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ABSTRACT: We have combined hard X-ray photoelectron T
spectroscopy with angular dependent O K-edge and V L-edge
X-ray absorption spectroscopy to study the electronic structure
of metallic and insulating end point phases in 4.1 nm thick (14
units cells along the c-axis of VO,) films on TiO,(001)
substrates, each displaying an abrupt MIT centered at ~300 K Valence Band 0 Keed
with width <20 K and a resistance change of AR/R > 10°. The HAXPES. xas
dimensions, quality of the films, and stoichiometry were E— o
confirmed by a combination of scanning transmission electron Energy (V)
microscopy with electron energy loss spectroscopy, X-ray

spectroscopy, and resistivity measurements. The measured end point phases agree with their bulk counterparts. This clearly
shows that, apart from the strain induced change in transition temperature, the underlying mechanism of the MIT for
technologically relevant dimensions must be the same as the bulk for this orientation.
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T ransition metal oxides that display abrupt phase Charged defects and the multiple valence states possible for
transitions are considered a promising approach to vanadium means that nonstoichiometric V,O, can display a
continuing advances in information processing and storage startlingly complex phase diagram with VO, stable within a slim
beyond current CMOS scaling.' Vanadium dioxide (VO,) has region of phase space."® Recent advances in the preparation of
been an exquisite textbook example of an abrupt metal insulator high-quality nanorods of VO, have largely circumvented issues
transition (MIT) for the last five decades with its ultrafast associated with thin films, which typically exhibit misfit
(typically picosecond or less) and large (~10*) discontinuity in dislocations and grain boundaries,'® facilitating studies
its resistivity at 340 K (bulk VO,).” By lowering the regarding the effects of coherent strain on the MIT.'317720
temperature from the high-temperature rutile metallic phase, High-quality homogeneous ultrathin films rather than nanorods
a structural phase transition (SPT) accompanies the MIT are, however, ultimately desired for two terminal VO, devices,
resulting in a low-temperature monoclinic insulating phase.** which utilize an electric field (or Joule heating) driven MIT for
The interplay of the electron correlation (Mott transition) and nonlinear -V switching electronics.”'#*"** The realization of

the lattice (Peierls instability) of VO, gives rise to rich novel switching devices employing VO, demands studies of
physics.”™® For instance, the phase transition of VO, can be

induced by thermal,> electrical,”'® optical,"' and strain Received: July 22, 2013
triggering,' "> which makes it highly appealing for a variety Revised:  September 2, 2013
of novel switching devices."* Published: September 3, 2013
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high quality epitaxial ultrathin (<10 nm) films in order to
disentangle materials quality issues from the intrinsic properties
of nanoscale films.

A key issue for such scaled devices is the nature of the MIT
and whether it persists at these ultrathin dimensions. Recently,
Kar et al. provided the first systematic scaling of switching
characteristics of homogeneous ultrathin VO, films down to 10
nm and stressed the importance of coexisting domains during
the transition inferred from the I-V and impedance spectros-
copy analysis.”> Determining the exact nature of these phases
requires powerful X-ray spectroscopy and scattering techniques
that are the benchmark for theoretical studies of nature of the
MIT*%**** but have have largely been restricted to bulk
crystals of V0,57 X-ray spectroscopic studies of the
electronic structure of these phases at dimensions approaching
1 nm are necessary for further providing valuable information
regarding both the fundamental nature of the MIT for confined
films and the ultimate scaling limits of VO, for devices.

