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X-ray-induced persistent photoconductivity in vanadium dioxide
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The resistivity of vanadium dioxide (VO,) decreased by over one order of magnitude upon localized
illumination with x rays at room temperature. Despite this reduction, the structure remained in the monoclinic
phase and had no signature of the high-temperature tetragonal phase that is usually associated with the lower
resistance. Once illumination ceased, relaxation to the insulating state took tens of hours near room temperature.
However, a full recovery of the insulating state was achieved within minutes by thermal cycling. We show that this
behavior is consistent with random local-potential fluctuations and random distribution of discrete recombination

sites used to model residual photoconductivity.
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I. INTRODUCTION

Metal oxides exhibit diverse ground states and phenomena
including high-temperature superconductivity [1], colossal
magnetoresistance [2], charge density waves [3], Verwey
transitions [4], and metal-insulator transitions (MITs) [5].
Significant attention has been given to the deceptively simple
MIT, which has to date been driven with temperature, electric
field [6], pressure [7], chemical doping [8], ultrafast laser
excitation [9], and ionizing radiation [10]. The MIT in VO,
occurs above room temperature (340 K) with a simultaneous
structural phase transition (SPT), changing from a semicon-
ductor with a monoclinic lattice to a metal with a tetragonal
lattice [5,11,12]. There is a variation of MIT temperatures
between VO, grains, even for high-quality samples [13]. Thus,
metallic inclusions exist well below the bulk MIT temperature.
The band bending at these metal-insulator interfaces can
extend the lifetime of photogenerated electron-hole pairs,
which contribute to conductivity [14].

Persistent photoconductivity (PPC) has been intensely
studied in semiconductors [15,16], superconductors [17], and
metal oxides [10]. PPC is an increase in carrier concentration
or mobility that is induced by electromagnetic radiation and
remains for an extended period of time after illumination has
ceased [18]. A long-lived photoinduced conversion to the
metallic phase was previously observed in tungsten-doped
vanadium dioxide, but only below 50 K [19]. Additionally,
a short-lived photoconductivity, decaying within tens of
seconds, has been observed in vanadium oxide nanodevices
[20-22]. However, long-lived photoconductivity has not been
induced in pure VO, at room temperature until now. In
addition, it was unclear if photoconductivity in VO, is coupled
with the MIT and SPT. To better understand the driving
mechanism of PPC in VO,, we explored the relationship
between crystal structure and PPC using localized x-ray
radiation at room temperature. In this article, we show that
photoillumination produced a large increase in conductance

PACS number(s): 71.30.4+h, 73.23.Ra, 73.50.Pz

lasting for hours after illumination had ceased. Furthermore,
we demonstrate that this dramatic change in conductance
did not modify the metal-insulator transition temperature or
change the crystal structure at the current resolution. Finally,
to explain this effect we discuss and refute several possibilities,
suggesting two well-established models as candidates for PPC
in VOz.

II. SETUP AND SAMPLE

The vanadium dioxide (VO,) thin film was prepared on an r-
plane sapphire substrate by reactive RF magnetron sputtering.
The target used in the deposition was a V,0; pressed and
sintered powder ceramic (1.5 in. diameter, >99.7%, ACI
Alloys, Inc.). The sample was prepared in a high vacuum
deposition system with a base pressure of 1077 torr. A mixture
of ultrahigh purity Ar and O, gases were used for sputtering.
The total pressure during deposition was 4.0 mtorr, and the
oxygen partial pressure was optimized to 3.4 x 107* torr
(8.5% of the total pressure). The substrate temperature was
600°C and the RF magnetron power was 100 W. The film
reported here is 80 nm and was deposited at a rate of
0.17 A/ s. Due to the substrate interaction, the thin film grows
polycrystalline, with grains randomly oriented in plane, but
with the (100) monoclinic direction out of plane.

