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VO, is an attractive candidate as a transition metal oxide switching material as a selection device for reduction of sneak-path
current. We demonstrate deposition of nanoscale VO, thin films via thermal atomic layer deposition (ALD) with H,O reactant.
Using this method, we demonstrate VO, thin films with high-quality characteristics, including crystallinity, reproducibility
using X-ray diffraction, and X-ray photoelectron spectroscopy measurement. We also present a method that can increase
uniformity and thin film quality by splitting the pulse cycle into two using scanning electron microscope measurement. We
demonstrate an ON / OFF ratio of about 40, which is caused by metal insulator transition (MIT) of VO, thin film. ALD-
deposited VO, films with high film uniformity can be applied to next-generation nonvolatile memory devices with high density
due to their metal-insulator transition characteristic with high current density, fast switching speed, and high ON / OFF ratio.
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Introduction devices.

It is necessary to find appropriate selection devices,

Non-volatile memory (NVM) is widely used in many such as Zener diodes, complementary resistive switches,
industrial fields for flash memory applications. However, nonlinear conduction selection devices, and metal-
NVMs are expected to encounter technical limitations insulator transition (MIT) materials, for cross-point
in the near future due to the demands of miniaturization, array-type bipolar ReRAM devices [9]. Among the
speed, and density. Thus, many researchers have pursued available selection devices, MIT materials have a
development of next-generation NVMs, such as resistive strong advantage in that they block sneak-path current
random-access memory (ReRAM), phase change random- via a reversible phase transition (metal — insulator). There
access memory (PCRAM), and magnetic random- are many transition metal-oxide switching materials,
access memory (MRAM). ReRAM in particular has such as Pry;Cag3sMnO; (PCMO), Cr-doped SrZrO;,
good prospects as next-generation non-volatile memory TiO,, and VO, [10-12]. Among these, VO, has been
due to its fast switching speed, endurance, and low emerged as an MIT material. Usually, vanadium (V) is
power consumption. Moreover, as ideal 4F* (F is the not a familiar in oxide-based compounds, but V has
critical feature size, i.e., pattern size, of the gate in the been widely used in multifarious applications such as
device) memory cell size is possible when using a doping, hydrothermal growth, and nanoparticle [13-
ReRAM device of cross-point array-type. However, 16]. VO, undergoes first-order MIT at 68 °C. Below
cross-point array-type ReRAM devices contain undesired 68 °C, VO, is a distorted rutile (monoclinic) crystal
sneak-path leakage currents that enter the circuit and structure. The phase of VO, changes from distorted
cause interference. To solve this problem of unipolar rutile to undistorted rutile (tetragonal) when VO, receives
ReRAM devices by connecting memory cells, oxide- energy, like heat or light, as shown in Fig. 1. This MIT
based selection devices like Schottky diodes, p-n characteristic is associated with high current density,
junction diodes, and threshold-type switching devices fast switching speed, and high ON / OFF ratio. Due to
are used [1-8]. However, solutions to leakage current these advantages, both unipolar and bipolar ReRAM

problems have yet to be developed for bipolar ReRAM devices use VO, as a selection device [1, 17-20]. Also,
VO, can be applied to diverse technologies, such as
hyper field-effect transistors (FET), microbolometers,
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Fig. 1. Phase transition of VO, at 68°C.

In a complex V-O system, diverse vanadium oxide
phases with different crystal structures, like V,0s and
tetragonal VO, phases, coexist [25]. VO, thin films
have traditionally been deposited using methods such
as chemical vapor deposition (CVD), sputtering, and
the sol-gel method [26-29]. These techniques, however,
are difficult to apply to uniform film deposition in
complex structures like 3D devices. One method that
does not suffer from this drawback is atomic layer
deposition (ALD), which has therefore attracted
attention as a possible fabrication method for NVMs.
ALD can produce thin films with excellent step
coverage. Furthermore, ALD can accurately control the
thickness of the thin film at the atomic level [30] and
proceeds at a lower deposition temperature than does
CVD. However, there are several problems with VO,
film deposition using ALD. First, it is important to set
an appropriate ALD process temperature since the VO,
phase is only attained when the thin film is deposited at
high temperature, while the V,0s; phase is attained
when the thin film is deposited at relatively low
temperature. Also, since the ALD technique leads to
oxygen-rich vanadium oxide films [31, 32], it is rather
challenging to establish an ALD process that produces
monoclinic VO, as the dominant phase.