In this Letter, we have studied at room temperature the
insulating and metallic end point phases of epitaxial VO, 4.1
nm (14 units cells along the c-axis) thick grown on TiO,(001)
substrates. The dimensions, quality of the films, and
stoichiometry were confirmed by a combination of scanning
transmission electron microscopy with electron energy loss
spectroscopy (STEM-EELS), X-ray spectroscopy, and resistiv-
ity measurements. The corresponding occupied and unoccu-
pied density of states (DOS) of the end point phases were
measured using spatially averaging hard X-ray photoelectron
spectroscopy (HAXPES) and V L;,- and O K-edge angular X-
ray absorption spectroscopy (XAS), respectively. HAXPES and
XAS are employed to circumvent the need for surface
preparation, since typical surface preparation techniques such
as ion bombardment or even mild annealing can result in
vanadium reduction giving rise to a complex mixture of V,O,
surface oxides.””*® Complementary, more surface sensitive, X-
ray photoelectron spectroscopy (XPS) measurements using a
lower photon energy were also performed. We show that this
approach can be used to distinguish contributions from the
VO, overlayer and TiO, substrate for films approaching 1 nm
in thickness. Our results confirm that apart from the strain-
induced change in transition temperature, the underlying MIT
mechanism for technologically relevant dimensions must be the
same as the bulk for this strained orientation.

Figure 1 displays the resistivity measurements of two
ultrathin VO, samples, which both show abrupt MITs, that
is, width <20 K and a resistance (R) change of AR/R > 10°.
The hysteresis loops are centered at ~292.5 and ~304 K for
Sample A and Sample B, respectively. An additional 6 min
anneal was applied to Sample A following the growth, which
may account for the sharper hysteresis loop and lower
transition temperature compared to Sample B. At room
temperature, samples A and B were found to be in their
respective metallic and insulating end point phases. This
facilitated the investigation of both phases consecutively at
room temperature.

In order to both verify the film thickness and film quality
(especially at the interface) we employed STEM-EELS, as
shown in Figure 2. The atomic similarity of the TiO, substrate
and VO, substrate results in poor contrast in the high-angle
annular dark field (HAADF) mode STEM, so the results
presented here are low-angle annular dark field (LAADF)
STEM. From analysis of the corresponding EELS of the V L; ,-
edge we obtained 13.2 (14.6) unit cells using the total V (full
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Figure 1. The temperature-dependent resistivity plots of the two VO,
samples. Vertical thin gray lines indicate the center of the hysteresis
loops for both samples.
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Figure 2. The LAADF-STEM images of Sample A at different
magnifications, the cy-axis direction is indicated alongside. Also shown
is the Ti and V L-edge EELS signal as a function of unit cell (uc)
thickness.

width at half-maximum) signal, which corresponded well to 14
unit cells from the growth rate. The V L-edge (Supportin%
Information) displayed the characteristic V* line shape.”
Depth profiles of the V and Ti L; ,-edge EELS signals reveals Ti
interdiffusion restricted to within 3—4 unit cells at the
interfaces. The severe weakening of the MIT for films below
7 nm has been attributed to Ti interdiffusion at the interface.*
The abrupt nature of the MIT in our films provides an upper
limit regarding the amount of interdiffusion that may be
tolerated with ultrathin films. At the other end (ie, the
surface), there is a reduction of the V signal. This is attributed
to an over oxidized surface layer. This is consistent with our
XPS which displayed a V** contribution in the V 2p core-level
region localized to the topmost layers (refer to Supporting
Information).

We employed both surface-sensitive and bulk-sensitive
modes of XAS using the total electron yield (TEY) and total
fluorescent yield modes (TFY) in order to distinguish
contributions from the epilayer, substrate, and interfaces. Our
analysis of angular XAS of ultrathin oxide epilayers on oxide
substrates has revealed that the TEY signal is representative of
up to ~1—5 nm of material, while TFY has an effective probing
depth of ~10—100 nm depending on angle, which qualitatively
matches expectations.”’ Our angular measurements revealed
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the same V L-edge profile in both modes confirming a uniform
film consistent with the STEM-EELS results. The TEY mode
spectra was only associated with the VO, epilayer (refer to
Supporting Information). Only the TFY mode O K-edge XAS
displayed contributions from both layers that varied with angle,
with the TiO, signal providing an internal energy reference for
our measurements. Figure 3 displays the angular variation of

IIII|IIII|IIII[IIIIIIIII|IIII|IIII|IIII
h *

T[* .' Y [ — 70(1 E C
I 600 "
J — s |

— 30°
—_— 12

EHcR

Intensity (arb. units)

EETEENEEEEEE NI EE RN AR RN EEE N F RN R

528 530 532 536

Energy (eV)

