PRL 115, 196401 (2015)

PHYSICAL REVIEW LETTERS

week ending
6 NOVEMBER 2015

Field Effect and Strongly Localized Carriers in the Metal-Insulator Transition Material VO,

K. Martens,l’z’3 J.W. Jeong,1 N. Aetukun',1 C. Rettner,1 N. Shukla,6 E. Freeman,(’ D.N. Es’fahani,4 F. M. Peeters,4
T. Topuria,' P. M. Rice,' A. Volodin,” B. Douhard,” W. Vandervorst,”” M. G. Samant,' S. Datta,” and S. S. P. Parkin'
'IBM Research-Almaden, San Jose, California 95120, USA
2ESAT Department, KU Leuven, Leuven BE-3001, Belgium
3IMEC, Kapeldreef 75, Leuven BE-3001, Belgium
4Physics Department, University of Antwerp, Groenenborgerlaan 171 BE-2020, Antwerp BE-2020, Belgium
5Deparlment of Physics and Astronomy, KU Leuven, Leuven BE-3001, Belgium
®Department of Electrical Engineering, Pennsylvania State University, University Park, Pennsylvania 16802, USA
(Received 19 January 2015; published 4 November 2015)

The intrinsic field effect, the change in surface conductance with an applied transverse electric field, of
prototypal strongly correlated VO, has remained elusive. Here we report its measurement enabled by
epitaxial VO, and atomic layer deposited high-x dielectrics. Oxygen migration, joule heating, and the
linked field-induced phase transition are precluded. The field effect can be understood in terms of field-

induced carriers with densities up to ~5 x 10'> cm™2 which are strongly localized, as shown by their low,
thermally activated mobility (~1 x 1073 cm?/V s at 300 K). These carriers show behavior consistent with
that of Holstein polarons and strongly impact the (opto)electronics of VO,.
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VO, is a prototypical material with strong electron-
electron and electron-phonon interactions and with a sharp
thermally driven metal-insulator transition (MIT) near
room temperature. Below Ty, VO, has a monoclinic
crystal structure (M;) with dimerized V atoms and a
~0.6 eV band gap [1], while above Tygr it is metallic
with a rutile structure. In recent work [1-3], VO, below its
transition temperature is not considered a pure Mott
insulator but a many-body Peierls insulator with combined
influences of electron correlations and Peierls effects. A
more complete understanding of VO,’s first-order phase
transition is currently being pursued [4-6].

Interest has been raised in the electric field effect in highly
correlated materials due to the possibility of a direct electro-
statically induced metal-insulator transition, enabling a Mott
transistor [7-9]. Such Mott transistor behavior has not been
rigorously proven in correlated oxides [9]. Recently, ionic
liquid gating experiments showed that semiconducting VO,
can be rendered metallic by applying an electric field normal
to VO, s interface [9]. However, Jeong et al. [ 10] showed that
oxygen migration occurs during ionic liquid gating. At
present the nature of the VO, field effect without oxygen
migration remains an open question. The basic understanding
of the VO, field effect in field ranges used in typical silicon
field effect transistors is the focus of this work.

The intrinsic effect of a transverse electric field on
surface conductance (field effect) in VO,, one of the
simplest strongly correlated oxides, remains to be measured
and understood. To measure the intrinsic VO, field effect
we exclude the presence of oxygen migration, found using
ionic liquid gating, by applying transverse electric fields
using a solid gate dielectric. We have probed the intrinsic
field effect in VO, by making use of ultrathin (<10 nm)
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single crystalline VO, films. These avoid large unmodu-
lated “bulk” conduction which has made measuring the
small VO, field effect problematic. We evaluated the field
effect in a wide range of field-induced excess charge
densities. The maximum density is limited by dielectric
breakdown, and at the obtained densities field-induced
MITs have been reported using ionic liquid gating.

