RTP) as it has the lowest free energy of formation and
the lowest density [1]. Therefore, it was expected that the
amorphous state of this material would also favor a
monoclinic short-range order [56]. However, it is known
that othermaterialswhich can exist in a number of crystalline
phases do not always adopt the short range order of the
lowest free energy phase in their amorphous state at RTP.

Perhaps the most well-known of these is carbon. In this
case, the graphitic phase has a lower free energy than the
diamond phase, but under the correct growth conditions,
amorphous thin films may be deposited with predominantly
diamond-like (sp3) short-range order rather than graphitic-
like (sp2) short-range order [61]. Diamond-like carbon
(DLC) material with a high sp3 content is frequently
deposited by ion-assisted deposition techniques, such as
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
filtered cathodic vacuum arc (FCVA) [62]. In these cases, the
sp3 content is highly dependent on the energy of the carbon
species arriving at the growth surface, with the highest sp3

content achieved for ion energies of �100 eV [63]. This is
explained by a subplantation model [61]. If the incoming
carbon ion has an energy, Ei, that is less than a penetration
threshold energy, Ep, then it will only be able to bind to the
growth surface without penetration. In the absence of any
constraints, the low energy sp2 bonding results. However,
if Ei>Ep, then the ion will penetrate below the surface,
increasing the density in this subsurface growth zone, with
the result that the ion takes up the more dense sp3 bonding
configuration. Provided that there is not a large quantity of
excess energy to allow relaxation of the system back to the
low energy sp2 state, then a DLC material will result.

In this work, it is postulated that the HiTUS sputter
conditions allow a similar subplantation process to occur,
leading to the formation of ca-HfOx, rather than a
monoclinic-like amorphous material. The key material
parameter in assessing this is Ep. This is not a simple
parameter to assess as it is known that the surface of the ca-
HfOx is only partially oxidized at anymoment in time during
growth. For simplicity, the case of metallic Hf will be
considered in the first instance. When an atom or ion arrives
at the growing surface, there is an energy gain associated
with surface binding, Eb, as the surface appears as an
attractive potential. Therefore, the total energy of the
incoming atom or ion isEiþEb. This surface binding energy
is 6.85 eV for Hf [64]. For penetration to occur, the total
energy of the incoming atom, EiþEb, must exceed the
displacement threshold energy Ed, so
Ep ¼ Ed � Eb: (4)
There are no reports of the value of Ed value for Hf,
but it is known empirically that Ed is between four and
five times greater than the cohesive energy for most metals
[65], and so 29 eV would be a good estimation, suggesting a
penetration energy of �24 eV. Therefore, for the higher
density ca-HfOx to be formed, the Hf atoms arriving at
the growth surface must have an energy greater than this,
otherwise a monoclinic microstructure will result.
www.pss-b.com
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Using the work of Drüsedau et al. [66], it is possible to
estimate both the average and maximum energies, hEati and
Emax, respectively, of incoming Hf atoms from rf magnetron
and HiTUS sputtering. Emax is given by
Figu
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Emax ¼ kGE0 � Eb; (5)
where k is the energy dissipation in the collision cascade
(0.42 for Hf from Ref. [66]), G is the sputtering efficiency,
which is 0.60 for Hf sputtering with Ar ions and E0 is the
energy of the incoming Ar ions. The average kinetic energy
is then given by
Eath i ¼ E
2=3
b E1=3

max: (6)
Therefore, given that for both rf magnetron sputtering
and HiTUS sputtering, low pressure regimes are employed
with low probabilities of gas phase interactions between the
target and sample, E0 is the key parameter controlling the
energetics of the arriving Hf species which is different
between the two systems. For the rf magnetron sputtering
system, E0 will be limited to the dc offset potential of the
target, which is measured to be�145V. Substituting 145 eV
for E0 into Eq. (5) gives 36.5 eV for Emax and hence 12.0 eV
for hEati. Hence, very few species are likely to have an
energy greater than Ep. In the case of HiTUS deposition,
however, E0 is very well defined by the target potential,
which is measured to be 520 eV. This results in significantly
higher values for both Emax and hEati of 124 and 18 eV,
respectively. In this case, a significant proportion of the
depositing Hf species will have sufficient energy to subplant
below the growing surface, leading to material densification,
and the formation of the cubic-like short range order, as
observed experimentally, and illustrated in Fig. 8.