In this paper, we demonstrate deposition of a nanoscale
VO, thin film using ALD with a H,O reactant. We
confirm the stoichiometric monoclinic VO, phase of
the deposited film by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and scanning electron
microscope (SEM) while developing ALD process
parameters such as cyclic growth rate. Finally, we
report the electrical properties of ALD-grown VO, that
demonstrates a Mott transition.

Experimental Details

A 20-nm-thick titanium (Ti) adhesion layer was
deposited onto a 275 nm SiO, substrate using an
electron beam evaporator. This adhesion layer allows
for good platinum (Pt) deposition on the SiO,. After
deposition of the adhesion layer, a 70-nm Pt bottom
electrode was deposited onto the Ti using electron
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Fig. 2. (a) One ALD cycle consisted of pulse-precursor / purge /
pulse-precursor / purge / pulse-water / purge (b) Schematic image
of'a VO, MIM device.

beam evaporation. Next, monoclinic VO, thin films
with a thickness produced by deposition cycle numbers
of 100, 200, and 300 were deposited with thermal ALD
employing OV(OCH(CHs),); as the vanadium precursor
and water as the reactant. Argon (Ar) gas was injected
as the purge gas. The canister of vanadium precursor
was kept at 70 °C, and the precursor was injected into
the chamber using a bubbler with Ar carrier gas (30
sccm). The deposition temperature was set to 320 °C,
and the gas line was kept at 80°C. The process
pressure was maintained at 0.85 Torr (300 sccm purge
Ar gas). One cycle of the ALD process consisted of
pulse-precursor / purge / pulse-precursor / purge / pulse-
water / purge, for respective durations of 0.5 s/30 s/
0.5s/30s/1s/20s. A scheme of the ALD process is
shown in Fig. 2(a).

For electrical analysis, a metal-insulator-metal (MIM)
switching device was fabricated using gold (Au) as the
top electrode and Pt as the bottom electrode. After
deposition of the VO, films, a 70-nm-thick Au top
electrode was deposited using an electron beam
evaporator. The structure of the VO, MIM device is
shown in Fig. 2(b).

After deposition of the VO, thin film, its crystalline
structure was measured by XRD. VO, thin films were
analyzed using 2 theta mode from 10 to 50 °. SEM was
conducted to evaluate film thickness and uniformity. To
probe chemical bonding of VO, thin films, XPS
analysis was performed to identify the stoichiometry of
the vanadium oxide film as either V,05 or VO,. I-V
characteristics of the vanadium oxide films were
measured with a semiconductor parameter analyzer at
room temperature.
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Results and Discussion

To investigate the presence of VO, monoclinic phase,
we performed an XRD scan from 10 to 50 ° using 2
theta mode. Fig. 3 shows XRD profiles through a
VO, / Pt/ SiO, sample to confirm the uniformity of the
VO, thin film. The profiles exhibit three peaks at 28,
40, and 46 °. The VO, monoclinic peak is observed
around 28 ° [17], while the Pt peak is observed at 40
and 46 °. The XRD patterns obtained from different
locations on the same film show no differences,
confirming that thermal ALD with H,O reactant can
produce VO, monoclinic phase films with good
crystallinity and uniformity. The grain size of the VO,
thin film calculated using the Scherrer equation and the
XRD data was approximately 24.97 nm.

