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The efficiency of photocarrier injection in a VO2/TiO2:Nb heterostructure is studied by measuring I–V
characteristics at room temperature under ultraviolet light irradiation. It is revealed that photogenerated
hole carriers in the TiO2:Nb substrate are injected and accumulated in the VO2 film by the photovoltaic
effect. The surface charge density is controlled successfully in a wide range of 109–1013 cm�2 as a
function of light irradiance. The maximum hole density of 9� 1018 cm�3 is attained at a light irradiance
of 133mW/cm2, which is estimated by assuming the uniform distribution of holes in the film. It is
suggested that high efficiency can be achieved by utilizing the large dielectric constant of titanium oxide
substrates.
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Controlling the density and flow of carriers in a semi-
conductor is a key issue for various semiconductor devices.
One of the recent trends is to induce exotic properties such
as ferromagnetism through carrier control under certain
external fields in a heterostructure. For example, ferromag-
netic order induced by photogenerated carriers was reported
in III–V semiconductor heterostructures of (In,Mn)As/
GaSb.1) Electric-field control of ferromagnetism was also
reported in a field-effect transistor (FET) structure contain-
ing (In,Mn)As.2) It is believed that these phenomena are
based on the fact that ferromagnetic interactions between
Mn spins are mediated by the injected hole carriers.

On the other hand, recent discoveries of many interesting
phenomena in transition metal oxides (TMOs) open a
possibility to use them as promising materials for electronic
devices. There have been efforts in the case of oxide
heterostructures to achieve carrier control using conven-
tional semiconductor techniques: Ahn et al. reported
successful control of hole density in a FET structure
containing a copper oxide superconductor, with its critical
temperature Tc varied by 5K.3) In a La0:8Sr0:2MnO3 film
grown on an insulating SrTiO3 substrate, Katsu et al.
observed a decrease in the Curie temperature by 10K under
ultraviolet (UV) light irradiation.4) They suggested that
electrons were injected into the film from the substrate.

Very recently, Muraoka et al. reported photocarrier
injection in an oxide heterostructure of VO2/TiO2:Nb under
UV light irradiation.5) VO2 comprising one 3d electron per
V4þ ion undergoes a metal–insulator (MI) transition on
cooling at a critical temperature TMI ¼ 340K.6) They
fabricated a thin VO2 film grown on a TiO2 substrate and
found that the TMI is reduced to 290K on cooling due to
large epitaxial stress arising from lattice mismatch at the
interface.7) In the subsequent study, they found that the
resistance of a heterostructure made of a VO2 film and an n-
type TiO2 substrate doped with 0.05wt% Nb decreased
significantly under UV light irradiation at temperatures
below TMI.

5) A simple picture to explain this observation has
been proposed, where only hole carriers generated by light
absorption in TiO2:Nb are injected into the VO2 film through
the interface.5) This photocarrier injection (PCI) method has

been applied to other TMOs, manganese and cupric oxides,
demonstrating the generality of the method.8,9) Particularly,
in the case of a YBa2Cu3O7��/SrTiO3:Nb heterostructure,
the variation of Tc over 5K was found as a result of hole
doping under UV light irradiation.10) These findings will
provide us with a new strategy for the fundamental and
application studies of TMOs. In this work, we study the
VO2/TiO2:Nb heterostructure in more detail to reveal the
mechanism and efficiency of PCI.

We prepared a 10-nm-thick VO2 film epitaxially grown
on the (001) surface of a Nb-doped TiO2 single crystal
substrate by pulsed laser deposition technique.5) The
nominal Nb concentration in the substrate was 0.035wt%,
which was confirmed by X-ray fluorescence analysis. This
corresponds to donor concentration Nd ¼ 9:8� 1018 cm�3.
Current–voltage (I–V) characteristics across the interface
were measured at room temperature using a standard digital
voltmeter and current source. As ohmic electrodes, gold was
deposited on the VO2 film, and copper was sputtered on the
TiO2:Nb substrate. UV light with � ¼ 300{400 nm from a
Xe lamp was guided via a quartz opitcal fiber to illuminate
the film side of the sample during the electrical measure-
ments. The light irradiance was varied in a wide range using
ND filters, and was calibrated by a light detector using the
same experimental setup before the measurements. The
active area of the device was assumed to be the area of the
film except that of the top electrodes. The relaxation of
open-circuit voltage (Voc) was recorded by a digital oscillo-
scope under light irradiation chopped with a frequency of
10–1,000Hz.

