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Resistive switching dependence on atomic layer
deposition parameters in HfO2-based memory devices†

Raúl Zazpe,a Mariana Ungureanu,a Federico Golmar,ab Pablo Stoliar,‡acd

Roger Llopis,a Fèlix Casanova,ae David F. Pickup,fg Celia Rogerofh and Luis E. Hueso*ae

Resistance random access memory (ReRAM) is considered a promising candidate for the next generation

of non-volatile memory. In this work, we fabricate Co/HfO2/Ti devices incorporating atomic-layer-

deposited HfO2 thin films as the active material grown under different atomic layer deposition (ALD)

conditions. We focus on analyzing the effect of ALD conditions on the resistive switching behaviour of

the devices. Electrical characterization reveals a particular non-crossing current–voltage curve and

bipolar resistive switching behaviour. Device memory properties were confirmed by stability and

retention measurements as well as voltage pulses, by which logical computational processes were

conducted. X-ray photoelectron spectroscopy combined with electrical measurements demonstrates that

the presence of Hf sub-oxides at the interface with the underlying Ti layer is required in order to

achieve a stable switching device. The ability of Ti to scavenge oxygen from the HfO2 is shown to be

affected by the ALD conditions.
Introduction

Different candidates1 are being developed with the objective of
becoming the core of the next non-volatile memory (NVM)
generation. Properties such as short access time (<200 ns), long
lifetime (109 to 1012 cycles for writing/erasing and reading
processes respectively), low cost (<1 $ per GB), and low opera-
tion power (mW) are considered compulsory for new technolo-
gies to become competitive. Resistance random access memory
(ReRAM), based on the resistive switching (RS) phenomenon,
has emerged amongst the most promising candidates for new
NVM.2,3 The ReRAM memory cell usually has a metal/insulator/
metal (MIM) capacitor structure in which an insulating oxide is
sandwiched between twometal electrodes, while its operation is
based on the reversible voltage-induced switching between two
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stable resistance states. ReRAM devices based on different
transition metal oxides, such as SrTiO3,4–7 NiO,8–10 TiO2 (ref.
11–13) and ZnO,14–16 have been reported. Hafnium oxide (HfO2)
has also been studied17–22 mainly due to its well-known fabri-
cation technology, its good thermodynamic stability and its
high breakdown electric eld. In this work we fabricate MIM
HfO2-based devices, which have the structure highlighted in
Fig. 1a, and study the effect of the oxide deposition conditions
on their RS behavior. Electrical characterization is carried out
revealing unusual non-crossing current (I)–voltage (V) curves at
the origin and non-volatile memory properties. We present a
parameter diagram in which the occurrence of the switching
events is related to two different deposition parameters, namely
the nitrogen purge time and the deposition temperature. X-ray
photoelectron spectroscopy (XPS) is used to investigate the
origin of differing RS performance with respect to the device
Fig. 1 (a) Schematic diagram and electrical configuration of a typical Co/HfO2/Ti
sample with an array of devices. (b) X-Ray diffraction spectra from HfO2 thin films
grown at 250 �C, 300 �C and 350 �C. Labels indicate the main plane reflections of
the monoclinic phase.
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composition. Results revealed that the presence of Hf sub-
oxides (oxygen vacancies) was required at the HfO2/Ti interface
in order to achieve resistive switching. Generation of these
oxygen vacancies is attributed to the strong oxygen gettering
potential of the underlying Ti layer, which is found to be
dependent on the atomic layer deposition (ALD) conditions.
Such correlation between the XPS results and the RS perfor-
mance provides information on the switching mechanism.
Fig. 2 (a) Typical experimental current (I)–voltage (V) curve for the Co/HfO2/Ti
device with deposition conditions for HfO2, 300 �C and 5 seconds purge time. The
dotted lines indicate the direction of the I–V curve. (b) Consecutive experimental
I–V curves measured in the same device.
Experimental methods