To examine film uniformity, VO, (300 cycles) / Pt /
SiO, samples with and without split pulse-precursor
period were analyzed using SEM. A VO, sample was
deposited without splitting the pulse-precursor period,
as seen in Fig. 4(a). Therefore, one ALD cycle used for
this sample was pulse-precursor / purge / pulse-water /
purge. The process step times correspond to 1 s/ 60 s /
1 s /20 s, respectively. In contrast, a VO, sample was
also deposited by splitting the pulse-precursor period,
as shown in Fig. 4(b). In this case, one ALD cycle
consists of a pulse-precursor / purge / pulse-precursor /
purge / pulse-water / purge with corresponding step
times 0f 0.5s/30s/0.5s/30s/1s/20s. Therefore,
the total pulse-precursor and purge after pulse-precursor
times are the same for both samples. The thin film
deposited without a split pulse-precursor period was
less uniform and rougher than the film deposited with a
split pulse-precursor period. This suggests that the
sample deposited without splitting the pulse-precursor
period initially grows in island-type mode. Because of
this island-type growth mode, there are boundaries
between the large VO, islands, so the thickness of thin
film varies over different regions. This result indicates
that it is difficult to produce VO, thin films with
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Fig. 3. XRD profiles of a VO, thin film.
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uniform thickness when the vanadium precursor is not
pulsed separately. In comparison, when VO, thin film
was deposited by splitting the pulse-precursor period,
the quality of the thin film improved, as in Fig. 4(b).
This sample has excellent uniformity and thin film
quality due to film growth under a split pulse-precursor
period.

ALD uses self-limiting reactions, a key factor
enabling layer by layer thin film growth. At the first
step of ALD, a precursor is pulsed and adsorbed onto a
substrate, and the ideal first step of surface reaction is
that the precursor is perfectly adsorbed onto a substrate.
Then, by-products are removed in a subsequent purge
step. In practice, however, the precursor does not
adsorb perfectly onto the substrate, and by-products are
not completely removed in the purge step of ALD.
When the precursor is pulsed twice, the pulse time is
decreased by about half compared to the unsplit pulse
time. Therefore, the amount of precursor exposed to
the substrate is half that of the normal pulse cycle, so
the number of by-products is small compared to the
case of the unsplit pulse precursor. Hence, by-products
can be removed completely during the purge step,
leaving few impurities on the substrate. Fewer impurities
lead to better thin film quality and uniformity compared
to thin films deposited using a multi-dosing pulse step
in ALD. From the SEM image, the thickness of the
VO, 300cycles sample was estimated to be about 90

(a)
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Fig. 4. SEM images of VO, thin film (a) without and (b) with a
split pulse-precursor period.
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nm, suggesting that this ALD process had a growth
rate of about 0.3 nm/cycle.

Fig. 5(a) shows the XPS data from a VO,/Pt/SiO,
sample, which is used to examine the surface chemical
states of the deposited films. The binding energies of
all XPS spectra were calibrated in reference to the C-C
bond in C 1s at 284.6 eV. XPS analysis was performed
with and without sample sputtering using Ar ions at 10
mA and 3 kV for about 60 s. After sputtering, no
carbon was detected in the samples, indicating that the
bulk of VO, thin films was free of carbon contamination.
Fig. 5(b) shows XPS spectra of the de-convoluted V
2ps,» peak. The V 2p core-level spectra for V,0s, V,0s,
and VO, are different, with oxidation states of 5+, 3+,
and 4+, respectively. Generally, binary systems of
vanadium and oxygen consist of 25 compounds and
suboxide phases. Thus, it has been widely accepted that
vanadium oxide compounds are composed of mixed
phases such as V,0s, V,03, and VO, Accordingly, it is
a challenge to obtain a sample of pure VO, phase. As
shown in Fig. 5(b), the V 2p;, spectrum is dominated
by a 515.99 eV binding energy peak, indicating that the
major ionic state of V is V (4+). The Ols peak at 530.0
eV is mostly due to the O-V (4+) binding state [33, 34].
This also confirms that V is fully oxidized to form VO,
when using thermal ALD with H,O reactant. However,
stoichiometric analysis using XPS data indicate that the
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Fig. 5. (a) XPS spectra of the VO, thin film and (b) the
corresponding deconvoluted V 2p;,, peak.

atomic percentages of V and O are 32.3 % and 67.7 %,
respectively, indicating that the sample is slightly
oxygen-rich VO, (x > 2). It is necessary to reduce the
atomic percentage of oxygen with post-treatment.