Figure 1 illustrates a possible band structure at 300K
expected for the VO2/TiO2:Nb heterostructure and the PCI
process under UV light irradiation. TiO2 is a wide-gap
semiconductor with a band gap of 3.0 eV,11) while VO2 is a
metal at 300K above TMI.

7) Thus, the band structure of the
heterojunction must be essentially similar to that of a metal–
semiconductor junction with a Schottky barrier. Nb5þ donor
levels in TiO2:Nb are located 0.1 eV below the bottom of the
conduction band.5) The Fermi level calculated from the
donor density Nd ¼ 9:8� 1018 cm�3 is 0.4 eV below the
bottom of the conduction band. On the other hand, the Fermi
level of VO2 may be located approximately 0.5 eV below
that of TiO2:Nb, the difference between them giving rise to a
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potential barrier of a height Vd and a depletion layer of a
width W in the substrate. When a photon with energy larger
than the band gap of TiO2 is absorbed to create an electron–
hole pair in the substrate, it is expected from this band
diagram that only the hole can be injected into the film with
the electron remaining in the substrate. Since the hole has
much larger potential energy in TiO2:Nb than in VO2, this
drift process must proceed quickly. In contrast, the recombi-
nation between the hole in the film and the electron in the
substrate would be slow, because it should occur by
tunneling across the barrier. As a result, the lifetime of the
injected hole can be sufficiently long to induce substantial
changes in transport properties in a steady state. Note that
the hole density is adjustable with light irradiance in a wide
range. Thus, we can successfully control the electronic
properties of VO2 by this PCI method. It should also be
noted that essentially the same PCI is expected for a
heterostructure comprising an insulating VO2 film below
TMI, which is considered to be a p–n heterojunction
photodiode.5)

In order to elucidate the PCI mechanism quantitatively
and determine several parameters, we have analyzed the I–V
characteristics of the VO2/TiO2:Nb heterostructure meas-
ured at room temperature in the dark and under UV light

illumination. As shown in Fig. 2, typical rectifying behavior
is observed in the dark: the current increases rapidly around
V ¼ 0:5V at a positive bias to the film, while it is small and
almost independent of voltage at a negative bias with a
leakage current of 0.2mA/cm2 at V ¼ �5V. As the light
irradiance L increases, the I–V curve shifts downward, as
generally observed in a silicon photodiode, indicating
additional current flow due to photogenerated carriers.12)

Isc is current density at V ¼ 0 in the short-circuit condition,
and Voc is voltage at I ¼ 0 in the open-circuit condition. The
maximum light irradiance here is 133mW/cm2, where Isc ¼
1:3mA/cm2, and Voc ¼ 0:475V. Thus, external quantum
efficiency �ex is 3.5%, which is given by �ex ¼ ðIsc=eÞ=
ðL=h�Þ, where L=h� is the number of photons arriving and is
approximately 2:3� 1017 photons/cm2�s, assuming that the
incident light has a wavelength of 350 nm. The �ex increases
with increasing reverse bias, e.g., 11% at V ¼ �5V. This
value may be sufficiently large in such an unoptimized
device, compared with other sophisticated UV photodetec-
tors made of wide-gap semiconductors such as (Al,Ga)N.13)

A feature to be noted in Fig. 2 is the large slope in the
third quadrant which increases with increasing light irradi-
ance. In general, current in a photodiode is the sum of drift
and diffusion currents, which are generated in the thin
depletion layer with space charge and the neutral p and n

regions, respectively.12) In the case of a conventional silicon
photodiode, the latter is dominant because of the large
mobility of carriers and small absorption of light. As a result,
the photocurrent is insensitive to bias which affects only the
thickness of the depletion layer. In contrast, the large slope
in the I–V characteristics of Fig. 2 suggest that the drift
current is much larger than the diffusion current in the
present system.