The sample was cooled at a rate of 13°C/min in the
same Ar/O, background gas of the deposition. On top of
the VO, film, rectangular metallic electrodes were deposited
with 10 pm separation and 7 pm width using electron-beam
lithography. A set of leads, for electrical connections, were
patterned on top of the small electrodes using photolithogra-
phy. The leads and electrodes were made by sputtering 50 nm
vanadium, which acts as an adhesion layer, and 100 nm of gold
to assure that the electrode resistance is lower than that of the
metallic VO,.

This sample exhibited three-orders magnitude resistance
change when going through the metal-insulator transition
(MIT), reaching a high-temperature resistance of approxi-
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FIG. 1. (Color online) Photoconductance (black circles) of the
VO, device at 300 K, showing rapid increase during x-ray illumi-
nation (dashed red region) as well as slow decrease after the x-ray
illumination was turned off.

With an expected band gap of 600 meV [23], this is a good indi-
cation that our sample was only weakly doped with impurities.

The sample was mounted on a stage with a heater able
to reach 400 K and a Pt100 RTD to measure temperature
immediately adjacent to the sample. The stage is mounted
to a Newport 6-circle Kappa diffractometer. A Princeton
Quad-RO CCD is used to measure the (200) x-ray diffraction
peak in the low-temperature monoclinic phase and the (101)
peak in the high-temperature tetragonal phase. Both of these
reflections are near the substrate normal direction and thus
accessible for all grains in the film. A Vortex-EX x-ray
fluorescence detector is used to locate the VO, device regions
between the gold contacts. These gold contacts are used to
measure resistance across the device by applying a voltage (V)
referenced to ground and measuring the current (I). To ensure
that no significant distortion of the electronic density of states
occurred, we applied a small 50 V/cm electric field for our
measurements [24]. We approximate the device resistance as
V/I from this two-terminal measurement.

Primary measurements were performed at Sector 2-ID-D
insertion device (microdiffraction) beamline of the Advanced
Photon Source. X rays were produced via an undulator tuned to
10.3 keV and monochromatized by a Si (111) double-Bragg
crystal. A pinhole was used in series with a zone plate to
select only the first-order focus. The focusing and incident
angle gives a 250 nm x 950 nm x-ray footprint on the sample
that determines the horizontal and vertical spatial resolution,
respectively. The total photon flux is approximately 10° ph/s.
All measurements were made in air at atmospheric pressure.

III. RESULTS

We probed a VO, device at room temperature (300 K) using
focused x rays. The illumination induced a photoconductance,
which we define here as the measured conductance minus the
conductance before x-ray illumination. The observed increases
in photoconductance correlate with x-ray illumination of
the device (Fig. 1). After the x-ray illumination ceased,
the photoconductance gradually decreased and returned to
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zero within a week at room temperature. In addition, the
x-ray exposure did not alter the MIT temperature. Heat-
ing the device through the MIT showed a sharp drop in
resistance at the same temperature as before x-ray illumi-
nation [Fig. 2(a)]. This is in contrast to high-7, cuprates,
where illumination induces photoconductivity in the semi-
conducting state and modifies the superconducting transition
temperature [16].

In a separate experiment, we illuminated the same device
with a 650 nm (1.9 eV) laser focused to 100 um x 100 pm.
We estimate the device region was irradiated with 10'* ph/s or
30 uW power, which is over three orders of magnitude more
power compared to the total x-ray power absorbed into the VO,
film. The laser did not elicit a conductance change, indicating
that any deep level impurities within the 0.6 eV band gap are
not the cause for PPC in VO, [23]. This is in contrast with usual
photoconductance in semiconductors, where a donor-complex
model is often used [15].