To investigate the electrical characteristics of VO, as
a resistance switching selector, an MIM device,
consisting of VO, thin film produced over 100 ALD
cycles and with a top electrode of Au and bottom
electrode of Pt, was fabricated. Fig. 6 shows the MIT-
based resistance switching property of VO,. When the
device is positively biased with increasing voltage from
0 to 4 V (Fig. 6(a)), the current suddenly increases at
about 1.4 'V, which is called the threshold voltage (Vy,).
This behavior reveals an electric field-triggered MIT
phenomenon as VO, changes from an insulating state
(monoclinic) to a metallic state (tetragonal). On the
other hand, positive biasing with decreasing voltage
from 4 to 0 V results in a sudden current drop at about
1.2 V. This voltage is the hold voltage (Vp,4) and is
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Fig. 6. I-V characteristics of a VO, (100 cycles) device at (a)
positive, (b) negative voltage, and (c) SEM image of a VO, (100
cycles) thin film.
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associated with the electrical properties of VO,
returning to the insulating state. The on (at Vy,) / off (at
Vieg) current ratio for the selector was about 35.
However, the MIT is not observed when the device is
biased negatively, as shown in Fig. 6(b), because the
VO, is too thin (i.e., 30 nm as estimated from the SEM
image in Fig. 6(c)) to maintain MIT characteristics.
Normally, VO, is deposited using sputter coating or
CVD, which create thick VO, films. Thick VO, thin
films show sustained MIT characteristics, but ALD
VO, thin films are too thin to exhibit such characteristics.
The lifetime of a VO, switching device is proportional
to thickness of VO, thin film. For this reason, MIT
characteristics were not observed in the VO, switching
device with a 30-nm-thick VO, thin film.
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Fig. 7. I-V characteristics of a VO, (200 cycles) device at (a)
positive, (b) negative voltage, and (¢) SEM image of a VO, (200
cycles) thin film.
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To examine the effect of thickness, a VO, thin film
was deposited over 200 cycles of ALD. The thickness
of this film is estimated to be approximately 60 nm
from an SEM image (Fig. 7(c)). All other process
conditions remained the same in comparison to the film
deposited with 100 ALD cycles. Fig. 7 shows the MIT
property of this thicker VO, thin film. Both V and
Vioa are a bit lower at approximately 0.4 and 0.5 V,
respectively, compared to the device with 30-nm-thick
VO,. The on/off current ratio slightly increased to
about 40. This clearly confirms that the MIM device
properties strongly depend on VO, thickness. In contrast
to the 30-nm-thick VO, device, the MIM device with
60-nm-thick VO, reveals MIT switching even under
negative biasing, with a -Vy, of about -1.0 V and a -V},q
of about -0.7 V during a negative bias sweep between 0
and -4 V. It is very interesting that the thicker VO,
sample has lower switching voltages (Vy, and Vi) but
a higher on/off current ratio compared to the thinner
VO,. This result implies that ability to control the thickness
of ALD-grown VO, films is critical to optimizing the
performance of MIT in VO..

Regarding the long-term cyclic switching performance,
the MIM device in this study shows only about 10
cyclic switches, indicating the need for more studies.
This result indicates that MIM with 60-nm-thick VO,
has bipolar switching characteristics due to repeatability
of MIT switching.

Conclusion

Atomic layer deposition (ALD) shows various
advantages such as excellent step coverage and accurate
control of thickness. Here, we report ALD of VO, thin
films for application of MIM-type MIT resistive
switching selectors. We demonstrate deposition of a
nanoscale VO, thin film using thermal ALD with H,O
reactant. The ALD growth rate of the VO, thin film is
about 0.3 nm / cycle. The developed ALD reveals VO,
phase with good uniformity and film quality based on
the material characterization methods XRD, XPS, and
SEM. We also present a method for increasing uniformity
and thin film quality by splitting the pulse cycle. From
electrical analysis of a fabricated MIM device, we
demonstrate several noteworthy resistive switching
selector parameters, such as Vy, and Vy.q at about 1 V
and on/off current ratio at about 40, driven by the
electric field-triggered MIT in the ALD-deposited VO,
thin film. This study suggests the feasibility of fabricating
ALD-grown VO, that shows first-order MIT properties
for application in selection devices in cross-point array-
type bipolar ReRAMs.
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