The existence of strongly localized carriers intrinsic to VO,
has been discussed by, e.g., Zylbersztejn and Mott [11] and
Goodenough [12] and is often assumed [9,13]. Experimental
evidence of strongly localized carriers in VO, [14,15] is
based on magnetic resonance and susceptibility measure-
ments in incompletely dimerized M, VO,. Based on Hall
measurements [16], carriers in VO, are often considered to
behave as band carriers on the verge of localization rather than
strongly localized carriers. However, Hall density and mobil-
ity are only interpreted correctly as the actual carrier density
and mobility when rightly assuming band transport, which is
not known to be correct for VO, [16]. VO, carrier mobility
from field effect measurements has not been reported and our
measurements provide evidence for the existence of strongly
localized carriers intrinsic to VO,.

To reliably assess the gate field effect with field-induced
charge densities similar to those obtained with ionic liquid
gating (~5 x 1013 cm™2), we fabricated VO, field effect
transistor structures (FETSs) [see inset Fig. 1(b)] with single
crystalline VO, films 3—10 nm thin and high-x dielectrics.
Single crystalline VO, allows an assessment of properties
unaffected by grain boundaries. High-quality high-x dielec-
trics allow sustaining high charge densities at high fields
without leading to oxide degradation and increased gate
leakage. Little work was done on the VO, field effect making
use of solid dielectrics [17-19], and the work done made use
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FIG. 1 (color online). (a) Gate modulation of drain current (/p).
Zoomed linear plot of Ay, relative to I, at 0 V gate bias (/) for
9 nm PLD VO,(101)/HfO,, L =7 ym and W = 80 um. Up and
down voltage sweeps are shown. (b) Field effect modulation of
drain current [%/V] expressed as d(Alp/Ipg)/dV.

of polycrystalline thick VO, (~100 nm) with dielectrics
with low permittivity (k) which are susceptible to dielectric
degradation. Careful gate current monitoring throughout our
experiments excludes dielectric degradation effects. Any
switching reported in previous work is either induced by
applying a significant lateral field besides a normal gate field
[18] or the switching occurs slowly (seconds to minutes)
excluding a direct electronic or intrinsic VO, cause [17]. All
measurements in this work use low lateral fields (20-500 mV
drain-to-source bias) to avoid joule heating and to focus
on the transverse field effect. Previously, electric field
driven metallization in lateral 2-terminal VO, devices was
explained by joule heating [20-23].

Devices were fabricated in three different labs making
use of films deposited with multiple techniques. Epitaxial
single crystal VO, films were grown by pulsed laser
deposition (PLD) at 400°C and in 10 mtorr O, using a
VO, target [20,24,25] on TiO, (001) or (101) substrate.
The tensile strained VO, films on TiO, have a lower Ty
as compared to the bulk [24]. XRD and TEM show that the
films are monocrystalline (see Ref. [26] for details). The
3 nm PLD VO, films are capped with 0.7 nm thick PLD
TiO, to avoid degradation of the MIT [39]. 10 nm thick
VO, films were epitaxially grown on TiO, (001) employ-
ing reactive oxide MBE [26,40] as well.

FETs were fabricated with gate dielectrics that were
deposited by either ion beam deposition of 15 nm thick
SiO, at room temperature on VO, /TiO, (001) or by atomic
layer deposition (ALD) at 200 °C using water and HfCl,
[41] of 10 nm thick HfO, on VO, /TiO, (101). Fabrication
made use of electron beam lithography and gate lengths
were 6-9 ym. The magnitude of conductance change at
Tyur for the VO, channels in patterned devices is com-
parable to that in blanket films indicative of no significant
degradation of VO, during device fabrication [26]. The
MBE VO, devices have a 1 nm thick Al,O5 gate dielectric
with a 7 nm thick HfO, deposited on top by ALD at 100 °C
and 110°C, respectively (see Ref. [26]).

Capacitance measurements require low series resistance;
hence, dedicated capacitors were fabricated with 8 nm thick

VO, films grown epitaxially on a conducting 5 nm thick
sputtered RuO, layer grown epitaxially on TiO, (001) [26].
The dielectric was either a 32 nm thick SiO, or a 10 nm thick
HfO, layer. For each VO,/dielectric stack the capacitors were
fabricated using the same process as the FETs.