A change in conductance due to the MIT is directly
associated with the SPT and results in a change of the lattice
parameters, which shows up as a shift in the location of the
Bragg diffraction peaks. We have mapped the structural phase
of the device, define by the gold contact pads [Fig. 2(b)],
with and without photoconductance [Figs. 2(1c) to 2(3c)]. We
present these maps as the difference in the location of the
measured Bragg peak and the mean Bragg peak of the low-
temperature monoclinic phase, AQ = Q — (Q)m. These maps
show local variation due to strain of individual grains, common
of thin films. At 300 K and 40 k<2 resistance, before significant
x-ray exposure [Fig. 2(1c)], the out-of-plane Bragg peak was

found in the monoclinic phase with (Q)y = 2.590 Afl. For
comparison, at 354 K and 25 Q resistance [Fig. 2(3c)], the

out-of-plane Bragg peak was found at (Q)r = 2.594 A™". This

is the expected 4 x 1073 A shift between the monoclinic
phase at 300 K and the tetragonal phase at 354 K [25]. Near
the MIT, a coexistence of the high- and low-temperature
phases is known to occur [13,26,27]. After approximately 45
minutes of x-ray exposure at the location indicated by the black
ellipse in Fig. 2(1d), the room temperature resistance dropped
from 40 k2 to 2 k2 [point 1 to 2 on Fig. 2(a)]. However,
the sample was not modified toward the high-temperature
(tetragonal) structure, having a mean out-of-plane Bragg peak

of (Q)ppc = 2.589 A~

Although, a change in conductance can be induced by
x-ray illumination of a single location and did not require
any scanning of the device, the photoresponse varied across
the device [Fig. 2(1d) to 2(3d)]. By photoresponse we
mean a change in conductance during a short eight-second
period of localized illumination. We scanned the device using
continuous illumination. Thus, it is possible to observe a
negative photoresponse due to relaxation of photoconductance
induced at previously scanned locations. The relaxation is ap-
proximately —1.3 h~!, shown in Fig. 1, during no illumination,
matching well to the minimum observed of —1.4 h~! for some
regions, suggesting there is no actual negative photoresponse
but only decay of previously generated photoconductance.
Initially, the photoresponse was very strong in two large
regions of the device, with a maximum of +2.5 h~! and
mean of +0.3 h~! [Fig. 2 (1d)]. Although these variations in
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FIG. 2. (Color online) (a) The resistance is reduced by over one order of magnitude at room temperature (point 1 to 2) by illuminating
the device with x rays at the indicated location in 1d by the black ellipse. The resistance versus temperature hysteresis shows that the thermal
component of the insulator-metal transition occurs at the same temperature for postillumination (red diamonds) as no x-ray exposure (black
down-pointing triangles). The original state is recovered by annealing the sample at 400 K and returning to room temperature. The device
maps (b) to (d) are generated by scanning x rays starting from the bottom-left corner proceeding in a series of horizontal lines. (b) Gold
fluorescence intensity indicates the electrodes that define the device area. (c) Change in out-of-plane Bragg peak as compared to monoclinic
phase and (d) normalized change in conductance induced by x-ray exposure for (1) 300 K and 40 k2 resistance before significant x-ray

exposure in the monoclinic phase with (Q)y = 2.590 Afl and (AI/IAt)y = +0.3 h™!; (2) 300 K and 2 k<2 resistance after x-ray exposure
with (Q)ppc = 2.589 ;\_1 and (AI/IAt)ppc = —0.3 h™!; (3) 354 K and 25 Q resistance in the tetragonal phase with (Q)r = 2.594 10\_1 and

(AT/IAt)g = 0.0 h~".

photoresponse to some extent agree with the variations in high-
temperature structural phase, the correlation is weak. There is
no statistically significant difference in the crystal structure
for regions exhibiting strong and weak photoresponse. After
significant illumination, the strong photoresponse regions
shrank in size, now with maximum of +1.3 h™! [Fig. 2
(2d)]. Most of the region can no longer sustain the immediate
photoconductance giving a mean photoresponse of —0.3 h™!.
For comparison, at 354 K in the metallic state (25 €2), the
conductance is stable and no photoresponse is observed [Fig. 2
(3d)].

