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ABSTRACT: Single crystalline vanadium dioxide (VO,) nanobeams offer an ideal material basis for
exploring the widely observed insulator-metal transition in strongly correlated materials. Here we
investigate non-equilibrium carrier dynamics and electronic structure in single crystalline VO,
nanobeam devices using scanning photocurrent microscopy in the vicinity of their phase transition. We
extracted a Schottky barrier height of ~0.3 eV between the metal and insulator phases of VO,, providing
direct evidence of the nearly symmetric bandgap opening upon the phase transition. We also observed
unusually long photocurrent decay lengths in the insulator phase, indicating unexpectedly long minority

carrier lifetimes on the order of microseconds, consistent with the nature of carrier recombination



between two d-subbands of VO,.

PACS numbers: 71.30.+h, 72.20.J ViSO

Vanadium dioxide (VO,) is one of the most studied strongly correlated materials. VO, undergoes a
first-order insulator-metal transition (IMT) at T, = 68 °C,' which involves a drastic change both in
electrical resistivity and crystal structure. In its insulating (I) phase (7 < T¢), VO, has a monoclinic
crystal structure with a bandgap of ~0.6 eV,? which transforms into a tetragonal structure in its metallic
(M) phase at higher temperatures (7 > T.) (Fig. 1(a)). The electronic structure at the junction of M-I
domain walls in VO, is of great interest to understanding the mechanism of IMT, but has rarely been
directly explored. Intriguing questions remain unanswered such as how the bands line up between the
two phases, whether the interface is Ohmic or Schottky, and how much the bands bend at the interface.
The answers to these questions can shed light on the IMT mechanism in strongly correlated materials,
which is still under debate in the case of VO, after decades of studies.>* In addition, the charge carrier
diffusion lengths have not yet been measured in VO,. Combined with mobilities measured by Hall or
field effect, charge carrier lifetimes can be extracted from the diffusion lengths to elucidate the charge
carrier dynamics. The difficulties of measuring charge carrier lifetimes in VO, are partly due to its
inability for light emission, which prevents time-resolved luminescence studies, and unintentional phase
transition during pump-probe measurements. Random M-I domain structures that typically occur in VO,
thin films or bulk specimens also complicate spatially-resolved electrical measurements.” Recently,
single crystalline VO, nanobeams (NBs) with a rectangular cross section have been successfully
synthesized via a vapor transport approach.® These VO, NBs provide an excellent platform for
investigating the electronic structure at the M-I junction (domain wall), as the characteristic domain size
is larger than the lateral dimension of the NB, so that a simple 1D domain structure can be easily
stabilized along the axial direction of the NB.

Scanning photocurrent microscopy (SPCM) is an ideal technique for extracting a number of physical



properties from quasi-1D structures, including electrical field distribution, local band bending, barrier
heights, and carrier diffusion lengths.”"* A typical SPCM experiment involves rastering a diffraction
limited laser spot over a planar device while recording the photocurrent as a function of the local carrier
injection position. Spatially resolved photocurrents in VO, NBs have been measured previously,'* but
only at very high laser intensity (on the order of 250 kW/cm?), where the photocurrent is dominated by
the thermoelectric effect. In this work, we use laser intensities 1000 times weaker than the previous
report, in order to probe intrinsic carrier dynamics by ensuring that the photo-injection does not induce
unintentional phase transitions and significant temperature gradients. At this low intensity, the local
temperature rise due to laser heating is estimated to be on the order of a Kelvin and we conclude as seen
below that the thermoelectric effect can be ignored. We found that the energy band in the n-type I phase
bends upward towards the M phase with a barrier height of about 0.3 eV. More interestingly, we
observed unexpectedly long minority carrier (hole) diffusion lengths in I phase, indicating long carrier
lifetimes on the order of microseconds.

The VO, NBs were grown by a physical vapor deposition (PVD) approach in a horizontal tube
furnace as detailed in reference 6. Devices incorporating single VO, NBs were fabricated by
photolithography on the as-grown substrates, where the NBs were partially embedded in the 1.1 pum
thick SiO; layer on Si wafers. Cr/Au contacts were thermally evaporated, creating 20 um-gap devices
with NBs that typically had a rectangular 1 pm?” cross-section. SEM image of a typical device is shown
in Fig. 2(b). The VO, NB devices showed linear current-voltage (I-V) characteristics with contact
resistance much lower than the NB resistance, confirmed by 4-probe measurements. The I phase VO,
NBs were n-type with a relatively low electrical resistivity of ~ 5 Q-cm. The Kelvin probe microscopy

showed that the electric potential was uniformly distributed along a typical NB at room temperature