For the HfO, dielectric, the estimated charge density
induced by the gate voltage in the VO, channel reached a
maximum of 5 x 10'* ¢cm=2 (from Clj; x V /e, where V is
the gate voltage and C); is dielectric capacitance). The
corresponding maximum field reached ~4 MV/cm for
HfO, (assuming relative permittivity e,yo, = ~30 [42],
€m0, =20, V=26 V)and 0.2 MV/cm for SiO, (&,si0, =
3.9, Vi = £3.4 V). These fields are near the maximum that
can be sustained without compromising dielectric reliability.
ITonic liquid gating can result in metallization well below a
~5 x 103 cm™2 capacitively induced charge density [9] (see
Fig. 4 in the Supplemental Material [26]). Given the different
nature of liquid and solid gating, the presence of any field-
induced MIT is not expected to occur at similar electric field.

A field effect measurement is shown in Fig. 1(a) for a
(101)VO, /HfO, sample as the change in channel or drain
current with V. The drain current of all the evaluated
device types shows a small and approximately linear
dependence on Vs over a large field and temperature
range (80—400 K). For more characteristics, see Ref. [26].
Gate modulation (%/V) of conductance or drain current is
defined here as (dI,/dV ) /Ipo, Ipo = Ip(Vg =0 V) and
is shown in Fig. 1(b). Gate modulation is derived by linear
fitting [Figs. 1(a) and 1(b)] and does not vary strongly with
temperature, in contrast to channel resistivity. Drain cur-
rents are modulated by less than 0.6%/V by field effect
gating [Fig. 1(b)] [26]. Because of the lack of any
concomitant electrochemical or joule heating process in
the FET devices, previously observed field-induced MITs
are absent [9] at any of the measurement temperatures
above or below the MIT (80—400 K) in any of the devices,
independent of gate dielectric, VO, thickness, VO, growth
method, and crystallographic orientation.

We obtain the mobility ppg of the excess carriers induced
by the field at the interface [Fig. 2(a)] as upg = 6/(CqiVi),
where conductivity ¢ =L/WeAlp/Vp, with Alp =
I(Vg)—1(0 V). W is gate width and L is gate length.
ure (Fig. 2) is significantly smaller than a critical mobility
2a*e/h = 0.4 cm?/V s below which charge carrier locali-
zation is estimated to occur when the mean free path is
shorter than the nearest-neighbor distance @ = 0.3 nm [43].
The excess carrier mobility shows temperature activation, a
hallmark of charge carrier localization. The low mobility of
the field-induced excess charge explains the magnitude of
the VO, field effect conductance modulation.

The most straightforward potential explanations for the
observed strongly subdued gate field effect are evaluated:
conventional semiconductor behavior, a very high density
of defects which inhibit field effect modulation, electron-
electron correlation effects, the formation of small
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FIG. 2 (color online). Extracted excess charge field effect
mobility and fit of Holstein small polaron model.

polarons, of which the presence is anticipated due to the
strong electron-phonon interactions in VO, [44,45], and
disorder.

If VO, were to behave as a conventional band semi-
conductor, one would observe a large field effect. In such a
hypothetical scenario, the Hall mobility of ~0.5 cm?/V's
[16,46] approximately reflects the actual carrier mobility.
Using the carrier density derived from Hall measurements, the
amount of carriers in a 10 nm thick VO, channel
(<~1x10”cm™3 or <~1x10"cm~2) would be smaller
than what can be induced by the gate (5 x 10'* cm~2). The
channel could then easily be fully depleted of carriers by the
field, and the current could be pinched off completely. Such
conventional semiconductor behavior is clearly not present.