At 330 K, just below the MIT temperature, we observed
a slow decay of photoconductance after x-ray illumination
is stopped (Fig. 3). Given that the photoconductance decays
continuously to zero, an accurate fit was made by using a

stretched exponential of the form,

Goexp[—(t/0) 1. e
This function is commonly used to describe relaxation toward
equilibrium in a wide variety of systems including those ex-
hibiting PPC due to random local-potential fluctuations [18,28]
and discrete random traps [29]. The stretched exponential
fit agrees with the observed photoconductance decay over
the entire range. We extract a time constant of T = 54(1) h
and a stretching exponent of 8 = .69(1). This gives a mean
relaxation time of 69(1) h.

The PPC relaxation time was significantly reduced by
thermal cycling the VO, well above the MIT temperature.
After annealing the device at 400 K for 20 minutes without

165109-3



S. H. DIETZE et al.

43

U
421

W = W~
Ne) [} =
T T T T T

w
(0]
T

Photoconductance (uS)

w
—

w
(=2}
T

00T 01 1 10

Time (min)

FIG. 3. (Color online) Decay of photoconductance at 330 K
postillumination. The green line is a fit using a stretched exponential
with the additional information that the photoconductance eventually
returns to zero. The mean relaxation time is 69 hours.

illumination, it recovered the original resistance upon cooling
[red diamond curve of Fig. 2(a)].

IV. DISCUSSION

The persistent nature of the photoconductance is not
consistent with a thermally induced MIT. The x-ray power
used was 1.6 uW, only 1.5% of which is absorbed into
the 80 nm thick sample, calculated from the attenuation
coefficient and the illumination angle. The Al,O3 substrate
has a much smaller attenuation coefficient and a much larger
thermal conductivity compared to VO, and thus acts as
a thermal sink. From the heat transport equation and known
thermal properties of VO, at room temperature, we calculate
that at equilibrium the x-ray heat loading of the entire device
was less than 0.1 mK. This does not account for further
losses due to atmosphere, which would further reduce this
number. Since, the sample temperature is stabilized approxi-
mately 35 K below the MIT temperature, the x-ray power is
insufficient to raise the temperature of the device to cause a
significant change in the measured resistance. Since the x-ray
beam was highly focused, a thermoelectric current could result
from localized heating near the gold contacts that are used for
electrical transport measurements. However, a positive ther-
moelectric current due to heating near one contact would mean
a negative thermoelectric current at the opposite contact [30].
We did not see this asymmetric response during localized
illumination across the device [Figs. 2(1d) and 2(2d)].

A previous observation of x-ray induced conductance
increase in tungsten-doped VO, was due to the formation of
metallic puddles that exhibit the high-temperature (tetragonal)
crystal structure [19]. It is suggested that each ionizing photon
causes the dissociation of many V-V dimers, effectively
converting the insulating phase to metal. A conversion to the
metallic phase via the above process is expected to nucleate
near the illuminated volume and spread isotropically, possibly
in a random-resistor network fashion due to variations in the
sample. To account for the one-order magnitude decrease in
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resistance that we have observed, our VO, device would need
to be at least 37% volume metal fraction. Since we have
observed no appreciable shift in the Bragg diffraction peak
towards the tetragonal structure postillumination [Fig. 2(2c)],
the generation of metallic puddles cannot be the cause for PPC
in our VO, device.

It is noteworthy, that a metallic surface or filaments could
also lead to the observed increase in conductance. In this
case, the metal fraction would be a minimum of 1.2%
of the device volume, if they extend uniformly from one
electrode to the other. The diffraction signal would then mostly
be indistinguishable from the insulating phase. However, a
metallic surface created by a change in vanadium oxidation
state, similar to PPC in ZnO [31,32], is not likely. To observe an
increase in conductance, VO, would need to be reduced [33].
Since the beam is well localized, yet a large portion of the
surface must participate to account for the photoconductance,
a significant oxygen mobility would be required, which is
only seen for layered or amorphous materials [34]. Therefore,
if the observed PPC is associated with a structural transition,
it must come in the form of a large number of narrow metallic
filaments, since a single filament of the minimum required
85 nm width would still be detected. For instance, it is possible
that a change in conductance is primarily confined to grain
boundaries or other extended defects, however at the current
resolution this cannot be determined.