(Fig. 1(b)), indicating the NBs were free of defects that might induce local electric field. _
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than the expected depletion width, and thus cannot provide a direct measure of this width. As the

temperature increased and M domains formed in the NBs, the device resistance decreased in discrete
steps. A typical resistance-temperature (R-T) curve can be seen in Fig. 1(c). The temperature dependent
conductance of a typical NB device followed the Arrhenius behavior very well with an activation
energy of 80 meV (Fig. 1(d)), much smaller than the bandgap, indicating the NBs were highly doped.

Our SPCM setup was based on an Olympus 51x microscope, where a laser beam (CW 532 nm,
Compass 315M) was focused by a 100x N.A. 0.95 objective to a Gaussian profile with a full width at
half maximum (FWHM) of 900 nm. Great care was taken to ensure that the laser intensity was well
below the phase transition threshold, which is about 20 kW/cm® at room temperature. Thanks to the
drastic difference in reflectivity, M domains can be visualized from optical images."” During laser
scanning, we constantly checked the NBs optically to ensure no changes in domain configuration
occurred. If our laser intensity was above the threshold, we indeed observed the creation of an M
domain at the injection position and the M domain moved following the laser spot during the scanning.

We first present the SPCM results of a typical single VO, NB device (D1) at room temperature (Fig.
2), far from the phase transition temperature (68 °C). The excitation laser peak intensity was 540
W/em?, much lower than the phase transition threshold and thus the NB was completely in the I phase
during the scanning. A typical SPCM image at zero bias is shown in Fig. 2(b), displaying significant
photocurrent only when the illumination is near the contacts. The Schottky junction at the Cr contact
leads to zero-bias photocurrent'' and the current direction indicates an upward band bending towards the
electrodes. In the more than 10 devices measured to date, the bending directions have been consistent
and agree with the n-type nature of VO,. An external quantum efficiency (EQE, ratio of collected
carriers to incident photons) of 0.006% is estimated from the maximum zero-bias photocurrent (~100
pA) and the excitation intensity (540 W/cm?). In addition, the current decays exponentially as the laser
spot moves away from the contact, with a characteristic length of ~3 um (Fig. 2(c)).

The photocurrent generated by local excitation in the I phase is unlikely caused by the thermoelectric



current for the following reasons. (1) When the laser spot is near the contact, only a small temperature
rise on the order of 0.01 K is estimated at the VO,/Au thermocouple junction, because of the high
thermal conductivity of Au. Such a small temperature difference leads to ignorable thermoelectric
current. (2) When the laser spot is near the center of the NB, the expected temperature increase is on the
order of 1 K at the local illumination position. At the first glance, this temperature rise seems to lead to a
thermoelectric current high enough to account for the measured current level, considering a large
Seebeck coefficient of the I phase of 0.4 mV/K.'® However, the temperature at the left and right Au
contacts remains at room temperature. The thermoelectric potential difference between the laser spot
and left contact is opposite to that between the laser spot and the right contact. Thus, the thermoelectric
current flowing toward the left hand side of the laser spot largely cancels with thermoelectric current
flowing toward the right hand side, leading to a small net thermoelectric current. A numerically
simulation indeed shows that the thermoelectric current is much smaller than the measured current and
can be ignored (J1g in Fig. 3(b)).

The photocurrent decay may also be attributed to the decay in drift current driven by the built-in field
in the depletion region at the weak Schottky contacts. However, the depletion region is expected to be <
100 nm in the I phase, considering a dielectric constant of 24 and a high electron density of ~ 10'® cm’
3417 Thus the built-in field in the depletion region is unable to cause the long spatial extension of the
photocurrent spots. As recently shown in a thorough modeling of SPCM,'® carrier diffusion in
conjunction with a weak Schottky field can cause a SPCM decay length much longer than the depletion
width. Photo-generated carriers can diffuse to the depletion region, be separated by the built-in field at
that location, and then be collected by the electrodes. The photocurrent decreases exponentially with the
distance x away from the junction (/=1 exp(—x/L,)), as a longer distance results in a smaller fraction
of carriers diffusing to the junction and being collected. The excellent exponential fits of our
photocurrent data support the validity of this diffusion mechanism. In fact, SPCM is widely regarded as

a powerful tool for determining the minority carrier diffusion length.* '* '* Following the Einstein