Arrays of Co/HfO2/Ti devices (16 � 5 devices) were fabricated on
10 � 10 mm p-type silicon substrates covered by 150 nm of
thermally grown SiO2. The common Ti bottom electrode (20 nm
thick) was deposited by sputtering. Subsequently, HfO2 lms
(20 nm thick) were deposited by ALD23–25 using H2O vapour as
an oxidant and tetrakis(dimethylamino)hafnium (TDMAH) as
the Hf precursor in alternating pulses. Nitrogen was used as the
carrier and purging gas of the reaction in between pulses. The
lms were grown with different purge times (from 1 to 35
seconds) and deposition temperatures (from 125 �C to 350 �C).
The purge time can be dened as the delay time in between two
consecutive pulses where an inert gas purges the chamber to
eliminate unreacted precursors and by-products of the
process.26 Finally, 35 nm thick Co top metal electrodes capped
with Pd (200 � 200 mm2) were deposited by photolithography
and sputtering. The thicknesses and structural properties of the
HfO2 thin lms were determined by reectivity measurements
and grazing incidence X-ray diffraction respectively. The peaks
observed for samples grown at 300 �C and above result from a
monoclinic phase,25,27 with the exception of the reection peak
corresponding to a 2q value of 30.6 attributed to the ortho-
rhombic polymorph of HfO2.27 Whereas an amorphous struc-
ture was found at lower deposition temperatures as displayed in
Fig. 1b.

Electrical characterization was performed at a probe station
and involved current–voltage (I–V) sweeps, voltage pulse appli-
cation, minor loops, and stability and retention measurements
using a Keithley 2635A source meter controlled by custom
computer soware. The top and bottom electrodes were biased
and grounded, respectively (see Fig. 1a for a schematic repre-
sentation of a typical array of devices).

XPS experiments were performed using a Phoibos photo-
electron spectrometer equipped with an Al Ka X-ray source
(16 mA, 12.5 kV) as the incident photon radiation. The overall
resolution of the instrument was approximately 0.9 eV. At this
resolution the line energy positions could be determined with
an accuracy better than �0.2 eV. The pressure in the analyzing
chamber was <1.0 � 10�9 mBar during measurements.
Tantalum foil was used to create an electrical contact between
the sample surface and the sample holder to avoid charging
effects. Calibration of the binding energy scale was performed
by xing the adventitious C 1s peak to a value of 284.8 eV.
CasaXPS soware (version 2.3.15) was used to analyze the
sample spectra.28 A Shirley type baseline was employed and
Gaussian (70%)–Lorentzian (30%) (GL(30)) proles were used to
t the individual components. The background has been
J. Mater. Chem. C
subtracted in the spectra detailed in the gures. Depth proles
of the deposited lms were acquired by conducting XPS
measurements aer each argon ion beam etching cycle. To
avoid any signicant preferential sputtering and/or surface
roughness the use of an argon beam at grazing incidence and
very mild sputtering conditions were employed (1 keV for
10 minutes) during depth proling analysis.29 These conditions
resulted in the removal of 3–4 nm of material during each cycle,
a sputter rate of 0.3–0.4 nm min�1.
Results and discussion

We report the effect of the deposition process conditions on the
bipolar resistive switching behavior exhibited by Co/HfO2/Ti
devices. With the aim of changing the electronic properties of
the insulating material, we intentionally fabricated 26 samples
within a range of deposition temperatures (from 125 to 350 �C)
and purge times (from 1 to 35 seconds). Fig. 2a shows a char-
acteristic I–V curve displayed by a hysteretic Co/HfO2/Ti
device (HfO2 grown at 300 �C and with 5 seconds purge time)
where the dc voltage sweep is as follows: 0 V / 15 V / 0 V /