534

LIS L B B L

Intensity (arb. units)

512 514 516 518 520 522 524 526 528
Energy (eV)

Figure 3. (Top) Angular-dependent O K-edge XAS spectra of
VO,(001) in both the metallic and insulating phases, showing the
evolution of the d; state. (Bottom) Linear X-ray dichroism of the V
L;,-edge XAS of the metallic and insulating end points.

the V L;, and O K-edge XAS. The strict dipole selection rules
and energy constraints of XAS ensures that one can obtain
elemental and orbital selectivity. In the case of the O K-edge
(Is = 2p*), XAS measures the O 2p partial density of states
(PDOS) above the Fermi level. Whereas the stronger atomic
overlap between the p and d orbitals means that the metal L;,
edge (2p — 3d*) XAS reflects the spectra associated with
transitions between the 2p®3d" initial and 2p°3d™* final state
multiplets and is therefore an excellent indicator of oxidation
state. We assign spectral features in the O K-edge region (~
525—545 €V) as associated with the z* (~530 eV) and o*
(~532 eV) states. An additional djf orbital appears only in the
insulating phase at certain angles. This is consistent with
reports of VO, elsewhere”*>** and is discussed further below.
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The peak energy and spectral shape of the V L;-edge region
(~510—522) is in agreement with the V** charge state of VO,,°
consistent with the STEM-EELS in Figure 2. Our angular
dichroism in both the TEY and TFY modes of the V L;,-edge
spectra confirms the shift from 3D orbital character in the
metallic phase to 1D orbital character in the insulating phase,
observed for bulk crystals.6 Here, any V°* contribution from the
oxidized overlayer was found to be dwarfed by the epilayer
signal the V L;-edge region.

The corresponding HAXPES and XPS of the valence band
region for the two end point phases are shown in Figure 4. The
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Figure 4. The HAXPES and XPS of the valence band region of our
two ultrathin samples at room temperature referenced to the Fermi
level Eg. A 1-point smooth has been applied to the XPS due to the
lower count rate associated with the attenuating overlayer.

topmost V 3d (0—2 eV) states display a clear shift between the
insulating and metallic phases, consistent with the respective
bulk end point phases of VO,.”** It is important to note that
for the XPS no surface preparation was performed, which
confirms a robust MIT extending to the surface. The
attenuation profile of the photoelectrons at this photon energy
means that the majority of our signal comes from within the
first nanometer. The O 1s and V 2p core-level regions are
shown in the Supporting Information. The greatest difference
between the HAXPES and XPS, apart from intensity and orbital
cross-section variation, is the appearance of a V>* contribution
due to the overoxidized topmost atomic layers evident in the
XPS data, due to the aforementioned surface sensitivity of the
measurement. The corresponding work-function from Kelvin
probe measurements of the two samples were 5.16 eV
(insulating) and 5.3 eV (metallic), consistent with the energetic
shift reported by Ramanathan et al.*®

We now discuss our results within the context of the
molecular orbital model proposed by Goodenough.>* Figure 5
displays the high-temperature rutile (R) and low-temperature
monoclinic (M;) crystal structures with their corresponding
molecular orbital diagrams. The lowering of the crystal
symmetry from rutile to monoclinic lifts the orbital degeneracy.
The formation of the V=V dimers along the rutile ¢- (cp) axis
splits the nonbonding d; states into occupied and unoccupied
states. Meanwhile the zigzagging of the V—V pairs shifts the 7*
state to higher energies, opening the band gap in the M, phase.