The proposed mechanism for ion bombardment induced
growth of cubic-like amorphous (short-range ordered)
hafnium oxide at low temperature using the HiTUS process,
as described above, is simplistic in that it does not account for
(i) variable collision angle incident on complex bonds and
re 8 Schematic illustration of the growth of ca-HfOx using the
US process highlighting the presence of well-defined growth
s. The top surface is dominated by chemisorbed species (most
bly molecular oxygen). Beneath this there is a low-density
th front due to deposition by low energy presursors, with a
er subsurface compaction zone below this where subplantation
curring.Both thegrowth front and compaction zoneare likely to
nly a fewmonolayers think, and therefore chemisorbed oxygen
diffuse into this region.
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unbound species present within the lower density evolving
growth front and (ii) associated collision cascade events as
they penetrate into the altered layer (densifying transition
thickness) with concomitant atomic movement that pro-
motes the formation of the bulk cubic-like amorphous oxide
film properties observed.

The specific nature and properties of the bombarding
species, the importance of the atom-to-ion arrival rate ratio
and energy range, and the role played by the chemisorbed
oxygen at the onset of the coating growth need further
investigation in order to develop a better understanding of
the mechanism(s) by which the ion bombardment, as
provided by the HiTUS process, imparts a window of energy
to promote appropriate molecular dissociation, lattice
displacement, and atomic rearrangement under minimal
damage and stress relaxation conditions that are believed to
be at the heart of the low temperature production of ca-HfOx.

3.3 Material comparison for large-area elec-
tronic applications Table 1 compares the properties of
HfOx thin films deposited at room temperature by rf
magnetron sputtering with ca-HfOx deposited by the HiTUS
system and silicon nitride deposited at 300 8C by rf plasma
enhanced chemical vapor deposition (rf-PECVD), as used in
a-Si:H TFTs. Generically, it is clear that the resistivity and
breakdown strength of the HfOxmaterial deposited by either
technique is of the same order as for silicon nitride, and this
makes the application of HfOx as the gate dielectric in TFTs
viable. However, there is the advantage that the dielectric
constant of the ca-HfOx is significantly higher than for
silicon nitride, which allows a greater on-state current for the
same applied gate voltage, and the deposition temperature is
compatible with the use of plastic substrates. This will be of
particular relevance in TFTs for AMOLED displays.

However, the HiTUS ca-HfOx has further key advan-
tages over the rf sputtered material. The elimination of
oxygen ion bombardment in the HiTUS system means that
material can be depositedwith an amorphousmicrostructure.
This has a profound influence upon electrical properties as
conduction under the application of moderate fields is now
dominated by surface effects (Schottky emission) rather
than bulk defects associated with grain boundaries (Poole-
Frenkel tunneling). It is for this reason that the HiTUS
ca-HfOx has a significantly enhanced resistivity and
dielectric constant compared with rf magnetron sputtered
HfOx. The HiTUS material is also more dense, as can be
seen by comparing both the refractive index and dielectric
constant (see Table 1) [45, 46]. Also, from a manufactur-
ability perspective, the significantly higher growth rate
achieved by HiTUS sputtering makes this technique
intrinsically more cost effective for large-area electronics.

4 Conclusions It has been demonstrated that high-k
amorphous HfOx dielectric layers can be grown without
substrate heating by the HiTUS system from a metallic
hafnium target. The thin films produced using the HiTUS
process demonstrate a high resistivity of up to 1014V cm,
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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high breakdown strength of 3MV cm�1, and a high dielectric
constant of 30. These properties are superior to rf magnetron
sputteredHfOx thin films, which are characterized by a lower
electrical resistivity, a lower dielectric constant, a higher
defect density and a nanocrystalline microstructure. The
amorphous phase is facilitated in the HiTUS process by
the absence of oxygen ion bombardment of the substrate
during growth. The amorphous HfOx produced by the
HiTUS system is characterized by a much higher k and
formed at a higher deposition rate than other previously
reported amorphous HfO2 films. XRD results of HiTUS
HfOx indicate that the film possesses a short-range order
dominated by cubic-like atomic coordination which leads
to the high k values measured. It is postulated that the
HiTUS process allows growth of this cubic-like amorphous
(ca-)HfOxmaterial through a higher energy of depositing Hf
species compared with rf magnetron sputtering, which
exceeds the threshold penetration energy leading to material
densification through subplantation. The ca-HfOx produced
is compatible with use as the gate dielectric layer in
TFTs for AMOLED displays on plastic substrates, and is
an attractive dielectric option for other large-area electronic
applications.
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