relationship, the photocurrent decay length of L, =,/D,z, = 3.3 um corresponds to a product of hole

mobility (4,) and lifetime (z,) of 7, = 4.2 x 10° c¢m?/V. The mobility of the majority carriers
(electrons) in n-type VO, NBs has been reported to be in the range of 0.1-1.0 cm?/Vs in the insulator
phase.'” The minority carriers (holes) in the valence band are expected to have comparable or lower
mobilities. If taking an upper bound of z, = 1 cm?/Vs for the I phase, a hole lifetime of T, ~4 usis
expected for free holes. A lower g, will yield an even longer lifetime. The rise/fall time of the
photocurrent was measured to be 15 us as the illumination was turned on/off (Fig. S1 ).”" This measured
response time was limited by the instrumental temporal resolution. Thus we conclude that the hole
lifetime is 7, =4 — 15 us.

When a bias up to 200 mV is applied to the NB, the photocurrent is suppressed (enhanced) at the
anode (cathode) (Fig. 2(d)), because the external electric field at the anode (cathode) is against (along
with) the Schottky field. Besides this photocurrent change at the contacts, the most apparent change of
the photocurrent profile under bias is an additional broad peak with higher magnitude appearing around
the center of the NB. Note that the dark current is already subtracted in Fig. 2(d). All devices measured
to date show the same trend. On the other hand, the photocurrent spots in PbS nanowires'? and Ge
nanowires’' are always close to one of the contacts under bias. This photocurrent under bias is another
indication that the minority carrier lifetime is exceptionally long in VO, as shown by comparison with
simulations. Following the method described in reference >, we performed a numerical simulation of
the electrodynamics of free carriers in 1D NBs under steady-state local illumination. The parameters
used for the simulation are summarized in Table 1. The non-equilibrium electrons and holes are
generated solely in the illumination area, while they recombine throughout the entire NB.

The simulation shows that for a given 1D system with zero or low energy barriers at the electrodes,
weak local illumination typically generates non-equilibrium carriers (An = Ap) at much lower densities

than the equilibrium majority carrier density (np= N4) coming from intentional or unintentional doping



(Fig. S2(b)).”" In this “low-level” injection, the photocurrent is very weak and has a flat line shape, with
no discernible peak, as shown in Fig. 3(d). This is because the non-equilibrium carriers cannot reach the
electrodes unless the laser injection spot approaches one of the electrodes. However, when the minority
carrier lifetime (7,) is Us long, even a weak illumination could generate non-equilibrium carrier densities
much higher than in equilibrium, An = Ap >> ny, thus becoming effectively “high-level” injection (Fig.
S2(a)).” This is because the recombination rate is low enough to allow a high density of non-
equilibrium carriers to accumulate in the steady state. At high-level injection, the photocurrent develops
a broad peak under bias, and the peak is located where the total current switches from being limited by
electron current (electrons reaching the anode) to being limited by hole current (holes reaching the
cathode).® When the mobility and lifetime of electrons are comparable to those of the holes, the
photocurrent peak is located near the center of the NB, which is the case of the VO, NBs. Fig. 3(a)
shows the simulated photocurrent profile in this case, which agrees very well with the experimental data
(Fig. 2(d)). Also plotted in Fig.s 3(b) and (c) are band bending and current components when the laser is
focused near the SPCM peak position in Fig. 3(a).

The long minority carrier lifetime indicates a slow electron-hole recombination. This is consistent
with the nature of the electronic bands involved in the recombination. In tetrahedrally bonded, direct-
bandgap semiconductors (such as GaAs), the bottom of the conduction band is derived from the atomic
s orbital and the top of the valence band is derived from the atomic p orbital, such that electron-hole
recombination can readily occur via an s-p dipole transition. In I phase VO,, on the contrary, both the

valence and conduction subbands are split from the same atomic orbital, the vanadium d; (d ._ . ) band,

as shown schematically in Fig. 1(a). The first-order dipole transition is thus forbidden and the radiative
recombination rate is thus much slower, resulting in a long minority carrier lifetime governed by non-
radiative recombination mediated by defects. Further theoretical and experimental work is required to
confirm this conjecture.