�15 V/ 0 V. The devices exhibit two different resistance states,
a high resistance state (HRS) and a low resistance state (LRS)
that can be alternated upon the application of an electric eld.
The process in which the device is switched from the HRS to the
LRS is known as SET. In the pristine state the device exhibits a
high resistance state (HRS) independent of the voltage bias
polarity. A typical forming procedure is not required in these
samples and the voltage value at which the rst SET process
occurs is basically the same as that observed for the subsequent
SET processes. A signicant characteristic displayed by the I–V
This journal is ª The Royal Society of Chemistry 2013
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curve is the change of the resistive state sensed (from LRS to
HRS) as the bias polarity is reversed as shown in Fig. 2a. This
behavior results in a particular non-crossing I–V curve at the
origin, where the two branches of the hysteresis curve do not
intersect, instead of the characteristic self-crossing I–V curve at
zero bias exhibited by materials displaying bipolar RS.30 In
Fig. 2a the device is in HRS as a positive voltage is applied until
it switches to a low resistance state (LRS) at z+4.5 V (VSET)
through the SET process, in which an abrupt change in the
resistance state of more than 3 orders of magnitude occurs. The
device preserves the LRS during the rest of the positive branch
of the I–V curve resulting in the hysteretic curve observed.
However as bias voltage is reversed the device is in HRS,
exhibiting similar behavior to that observed at the positive
branch, and switches to LRS at z�5.5 V (VSET) preserving such
resistance states until the bias returns back to zero volts. The
ILRS values are lower than 10 mA, suggesting voltage power
consumption in the mW regime. The device robustness, the I–V
curve reproducibility and the stability of both VSET values were
revealed aer conducting a signicant number of cycles (>100)
as shown in Fig. 2b.

Minor loops were performed in order to acquire a deeper
understanding of the observed non-crossing I–V curve and of
the memory retention. A minor loop consists of the application
of a voltage sweep as follows: 0 V / 15 V / A / 15 V / 0 V,
where A is a variable voltage value. In this work, the A voltage
values applied were: 0, �1, �2 and �3 V. The measurements
began with the device in an initial HRS, which was switched to
the LRS as shown by path 1 in Fig. 3a. When the voltage was
then swept back to zero volts (path 2), it resulted in an increase
of the resistance state of the device as shown by subsequent
path 3. The decrease of resistance increases with increasing
applied voltage (see, for example, Fig. 3b and c). As the voltage
was swept to more negative values the resistance state during
the initial stages of path 3 became more robust until, when the
voltage was swept until �3 V (Fig. 3e), the initial HRS was
recovered. This means that a voltage value of opposite polarity
with respect to the SET process is required to produce the
RESET process, as reected in Fig. 3b–e, indicating a bipolar
behavior. Comparable results were obtained when these
Fig. 3 (a) Minor loop data highlighting the SET process, for which the device switch
2). Path 3 shows a slight increase in the resistance state with respect to path 2, where
the I–V curve for the Co/HfO2/Ti device (HfO2 deposited at 300 �C and 5 seconds pur
SET and RESET processes occur at opposite polarity indicating bipolar resistive switc

This journal is ª The Royal Society of Chemistry 2013
measurements were conducted using the opposite polarity, as
illustrated in Fig. S1 (see ESI†). The results suggested the exis-
tence of two set–reset processes that could point towards the
presence of two independent switching processes, which could
be attributed to the existence of two switchable metal/oxide
interfaces. If this assumption were correct, it would indicate
that at positive and negative bias polarity we would sense the
resistance states of the two different metal/oxide junctions and
it would account for the unusual non-crossing I–V curve. It
would also allow us to discern at which bias polarity the SET
processes for the two metal/oxide junctions occurred. Further-
more, the LRS of one junction would be concurrent with the
HRS of the other junction at a given bias polarity, explaining the
transition from LRS to HRS when the voltage bias polarity is
switched.

In order to conrm the bipolar RS behavior that the minor
loops suggested, we conducted a sequence of logical memory
processes (writing, reading and erasing) through the applica-
tion of voltage pulses. The voltage pulse results would also
conrm whether the system possesses the required properties
for potential application as a non-volatile memory device. The
writing and erasing are the logical operations through which
the device is switched to LRS and HRS respectively, while the
reading operations are applied to sense the resistance state of
the device (HRS or LRS). Fig. 4a shows the logical processes
carried out by electrical voltage pulses (20 ms width) and the
concomitant currents for the positive I–V branch. The writing
pulse must be larger than the VSET in order to induce switching
to the LRS, whilst the reading pulse must be less than VSET to
prevent changes in the resistance state during sensing. On the
other hand the erasing pulse should be of opposite bias to
switch back to the HRS, if the bipolar RS presumption is correct.
Finally a zero-volt pulse is applied in between consecutive
logical steps to verify the non-volatility of the memory. In Fig. 4a
the device is switched from the HRS to the LRS by a writing
pulse (+13 V) and during the subsequent reading operation
(pulse of +4 V) a meaningful current, denoting the LRS of the
device, is sensed as shown in Fig. 4b. The next erasing pulse
(�4 V) triggers the switching back to HRS, conrmed by the
current sensed during the second reading operation. This
es from the HRS to the LRS (path 1), and the subsequent reverse sweep to 0 V (path
as the LRS returned in path 4. (b–e) Minor loops obtained for the positive branch of
ge time) when applying the different A voltage values indicated in the legend. The
hing behavior.