Figure 4a presents the schematics of band bending and
mobile carrier modulation in conventional semiconductors
for a gate bias corresponding to carrier accumulation (al
and a3) and depletion (a2 and a4) [47]. In depletion, mobile
carriers are removed from the semiconductor volume [a4 in
Fig. 4(a)], whereas in accumulation they are added at the
dielectric-channel interface [a3 in Fig. 4(a)]. If carriers were
depleted throughout a significant fraction of the VO, film
depth by gating, a significant change in channel current
would result. The absence of field effect current modulation
entails the absence of significant depletion of carriers in the
volume of VO,. This points to field-induced net (excess)
charge formation at the VO,-dielectric interface.

We corroborate the absence of conventional semiconduc-
tor depletion behavior and the presence of excess charge at the
interface with capacitance (C) measurements. The ac capaci-
tance (Fig. 9(a,c) in [26]) shows no abrupt change versus
temperature at the MIT at all gate voltages (V). Hence, the
location of the ac modulated excess charge is near the
dielectric-VO, interface in both the metallic and semicon-
ducting phases. In a conventional semiconductor, depletion
gives rise to a characteristic drop in the C-V characteristic
[Fig. 3(a), right-hand inset] due to the location of ac
modulated charge at the depletion edge, away from the
interface [a4 in Fig. 4(a)]. This typical drop is observed to
be absent in the VO, C-V [Fig. 3(a)] across all temperatures.
For the HfO, capacitors, a 40% capacitance drop [26] would
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FIG. 3 (color online). (a) C-V’s at 100 kHz for a 10 nm
HfO,/VO,(001) capacitor. Right-hand inset shows conventional
semiconductor model for 1 x 10?° cm™ doping at 300 K and
1 x 10'® cm™3 doping at 100 K. (b) Conductance-frequency [G
plotted normalized by 27/ = w, 30 mV ac bias) characteristics of
Si0,/Ti0,/V0,(001)/RuO, capacitors]. Inset is the expected
G/w conventional semiconductor trap signature for defects.

be expected for conventional semiconductor behavior when
fully depleting VO,. For all temperatures the small change
(<2%) in C-V shows a parabolic voltage dependence
(see Ref. [26]), typical for metal-insulator-metal capaci-
tors [48,49].

Defects were investigated as a potential determining factor
of the field effect. It is well known in field effect devices with
conventional semiconductors (e.g., GaAs) that field effect
conductivity modulation can be suppressed by the presence
of a large number of interface trap defects, which immobilize
the excess charge carriers. The presence of such interface
traps results in a peak in capacitor conductance (G/w)
spectroscopy measurements [inset Fig. 3(b)], with the
G/w peak intensity versus @ proportional to the density of
traps [50]. The inset of Fig. 9(c) in Ref. [26] shows a
schematic of a measured capacitor. A G/w peak is not
observed in capacitors [Fig. 3(b)] [26] for any of the
dielectric-VO, combinations studied over the entire temper-
ature range (10 K, 80-400 K). This temperature range
ensures that interface traps, if present, would have been
detected as we covered all likely capture cross sections and
band gap energy levels [51]. The observed monotonic slope
in G/w versus w is due to the series resistance of the RuO,
backplane, which was low by design to enable interface trap
evaluation. No signature of interface traps was found.

Moreover, for defect-related types of hopping transport a
frequency (f) dependence of the ac channel conductance of
(xfs ~0.8) is expected [52], which is not observed in the
VO, devices [26]. Scenarios involving a high dopant
density or bulk defects require a very large amount of
defects to explain the strongly subdued field effect [e.g.,
exceeding (4-10) x 10?! cm™3, ~10% of V atom density
[26]] and should be easily observable. In scanning tunnel-
ing microscopy measurements [Fig. 4(b)] [26], no such
large density of states within VO,’s gap was found. We find
a defect-dominated scenario to be unlikely.