We have analyzed in further detail the I–V characteristics
using an equivalent circuit often used for a solarcell, as
shown in the inset in Fig. 2.12) It contains a parallel
resistance Rsh due to leakage current and a serial resistance
Rs from the external circuit. The I–V characteristics of the
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Fig. 1. Electronic band structure of a VO2/TiO2:Nb heterostructure at

T ¼ 300K and schematic representation of the PCI process under UV

light irradiation. W is the thickness of the depletion layer formed in the

substrate. Lp corresponds to the diffusion length of hole carriers in

TiO2:Nb. Vd is diffusion voltage for electrons in TiO2:Nb. Small circles

with bars and crosses represent electrons and holes, respectively.
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Fig. 2. I–V characteristics of a VO2/TiO2:Nb heterostructure measured at

room temperature in the dark and under UV light irradiation. The light

irradiance increases from the top to the bottom curves in the third

quadrant as 0%, 10%, 25%, 50%, 75%, and 100%, where 100% refers to

L ¼ 133mW/cm2. An equivalent circuit is depicted in the figure.
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equivalent circuit are given by

I ¼ I0 exp �
eVd

kT

� �
exp

eðV þ RsIÞ
kT

� �
� 1

� �

þ
V þ RsI

Rsh

� Isc;

ð1Þ

in the emission model for a metal-semiconductor junction
which assumes that current flow is caused by thermionic
emission over a barrier, neglecting all tunnel effects.12)

Ignoring the Rs in the low-current limit,

I ¼ I0 exp �
eVd

kT

� �
exp

eV

kT

� �
� 1

� �
þ

V

Rsh

� Isc: ð2Þ

The Isc is given by Isc ¼ egopðLp þWÞ, where gop is the
generation rate of electron–hole pairs by absorbed light
(EHP/cm3�s), Lp is the diffusion length of hole carriers, and
W is the thickness of the depletion layer, as schematically
depicted in Fig. 1. TheW is calculated in the Schottky model
to be

W ¼
2"0"s

eNd

ðVd � VÞ
� �1

2

; ð3Þ

where "0 ¼ 8:85� 10�14 Fcm�1, "s ¼ 170 for TiO2 with an
electric field parallel to the c axis,14) and Nd ¼ 9:8�
1018 cm�3. We have carried out the fitting of all the data
sets in Fig. 2 with eq. (2). First Vd and Rsh are determined to
be 0.486V and 28.5 k� cm2, respectively, by fitting the data
obtained in the dark. Next the other data sets are well fitted
with gop and Lp as variable parameters. Thus, the obtained
gop is 2:42� 1021 EHP/cm3�s at L ¼ 133mW/cm2, which
decreases almost linearly with L. The Lp is small, e.g.,
3.5 nm at L ¼ 133mW/cm2, and decreases slightly with
decreasing L. Since the W is much larger, e.g., 30 nm at
V ¼ 0, than Lp, most holes responsible for photocurrents are
generated in the depletion layer, implying a dominant drift
current. One of the reasons may be the small mobility of
holes in TiO2: they can be trapped easily as polarons.15)

Another reason is a large absorption coefficient of
� � 105 cm�1 against UV light:14) TiO2 is known to possess
a direct band gap which is almost degenerate with the
indirect gap.16) The depletion layer with W ¼ 30 nm would
absorb 26% of incident light, which gives the upper limit for
the quantum efficiency �max. However, actual efficiency
would be smaller than that, because the incident light may be
reflected partly on the film surface and also absorbed in the
film.

Figure 3 shows the UV light irradiation dependence of
Voc. A positive photovoltage to the VO2 film increases
linearly with increasing light irradiance L in a wide range of
10�5 < L < 10�1 mW/cm2 and tends to saturate toward
Vd ¼ 0:486V at higher irradiance. Hole doping must
proceed in a rigid band at low irradiance of Voc � Vd,
while, at high irradiance, an effective Schottky barrier would
be reduced to Vd � Voc, resulting in the observed saturation

of Voc. By fitting the Voc data to a power law Ln at low
irradiance, n is found to be 0.967(2), indicating good
proportionality between Voc and L.

A photodiode is considered to be a condenser to
accumulate photogenerated charges. Thus, we can estimate
the surface density of injected holes Q=e from a simple
relation of dQ ¼ CdV , where C is the capacitance of the
depletion layer and is given by

C ¼
"0"s

W
¼

e"0"sNd

2ðVd � VocÞ

� �1
2

: ð4Þ

Carrying out the integration,

Q=e ¼
2"0"sNd

e

� �1
2

Vd

1
2 � ðVd � VocÞ

1
2

h i
: ð5Þ

The obtained Q=e is plotted in Fig. 3. In the case of Voc �
Vd, the C is constant and thus Q ¼ CV .