J. Mater. Chem. C

http://dx.doi.org/10.1039/c3tc31819b


Fig. 4 Voltage pulse experimental data for a hysteretic Co/HfO2/Ti device (HfO2 grown at 300 �C and 5 seconds purge time). (a) Voltage applied and (b) the cor-
responding currents at the 1st and the 1500th pulse train. The writing step triggers the device to the LRS, confirmed by the current measured in the following reading
step whilst the second reading current ratifies the return to the HRS produced by the erasing step. (c) Histogram of the 1500 reading current values obtained for the
HRS and LRS.
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sequence of pulses was carried out successfully more than 1.5�
103 times without degeneration (1st and 1500th pulses shown in
Fig. 4b), conrming the device capability as a non-volatile
memory cell. The histogram of the reading current values for
LRS and HRS obtained during the 1500 pulses is displayed in
Fig. 4c. Their average values together with the standard devia-
tion for HRS and LRS were 3.60 � 10�11 � 1.00 � 10�11 A, and
2.96 � 10�8 � 2.07 � 10�8 A, respectively. The HRS to LRS
discrimination is close to 3 orders of magnitude; highlighting
the negligible cross-reading between resistance states. Voltage
pulse results also conrmed the bipolar nature of the resistive
switching behavior exhibited by the device. Additionally, similar
results were obtained when applying voltage pulses of opposite
polarity. This substantiates the existence of two distinct SET–
RESET operations that, at the same time, supports the existence
of two independent switching processes in the device, associ-
ated with two active and switchable interfaces.

Further analysis of the memory properties was carried out
with stability and retention experiments (see Fig. 5). Stability
measurements consisted of setting the resistance state at either
LRS or HRS and applying 400 successive reading steps (+4.2 V)
in order to test the stability of such resistance states. It was
carried out for both HRS and LRS for the positive branch. The
histogram of the currents measured for both resistance states is
Fig. 5 Histogram of the reading current values obtained for the HRS and the LRS fo
deposition conditions of 300 �C and 5 seconds purge time. Inset (a): reading curren
values as a function of time.

J. Mater. Chem. C
shown in Fig. 5a. Their average current values for the HRS and
the LRS were 1.97 � 10�8 � 1.88 � 10�8 A, and 8.67 � 10�11 �
5.11 � 10�12 A, respectively. On the other hand, retention
analysis involved setting the device at either LRS or HRS and
measuring uninterruptedly the current value under the appli-
cation of a constant voltage value (+3.75 V) for a specic time
(500 s). Fig. 5b shows the histogram obtained from the reading
currents at both resistance states. Their average current values
and the corresponding standard deviations for the HRS and LRS
are 3.39 � 10�11 � 6.46 � 10�13 A and 1.23 � 10�7 � 1.40 �
10�8 A, respectively. The ILRS/IHRS ratios for stability and
retention measurements were 2 and 3 orders of magnitude,
respectively. The results from both stability and retention
measurements exhibit no degradation of the resistance states,
preserving a wide memory window.

The electrical characterization was carried out on each of the
26 samples fabricated under different conditions with the
resulting statistics presented in the parameter diagram dis-
played in Fig. 6. For each sample type 10 different devices were
characterized, showing a reproducibility of at least 80%. In
order to determine the robustness of the hysteresis in the case
of devices displaying RS, a reliability criterion was established.
The criterion requires 150 successful switching I–V cycles for a
device to be considered hysteretic, with the hysteresis of a
r (a) stability and (b) retention measurements of the Co/HfO2/Ti device with HfO2

t values as a function of the number of pulses applied. Inset (b): reading current

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Summary of resistive switching behavior (see text for definitions)
obtained for samples fabricated at different deposition temperatures and purge
times. The electrical characterization was carried out at 10 devices per sample in
order to get reliable statistics to form the parameter diagram. The samples inside
the patterned circles were analysed by XPS.
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weakly hysteretic device fading away before achieving 150
cycles. The parameter diagram demonstrated the effect of the
ALD conditions on the appearance of the RS phenomenon,
indicating that reliable resistive switching seems to be sup-
ported by high deposition temperatures and short purge times.
This trend allows us to condently predict the RS behavior of a
device as a function of the oxide deposition process conditions.
The parameter diagram also revealed that samples with both
amorphous and polycrystalline HfO2 showed RS, ruling out
direct correlation between the degree of HfO2 crystallinity and
RS performance.