An estimated total of 10'° photons were absorbed into the
VO, film when we observed a one-order magnitude decrease
in resistance at room temperature (300 K). If one photocarrier
is generated per photon, such carriers would need a mobility
of 0.1 cm?/(Vs) to account for the resistance change. This is
within the known range of electron mobility in the insulating
phase for VO, of 0.1 cm?/(Vs) to 1.0 cm?/(Vs) [35]. This
indicates that an increase in carrier concentration is the cause
for the change in conductance.

The long recombination time of photoinduced carriers is
generally explained by phonon-assisted hopping or tunneling
of potential barriers [36]. Using the simple Arrhenius model,
the time for hopping of a potential barrier is given by,

E
I = Ifpexp <k_T)’ 2
B

where 1y is the inverse of the electron-hole recombination
attempt rate, E is the activation energy (potential barrier),
kp is the Boltzmann constant, and 7 is the temperature of the
system. Since, systems exhibiting local-potential fluctuations
do not strictly follow the expected temperature-dependent
decay time [20], we shall estimate the potential barrier by using
the standard attempt rate of 1 THz induced by phonons [37].
We thus calculate the average effective activation energy as
(1.1 £0.2) eV, where the error is given by using a three-order
magnitude deviation of the attempt rate (i.e.1 GHz to 1 PHz).
This is almost twice as large as the 0.6 eV VO, band gap [23].
Other oxides, such as ZnO, also show an activation energy of
roughly 1 eV [31]. This is in contrast to the donor-complex
model used for semiconductors, as the barrier is always
less than the band gap. For example, both Aly3Gag7As and
Zny3Cdp7Se have approximately 0.1 eV barriers with a direct
band gap of 1.9 eV and 2.0 eV, respectively [15,28,38—41].
The large energy barrier observed could be due to a number of
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things including VO, phase boundaries, where the conduction
bands can change significantly or due to a much smaller
variation in VO,,;, but requiring a collective electron/hole
hopping.

A number of models have been developed to describe
persistent photoconductivity in various materials. It is known
that even high-quality VO, thin films exhibit inhomogeneities,
such as nonstoichiometry and grain boundaries, which are re-
sponsible for the microscopic phase coexistence far below the
bulk MIT temperature [13,26,27]. Photogenerated electron-
hole pairs can be separated due to band bending at these
metal-insulator phase boundaries. The long recombination
time is likely the result of random local-potential fluctuations
and/or a random distribution of discrete recombination sites,
due to these inhomogeneities [28,29]. With discrete sites, the
relaxation becomes stretched [42]. However, our observed
value of B = 0.69 is slightly larger than the expected value
of % for three-dimensional systems [43]. This increase is often
observed near and above the MIT temperature where electron
correlations are reduced and simple (Debye) exponential
relaxation is recovered [44].

V. CONCLUSION

Although we have reported on only one VO, device,
we have carefully measured and consistently found residual
photoconduction in five samples, prepared by various growers
from different laboratories. Focused x-ray radiation reversibly
altered the device conductance without modifying the MIT
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transition temperature or high-temperature resistance. In addi-
tion, the structural transition was not induced for any sizable
convex region as compared to the imaging resolution. Two
distinct geometric possibilities exist to explain this. In the
first case, a relatively weak additional conductance channel is
created over a large portion of the device. This channel would
be completely decoupled from the MIT and SPT. In the second
case, illumination causes a stable transition to the metallic state
along narrow filaments, likely along grain boundaries. These
two cases could be distinguished by using local conductance
measurements.

The mechanism for long-term stability of photoconductiv-
ity is still open for discussion. To further the understanding of
PPC in VO, it should be confirmed that the photoconductivity
is indeed an increase in carrier concentration. This could
be done by obtaining the mobility of carriers from Hall
measurements preillumination and postillumination [45].
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