Referring to Figure 3, the O K-edge spectra of the metallic
phase displayed only two distinct features associated with the
7* and ¢ peaks consistent with this model. As the angle of the
cg-axis of the rutile phase is varied with respect to the electric
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Figure S. (a) The HAXPES and O K-edge spectra of the end point
phases on a common binding energy plot, referenced to the Fermi
level (Eg). (b) The molecular orbital diagram for the insulating and
metallic phases. (c) The corresponding rutile (R) and monoclinic
(M,) crystal structures of the end point phases of VO,. The unit cells
are shown (dashed yellow lines) to indicate the effective doubling of
the M, cell compared to the R phase.

field (E) of the incoming X-rays, the relative intensities of the
two peaks change. In the insulating phase the same variation is
noted. Note that the cp-axis corresponds to the direction of the
V-V dimer chains in the M, phase, as shown in Figure 5. The
unoccupied djf state is observed at 530.8 eV and becomes
pronounced as the E becomes more closely aligned with the cp-
axis, consistent with its orbital character.”*** In addition, we
clearly observe the corresponding 0.15—0.2 eV shift in the 7*
peak upon going into the insulating phase, which is attributed
to the zigzagging of the V-V pairs. The XAS measurements of
the two samples were measured consecutively at each angle to
rule out any artificial shifts in our analysis associated with
geometry and photon energy. The energetic separation
between the 7* and the djf was found to be 0.9 eV, in
agreement with the bulk phase.” Recent XAS of 40 nm strained
film on Ti0,(001) and dynamical mean field theory (DMFT)
have confirmed that for the strain associated with the (001)
orientation the splitting should be the same as in the bulk
phase.*>*® Our result is then consistent with thicker strained
films in this orientation despite being an order of magnitude
thinner.

Furthermore, we have combined the HAXPES and the O K-
edge XAS on a common energy axis for direct comparison with
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the molecular orbital diagram in Figure 5. The energy
alignment of the HAXPES and the O K-edge XAS was first
ensured by shifting the measured energy of the XAS by the O
1s core-level resulting in a plot on a common binding energy
axis referenced to the Fermi level. Following this shift, the XAS
onset is shown to lie below the Fermi level because the final
state of XAS has a core-hole which effectively shifts the
absorption spectrum to lower energies.*® For the O K-edge
XAS, applying a 1 eV shift is usually adequate for direct
comparison with DFT;>” applying this approximation agrees
well with the band edge separation for both the metallic and
insulating phases. This approach facilitates direct comparison
with the calculated DOS from combined local density
approximation of density functional theory incorporated with
dynamical mean field theory (LDA-DMFT) of strained thin
films by Kotliar et al.** In the insulating phase, we observe an
energetic separation between the d states of 2.2 eV, which
agrees well with 2.15 eV for the LDA-DMFT calculated
splitting of the d,_ orbital for the strained VO, films on
Ti0,(001).%®

In conclusion, we have combined HAXPES and angular XAS
to circumvent issues associated with surface preparation to
study the scaling properties of ultrathin VO,. We confirmed
that our ultrathin films were 4.1 nm (14 units cells along the c-
axis) in thickness, had Ti interdiffusion restricted to 4 unit cells
of the interface, and displayed abrupt MIT transitions at room
temperature. The insulating and metallic end point phases
spectroscopically agree with their bulk counterparts, indicating
that apart from the strain-induced change in transition
temperature, the underlying mechanism of the MIT for
technologically relevant dimensions must be the same as the
bulk for this orientation in agreement with LDA-DMFT. Our
results suggest that the scaling of functional VO, to the single
nanometer regime can be realized.

Methods. The films of 4.1 nm (14 units cells along the c-
axis) VO, were grown on 0.5 mm thick TiO, via reactive oxide
molecular-beam epitaxy (MBE) at 400 °C. HAXPES measure-
ments were performed at beamline X24a of the National
Synchrotron Light Source (NSLS), using a photon energy of
~4 KeV. Laboratory based XPS using a monochromatic Al K,
source was performed at Binghamton University set to the
same effective instrumental resolution. Angular soft XAS
measurements were performed at AXIS endstation at beamline
7 of the Advanced Light Source (ALS).
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The following items are included in the supplemental section:
(1) an evaluation of the effective probing depth of TEY and
TFY mode XAS; (2) the V Ljy-edge EELS spectra; (3) an
evaluation of V charge state as a function of film thickness using
HAXPES and XPS survey and core-level scans of VO,; and (4)
the change in O 1s and V 2p lineshapes between metallic and
insulating phases using HAXPES and XPS. This material is
available free of charge via the Internet at http://pubs.acs.org.
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