The effect of both the purge time and the deposition
temperature on the RS performance is shown in Fig. 7. Fig. 7a–e
show the I–V curves for the hysteretic samples where the HfO2

was grown at different deposition temperatures and a common
purge time (5 s). Larger ILRS/IHRS ratios were found as the
deposition temperature was increased, essentially due to an
increase in the current associated with the LRS. On the other
hand, the effect of different purge times at a given deposition
Fig. 7 Characteristic I–V curves reflect the effect on the RS of (a–e) the deposi-
tion temperature and (f) purge time during the growth of the HfO2 thin films.

This journal is ª The Royal Society of Chemistry 2013
temperature (200 �C) is shown in Fig. 7f. In this case an
increased ILRS/IHRS ratio is observed when the purge time is
shortened. These results would indicate that a more signicant
switch in resistance would be expected when the HfO2 thin
lms are grown under certain conditions, i.e., high tempera-
tures together with short purge times.

For further understanding the switching properties of our
HfO2-based devices, we also performed electrical measure-
ments in samples with bottom and top electrodes of different
sizes. Electrode widths from 25 to 650 mm were fabricated in
order to study the area dependence of the resistance. The
electrical current measured at the LRS (with an applied voltage
of 15 V) is roughly proportional to the electrode area (see Fig. 8),
indicating that the whole metal/oxide interface is involved in
the carrier transport process. Here we are simply assuming that
the resistance of our device can be expressed as:

R ¼ V

I
¼ rt

Lw

where r is the resistivity of the HfO2, t is the HfO2 thin lm
thickness, L is the top electrode size and w is the bottom elec-
trode width. This result would rule out lamentary conduction,
in which case only a small area of the interface is involved in the
LRS conduction.

As established above, the devices exhibit bipolar RS behav-
iour and the physical mechanism of this effect has been
reported to be based on the interface energy barrier modica-
tion by the migration of oxygen.2,31–35 This has also been previ-
ously described in the case of HfO2�x,19,22,36 where oxygen
vacancies produce a so-called sub-band in the HfO2�x

bandgap.37–40 The trend observed in the parameter diagram
(Fig. 6) together with the potential switching mechanism sug-
gested by the literature led us to carry out XPS analysis.

In order to check for the presence of such vacancies in the
HfO2 we have performed XPS experiments on samples fabri-
cated at different deposition temperatures and purge times
(samples measured by XPS are marked with a circle in Fig. 6). As
such, analysis was used to investigate how changing the HfO2

atomic layer deposition conditions affected the chemical
Fig. 8 Current sensed at 15 V versus the bottom electrode width for the four
different top electrode sizes. The straight line corresponds to linear fitting of data.