In order to study the local band structure associated with the M-I domain walls, SPCM measurements



were performed with M domains present in a NB device (D2) at elevated temperatures (Fig. 4). As the
temperature was ramped up, the first M domain typically appeared at 55 °C. Multiple M domains
nucleated and grew as the temperature was further increased. All M domains eventually merged
together, forming a purely M phase NB at a temperature above 100 °C. This domain behavior was
explained by substrate-imposed strain effects.” Different domain configurations were obtained and
stabilized by carefully controlling the NB temperature. Excitation intensity was further reduced to avoid
unintentional transitions and the NBs were monitored optically to ensure that the domain configuration
remained the same during the laser scanning. The weak illumination intensity is expected to raise the
temperature by approximately 0.2 K locally. The M domain has a much lower Seebeck coefficient than
that of the I phase, but the M domain is short and the temperature difference across it is ignorable.
Therefore, the thermoelectric current toward the right and the left contacts should still largely cancel
each other as discussed earlier and can be ignored.

The SPCM results obtained with one and two M domains are shown in Fig. 4(a) and (b), respectively.
Photocurrent spots of opposite polarity were seen on each side of an M domain and the signs of the
photocurrent spots were independent of the size and the number of M domains. The photocurrent signs
are consistent with an upward band bending toward the M domain (band diagrams shown in Fig. 4). But
the linear I-V curve and the reduced resistance with M domains present suggest that the contact
resistance at M-I interface is still low compared with the I phase resistance. To our knowledge, this is
the first report on the band bending at the M-I domain wall in VO,. The band bending direction suggests
the initial Fermi level of the M phase lies below the Fermi level of the I phase, which is close to the

bottom of the conduction band as the I phase is unintentionally highly n-doped.'” SilCCIDONNDIASCSION

VO, are not piezoelectric, strain at the domain wall is not expected to induce an electric field. In

addition, the photocurrent also decays exponentially in the I phase at 55 °C, consistent with the room
temperature measurements (Fig. 4(a)). The decay length of 2.2 um (line plot and fitting not shown) is

slightly shorter than the 3.1-3.5 um at room temperature in the same device, presumably because of a



shorter carrier lifetime at higher temperatures.

In order to extract the barrier height, we model the VO, NB device by an equivalent circuit, treating
the M-I interface as a Schottky diode. Each M domain is associated with two Schottky barriers,
equivalent to two diodes connected back to back. Assuming ideal contacts and identical barrier height at
each side of the M domain, the single M domain configuration with the excitation on the left domain

wall can be modeled by the circuit diagram in Fig. 4(a). The current obeys the following equation:

kT [ 1 kT (1, -1
2l — 41 [+-51 L—+1]+V—IR:O (D)
|e| 1, ] |e| ﬂ[ 1, b

where I is the current generated by light, /y is the saturation current of an individual diode, V% is the
bias voltage, R is the total NB I phase resistance, & is the Boltzmann constant, 7 is the temperature, and
le| is the electron charge. If the current is small (/ << [y and I} — I << Iy), Equation (1) can be simplified

to:

I V, +kTI, /|1,

R )

Equation (2) predicts a linear relation between I and V%, consistent with the linear I-V curves measured
under local excitation. Taking the experimental values of the short-circuit current /. = 60 pA and R = 1
MQ, we obtain 7 /Iy = 0.0023, which confirms the small current assumption since / < I; << I,. Assuming
a 100% internal charge separation efficiency 7. (defined by the fraction of the light generated carrier
flux to the absorbed photon flux: 7., = I1/qF), we obtained I, = 0.5 mA. We can then estimate the
barrier height ¢ assuming that the current is dominated by thermionic emission:

Jy= AT 3)
where A* is the Richardson constant (proportional to electron effective mass m.* = 60 mg in VO,**) and
Jo 1s the saturation current density ( = [, / area). By using the /; value obtained from the circuit model,
the barrier was calculated to be approximately ¢=0.28 eV. We note that this value depends on the 7

logarithmically and is the lower boundary of the actual barrier height. A charge separation efficiency 77



= 100% is indeed expected as the charge transit time across the injection area is much shorter than the
carrier lifetime.?’ Even if Nee = 10% instead of 100%, this only increases the calculated barrier height
slightly to ¢=0.31 eV as the dependence is logarithmic.

The barrier height at the M-I junction is a direct measure of the band offset between the M and I
phases, which is useful for understanding the IMT and has not yet been obtained experimentally. The
measured ~ 0.3 eV barrier height provides direct evidence that the Fermi level of the M phase is near the
middle of the bandgap (E; ~ 0.6 — 0.7e¢V) of the I phase in VO,. As shown by the schematic band
diagram in Fig. 1(a), this indicates a nearly symmetric opening of the d, band into the bandgap when the
M phase transitions to the I phase. This is consistent with the picture of Mott transition, where the
narrow d-band is symmetrically split into the upper and lower Hubbard subbands. This also indicates
that the upward shift of the d; band is important, such that its bottom is not much lower than that of the
d,* band (Fig. 1(a)).