On the other hand, the efficiency of carrier accumulation
should depend on the generation and recombination process
of photoexcited carriers. Assuming that a photon is trans-
ferred to a hole with internal quantum efficiency � and also
that an injected hole has a lifetime �, accumulated charge
density is given by

Q=e ¼ �
L

h�
�: ð6Þ

At low irradiance with Voc � Vd, both � and � must be
independent of L, and thus Q is proportional to L. Therefore,
we expect a linear relation between Voc and L, as observed in
Fig. 3. At high irradiance, however, � must decrease with
increasing L, because the thickness of the depletion layer
decreases as in eq. (3) with increasing Voc. Moreover, � must
also decrease rapidly with increasing L, because the effective
height of the Schottky barrier is reduced. As a result, Q is
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Fig. 3. Open-circuit voltage Voc and surface charge density Q=e as a

function of light irradiance. The data at L ¼ 133 and 0.01mW/cm2 are

listed in Table I.

Table I. Comparison of various parameters obtained at high (L ¼ 133mWcm�2) and low irradiance (L ¼ 0:01mWcm�2).

L (mWcm�2) L=h� (cm�2s�1) Voc (V) W (nm) Q=e (cm�2) �� (s) � (ms) � (%)

133 2:4�1017 0.406 12 8:8�1012 3:7�10�5 0.36 10

0.01 1:8�1013 0.0171 30 3:2�1011 1:8�10�2 74 24
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suppressed at high irradiance as observed in Fig. 3.
To exemplify this, let us compare the two typical cases

with L ¼ 133 and 0.01mW/cm2. From eqs. (5) and (6), Q=e
and �� are obtained as listed in Table I. In order to estimate
the lifetime, the relaxation of Voc has been measured using
an oscilloscope at L ¼ 133mW/cm2, as shown in Fig. 4.
The Voc decreases almost exponentially after the light was
turned off. By fitting the decay curve to a single exponential
form, we obtain � ¼ 0:36ms, which gives the quantum
efficiency of 10%. However, this is just a rough estimation,
because � must change with Voc. On one hand, the maximum
value �max that is expected from light absorption only in the
depletion layer is 11% with W ¼ 12 nm. This coincidence
suggests that the above estimation is reasonable. We tried to
determine � at L ¼ 0:01mW/cm2 in the same experimental
setup, but could not because � was too long for measure-
ment. Thus, we measured the decrease of Voc using a
voltmeter immediately after the light had been switched off
and obtained � ¼ 74ms, which is 200 times larger than that
at high irradiance. Apparently, this long lifetime is caused by
the large Schottky barrier for electrons at the junction. Then,
� at low irradiance is calculated to be 24%, which is again
very close to �max ¼ 26% expected for W ¼ 30 nm. It is
important to note that the efficiency of PCI is governed by
the light absorption process at low irradiance, while is
determined by the capacitance at high irradiance.

Finally, we will briefly discuss the maximum density of
holes to be injected into the film. That obtained for the
present system is Q=e ¼ 8:8� 1012 cm�2. Assuming the
uniform distribution of holes in the 10-nm-thick VO2 film,
the hole density �p is 8:8� 1018 cm�3, which corresponds
to only 0.0004 hole per V atom. This is apparently too small
to expect a substantial change in the physical properties for

TMOs. It is plausible, however, that the actual hole density
near the interface is larger than that, because of the internal
electrostatic potential at the junction.

A challenge in the future will be to determine how to
achieve larger efficiency. It would be critical to increase the
dielectric constant of the substrate. In fact, the major reason
that PCI has worked successfully in oxide heterostructures is
found in the large "s of TiO2 (170) or SrTiO3 (330) at room
temperature, compared with those of conventional semi-
conductors (�10). Further enhancement in "s would result in
higher efficiency. In this sense, SrTiO3 is a promising
material as a substrate, because it exhibits exceptionally
large "s up to 20,000 at temperatures below 100K due to
quantum paraelectricity.17) We have actually observed a
change in hole density of a few percent in a YBa2Cu3O7��

film grown on a SrTiO3:Nb substrate at T � 40K.10) Further
experiments are under way on various TMOs at low
temperatures.
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