J. Mater. Chem. C
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properties of the deposited lms and to deduce whether there
was any systematic relationship with the observed resistive
switching behavior. Fig. 9a shows Hf 4f XPS spectra from four
different depths in the HfO2 lm for a hysteretic device (200 �C,
5 s purge time); near the surface (1 sputter cycle), in the bulk
(3 sputter cycles), at the rst detection of Ti (5 sputter cycles)
and aer a subsequent sputter (6 sputter cycles). The overall
shape of the spectra exhibits two contributions associated with
the two non-equivalent 4f7/2 and 4f5/2 core levels. Deconvolution
of the spectra was carried out in order to ascertain which Hf
species were present in the lm. In all cases quantitative
agreement was achieved between the Hf 4f assignment and that
for the corresponding O 1s and N 1s spectra (data not shown).
The spectra show that, near the surface and in the bulk, the lm
is predominantly composed of stoichiometric HfO2 (red
contributions in Fig. 9), which exhibits a Hf 4f7/2 peak at 17.1 eV,
consistent with previous studies.41–43 A second, much smaller
contribution, from a lower BE component (Hf 4f7/2 at 15.9 eV), is
assigned to a Hf–N species (blue components), possibly from
HfNx or HfOxNy.42,44 These species could arise from the presence
of the unreacted ALD precursor (tetrakis(dimethylamino)
hafnium) or alternatively nitrogen could be incorporated into
the lm from the purge gas. XPS analysis is used to detail the
relative N content found in HfO2 lms prepared under different
deposition conditions (see Table S1 in the ESI†). The compo-
sition of the lm remains almost constant until detection of the
underlying Ti. This can be observed in the le panel of Fig. 9 but
is further enhanced in Fig. S2 (see ESI†). The uniformity of the
Hf 4f signal during depth proling of the bulk (up to 4 sputter
cycles) indicates that no signicant preferential sputtering
Fig. 9 (a) The evolution of the Hf 4f region, for a hysteretic device fabricated at
200 �C and 5 s purge time, upon sputtering from the surface to the underlying Ti
layer. The approximate depth of each profile is also detailed in parentheses. A
significant presence of Hf sub-oxide content was found at the Ti interface (after 5
and 6 sputter cycles). (b) The difference in Hf 4f XP spectra in the HfO2�x/Ti
interfacial region for different ALD conditions: (A) 200 �C, 35 s purge time (non-
hysteretic device), (B) 300 �C, 35 s purge time (hysteretic device), and (C) 300 �C, 5
s purge time (hysteretic device).

J. Mater. Chem. C
takes place, which has been the case when using the mild
sputtering conditions employed here.29 Upon sputtering down
to the underlying Ti layer a noticeable change in the shape of
the Hf 4f spectrum is observed, with a shi in peak position and
less distinction between the two spin–orbit contributions (see
Fig. S2, ESI†). This is due to the presence of a new component
with a Hf 4f7/2 peak at 16.5 eV, which is associated with the
presence of Hf suboxides45 (green components). A summary of
the peak positions of the different components used in the
deconvolution of the Hf 4f data is given in Table S2 in the ESI.†

To determine whether the presence of these interfacial
suboxides is important in order to achieve resistive switching Hf
4f XPS spectra at the HfO2/Ti interface were acquired for
hysteretic and non-hysteretic samples prepared under different
conditions [spectrum (4) in Fig. 9a and all spectra in Fig. 9b].
Spectrum (A) is from a 200 �C, 35 s purged sample which yielded
a non-switching device. The spectrum is primarily composed of
HfO2 with very small contributions from Hf suboxide and HfN
components. This is in contrast to spectra (B) and (C) in Fig. 9b
and spectrum (4) in Fig. 9a, all of which exhibit substantial Hf
suboxide components. These samples were prepared following
procedures that yielded switching devices; either by decreasing
the purge time [5 s purge time, (4)], or by increasing the depo-
sition temperature [300 �C (B)] or by changing both parameters
[300 �C, 5 s purge time (C)]. Aer analysis of further samples it
became clear that a signicant presence of Hf suboxides
(oxygen vacancies) was required at the interfacial layer with the
Ti in order to obtain reproducible hysteretic devices, which is in
agreement with previous ndings.46

XPS analysis of the underlying Ti layer revealed its role as an
oxygen and nitrogen gettering agent. Titanium is known for its
strong affinity for forming oxygen and nitrogen compounds and
Fig. 10 XPS Ti 2p spectra of (a) a 5 s purge, 200 �C sample (switching device) and
(b) a 35 s purge, 200 �C sample (non-switching device). The spectra show the
relative increase in nitrogen containing Ti components for the 35 s purged
sample.