To assess whether strong electron-electron interactions
could explain the field effect and absence of depletion for
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VO,, we have calculated the volume excess charge (An)
versus electrochemical potential shift (Au) relationship,
which determines the presence of depletion [47]. A
Hubbard model appropriate to address a dimerized corre-
lated-band insulator or many-body Peierls phase [2,3] like
VO, was solved using dynamic mean-field theory (DMFT)
[53]. The Hamiltonian was adapted from Ref. [54]. See
Ref. [26] for details. We choose t =1 eV (interdimer
hopping) and # = 0.5 eV (intradimer hopping) resulting
in a gap similar to the gap of VO,. U, the on-site
Coulomb repulsion, was chosen 0 and 5 eV and the inverse
of temperature is fixed to f = (30/¢). Strong correlations
(U > 0) are not found to result in an excess charge >1% for
small Ay, similar to that in the uncorrelated, conventional
semiconductor case (U = 0); see Fig. 4(c). 1% 1is the
approximate amount of filling (compared to V atom density)
corresponding to accumulating ~5 x 10'3 cm™2 of carriers
in I nm of VO,. Depletion inhibition and little band bending
imply small Ay (<« 200 meV). Strong correlations described
by the used Hubbard model do not account for the observed
depletion inhibition encountered in experiments.

VO, electrical properties were found to be insensitive to
introduced disorder in experiment [55] and theory [56].
Disorder is unlikely to play a role in the field effect and
localization.

Our observations are consistent with field-induced excess
charge which is composed of small polarons [57]. When a
small polaron forms, an excess carrier induces a lattice
deformation which results in a lowering of energy compared
to an excess band carrier [see Fig. 4(d)]. The Ilattice
deformation involved is most likely a relaxation of the V
dimer see Fig. 4(d)]. Density functional theory simulations
indicate a relaxation of the dimer [26] to occur with charging.
Because polarons are energetically favorable compared to
band carriers and can form at very high density, they will
screen the electric field at VO, ’s interfaces, resulting in the
observed absence of band bending and depletion [see
Fig. 4(e)]. A Holstein small polaron model [57] explains
the observed excess carrier mobility as shown in Fig. 2.
For the adiabatic model, with u = a?(e/kT) (wy/2x) e Fa/T

the fitted parameters are a’fw, = 2 meV nm, with Aw, =
8-22 meV for hopping distances a = 0.3-0.5 nm, and
activation energy E, = 0.11 eV. E,, is substantially smaller
than the polaron binding energy (>2E,) [57]. Hence, the
polaron binding energy is considerable compared to the gap
energy. The magnitude of the obtained A®, corresponds to
typical optical phonon energies [42], corroborating the
presence of small polarons.

The strongly localized carriers screen electric fields and
inhibit depletion regions. These space charge regions play a
key role in the photovoltaic effect, electroluminescence,
lasing, photoconductance, rectification in semiconductor
junctions, etc. Their impact can, for example, explain the
relatively low VO,-metal contact resistances [58], Ohmic
behavior and absence of rectification in VO,-metal junc-
tions [58], and the thermal origin of photovoltage [26,59].
The localized carriers can greatly influence the (opto)
electronic behavior of strongly correlated materials.
These need to be accounted for to identify tailored materials
and device concepts with potential large intrinsic field
effects or field-induced Mott transitions.

We have measured the field effect of VO, in FET
structures. Oxygen migration and Joule heating were
avoided. The field effect behavior is explained by field-
induced excess carriers which are strongly localized, as
shown by their low, temperature-activated mobility
(~1 x 1073 cm?/Vs at 300 K, E, = 0.11 eV). A conven-
tional semiconductor field effect as found in some oxides
with low mobility [60-63] is found to be absent in VO,.
Depletion behavior is strongly suppressed, as observed in
both measurements of subdued field effect modulation of
channel current and capacitance. A direct field-induced MIT
was not observed with field-induced excess carriers reaching
densities of ~5 x 103 cm™2. No signatures of defect-
dominated behavior are encountered in admittance spectros-
copy of capacitors, channel conductance, and STM. The field
effect observations in VO, are consistent with the presence of
strongly localized carriers behaving as small polarons.
Excess charge mobility is in agreement with that of small
polarons described by a Holstein model with an extracted
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optical phonon frequency of the expected magnitude. The
presence of the encountered intrinsic strongly localized
carriers has wide-ranging implications for the physics and
applications of VO, and strongly correlated materials.
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