The direct identification of a Schottky junction at the M-I domain wall also indicates a space charge
region between the coexisting I and M phases. As the band in the I phase bends at the M-I junction, the
charge density is greatly reduced in the associated depletion region. In the Mott transition picture,
thermal activation increases the charge density (n) to a threshold value and triggers the transition and the
consequent crystal structure change.'”?° Thus, the depletion region at the M-I domain wall effectively
presents an energy barrier to the IMT, because additional electrons need to be injected into the depletion
region to meet the charge density threshold in order for the M domain to expand.

In summary, we have studied the insulator-metal transition in VO, nanobeams by scanning
photocurrent microscopy. We observed a band bending arising from the Schottky junction at the M-I
domain wall. The barrier height extracted from the photocurrent indicates that the Fermi level of the M
phase lies near the middle of the I phase bandgap, suggesting a symmetric bandgap opening upon the
phase transition. We also observed unexpectedly long minority carrier diffusion lengths in the I phase.

We attribute the photocurrent to carrier diffusion and extract a long recombination lifetime on the order

10



of us from the SPCM data, which is consistent with a slow carrier recombination across the d-subbands

of VOz.
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FIG. 1._ (a) Band diagram for M and I phases of VO,, showing the splitting of the d, band
and the rising of the d; band upon transition from the tetragonal (M) to monoclinic (I) crystal structures.
(b) Kelvin probe microscopy measurement of a VO, NB at room temperature. Shaded areas indicate
electrodes. (c) Resistance as a function of temperature for a typical VO, NB device (device D1). The
arrows indicate the temperature ramping directions. (d) Conductance as a function of inverse

temperature showing an activation energy of 80 meV.
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FIG. 2. _ (a) Schematic of SPCM setup, where a diffraction limited laser spot is rastered
over a VO, NB device. (b) SEM image and SPCM image of a VO, NB at zero-bias with illumination
intensity of 540 W cm™ and wavelength of 532 nm (device D1). The arrow indicates the positive current
direction. (c) Cross section of the SPCM image in (b) along the axial direction of the NB. The data is fit
to the exponential form /=17 exp[«(x—x,)/L,]. The fitting parameters Lp are labeled in the plot. (d)
SPCM line scans under biases ranging from —200 mV to 200 mV with 50 mV increments. The dark

current was subtracted.
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FIG. 3. ((SOIBHBRINS) (2) Numerically simulated photocurrent of a VO, NB using the parameters
summarized in Table I Scenario A. Bias voltage is 0, 100mV and 200 mV, respectively, as labeled. The
dark current was subtracted. (b) Simulated steady-state density of total current and current components
when the laser is focused at 10 um. Judrii, Indift, Jpdrifis Jpaitr, JTE @and Jio; are electron drift current, electron
diffusion current, hole drift current, hole diffusion current, thermoelectric current and total current,
respectively. (c¢) Band diagram corresponding to (b). CB, VB, Ep and Eg, are conduction band
minimum, valence band maximum, electron quasi Fermi level and hole quasi Femi level, respectively.
(d) Numerically simulated photocurrent of a VO, NB using the parameters summarized in Table I

Scenario B (shorter lifetimes). Bias voltage is 0 and 200 mV, respectively, as labeled.
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FIG. 4. ((GOIBBBRINS) (2) Optical image and zero-bias SPCM image of a VO, NB with a single M
domain at 55 °C (Device D2). Circuit model and band diagram are shown on the right. (b) The same
device with two separate M domains at slightly higher temperature. Note the positive direction of the

current is defined from left to right for both cases.
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TABLE I. Physical parameters used in the numerical simulation in FIG. 3.

Bandea N-type | Mobility Lifetime Effective | Laser Laser Barrier
Scenario gap dopin cm?/Vs mass wavelength | intensity | height
(V) ping (us) g Y g
(em®)” | Hs (mo)” (nm) (W/em?) | (eV)
Uy=0.5 T,=10 m,=60
A 0.6 10" 532 540 0.32
up=0.5 T,=10 m,=60
Uy=0.5 7,=0.5 m,=60
B 0.6 10" 532 540 0.32
w=0.5 |1,=0.5 | m,=60
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