This journal is ª The Royal Society of Chemistry 2013
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has been found to act as a getter in similar device structures.47–49

Fig. 10 shows the Ti 2p XPS spectra from two different samples,
one switching (200 �C, 5 s purge time), the other non-switching
(200 �C, 35 s purge time). The overall shape of the spectra again
exhibits two components due to the Ti 2p3/2 Ti 2p1/2 spin orbit
doublet. The spectra have been deconvoluted to assign the
different Ti species present at the interface, with care to main-
tain a quantitative t with the corresponding O 1s and N 1s
data. For both samples the interfacial region is found to be
composed of titanium oxides, oxynitrides and nitrides with
little or no Ti(0) metal detected at the Ti/HfO2 interface. The Ti
2p3/2 peak at 453.7 eV in spectrum 10a is characteristic of Ti(0)
metal,50,51 the peak at 454.6 eV corresponds to TiN,50,52,53 the
component at 456.4 is assigned to TiOxNy,50,52,54 and the Ti 2p3/2
peak at 458.2 eV is typical of amorphous TiO2.50,52,54 The pres-
ence of Ti(IV) oxide is expected due to the formation of a native
oxide layer55,56 on transferring the sample from the Ti sputter
chamber to the ALD chamber during sample preparation,
Whereas the detection of titanium nitride and oxynitride
species indicates that the Ti layer scavenges oxygen (and
nitrogen) from the neighboring HfO2, generating oxygen
vacancies in the interfacial region of the lm, which are
important for producing resistive switching devices. This
capacity to scavenge oxygen from the neighboring HfO2 could
be extended to the HfO2/Co interface. This assumption lies in
the low enthalpy of Co (i.e. high oxygen affinity) to react with the
HfO2 bulk and creates oxygen vacancies in the interfacial
region. In addition the highly symmetrical I–V curve leads us to
consider that similar switching behavior can occur at both
metal/oxide interfaces.

Further analysis of Fig. 10 shows that the nature of the Ti
interfacial layer was also found to depend on the HfO2 deposi-
tion conditions. The spectra show that the sample deposited
using a 35 s nitrogen purge time (b) had signicantly increased
nitrogen containing Ti components, whilst the 5 s purged
sample (a) exhibited less nitrogen containing components and
still showed a small metallic component.

These results indicate that the HfO2 deposition conditions
have a signicant effect on the gettering potential of the
underlying Ti, which in turn determines the amount of
interfacial Hf sub-oxides present and hence the resistive
switching behavior of the device. Long nitrogen purge times
cause the Ti layer to saturate, reducing its ability to remove
oxygen from the HfO2 layer. Low deposition temperatures
were also found to be detrimental to the oxygen gettering
ability of the Ti.

Devices fabricated using a deposition temperature of 125 �C
(5 s purge time) did not exhibit hysteresis performance.
However, XPS analysis of the Hf 4f region did not show the
predominantly HfO2 interfacial layer observed for other non-
hysteretic devices, as highlighted in Fig. S3 (see ESI†). In fact we
observed Hf sub-oxides, but more noticeably a signicantly
higher quantity of nitrogen containing Hf species than in
devices deposited at higher temperatures. This was true not
only at the interface with the Ti but throughout the HfO2�x lm.
We propose that at this low reaction temperature either the ALD
reaction does not go to completion or the reaction by-products
This journal is ª The Royal Society of Chemistry 2013
are not removed efficiently resulting in a contaminated lm,
causing poor device performance.

To nish, the results obtained from the different character-
ization techniques indicate that the resistive switching mecha-
nism might be based on the modulation of the interfacial
resistance. This interface resistance change is a function of the
local oxygen vacancy concentration in the interfacial region,
where the redistribution of the oxygen vacancies is induced by
electric elds.
Conclusions

In summary, we present HfO2-based metal–insulator–metal
devices and analyze the inuence of ALD conditions on the RS
through the fabrication of 26 different samples. All samples
were characterized electrically by the application of I–V curves,
voltage pulses, minor loops and retention and stability
measurements that revealed bipolar RS behavior and conrmed
the non-volatile memory capabilities of the device. The RS
performance was compared to the HfO2 ALD conditions with
the data presented in a parameter diagram, which shows
experimental results with extensive statistics. XPS measure-
ments carried out on specic samples clearly showed that the
presence of Hf sub-oxides (oxygen vacancies) at the interface
with the Ti was required in order to achieve a stable RS device.
Furthermore, XPS established that the oxygen gettering ability
of the underlying Ti layer was key in the formation of these Hf
sub-oxides. Certain ALD conditions were found to support the
formation of HfO2 sub-oxides, namely increased deposition
temperatures and short purge times.
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M. Leskelä, Thin Solid Films, 2005, 491, 328–338.

26 K. Kukli, M. Ritala, J. Lu, A. Haårsta and M. Leskelä,
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