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Photogenerated hole carrier injection to YBa 2Cu3O7−x in an oxide
heterostructure

Y. Muraoka,a) T. Muramatsu, J. Yamaura, and Z. Hiroi
Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277-8581, Japan

(Received 1 March 2004; accepted 6 August 2004)

We have fabricated a YBa2Cu3O7−x/SrTiO3:Nb heterostructure and measured the current–voltage
and photovoltaic properties under ultraviolet light irradiation at room temperature. A large
photovoltage of 0.8 V is observed and is positive to the film. The photovoltage appears under
illumination of light with photon energy larger than 3.2 eV. These results indicate that
photogenerated hole carriers in the SrTiO3:Nb substrate are injected to the film. The maximum
surface hole density is attained to be 3.531013 cm−2 at a light power of 44 mW/cm2. The present
photocarrier injection technique could apply to many transition metal oxides to control the hole
carrier density externally. ©2004 American Institute of Physics. [DOI: 10.1063/1.1803616]
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It is well-known that many transition metal oxid
(TMOs) exhibit dramatic phase transitions as a function
carrier concentration. In order to control these prope
such as superconducting and metal–insulator transit
there has been a great interest in manipulating the c
concentration by using external fields, for example, ele
field or light.1–3 Concerning superconductivity, for examp
Ahn et al. prepared an ultrathin film of GdBa2Cu3O7−x on a
ferroelectric oxide PbsZrxTi1−xdO3 and demonstrated an ele
trostatic modulation of superconductivity by using the po
ization field of the ferroelectric oxide.3 Nievaet al. observed
a small enhancement in the superconducting transition
peratureTc of a YBa2Cu3Ox thin film after a long time lase
illumination.4

Recently, we reported an alternative way for hole d
ing, which is a photocarrier injection(PCI) method in TMO
heterostructures.5,6 We prepared an insulating thin film
vanadium dioxidesVO2d on ann-type TiO2 substrate dope
with Nb, and observed a remarkable decrease in resis
under ultraviolet(UV) light irradiation. We also observed
positive photovoltage of 0.5 V to the film. To explain th
observations, we have proposed a simple band picture w
only hole carriers created by absorbing a light in TiO2:Nb
are injected to the film through the interface, resulting in
reduced resistance of the VO2 film. In this letter, we appl
this PCI method to YBa2Cu3O7−x (YBCO) in a
YBCO/SrTiO3:Nb heterostructure and study the curre
voltage and photovoltaic properties under UV light illumi
tion.

A YBa2Cu3O7−x thin film was prepared on a SrTiO3
(100) single crystal substrate doped with 0.05 wt %
(STO:Nb) with donor concentrationNd=1.731019 cm−3.
The film deposition was carried out by using the pulsed l
deposition technique with a KrF excimer lasersl=248 nmd.
A YBCO film was grown in an O2 atmosphere of 100 mTo
and at a substrate temperature of 700 °C. The film thick
was 400 Å. The structure of the film was characterized
means of x-ray diffraction and atomic force microsco
which confirmed the epitaxial growth of the film. As t
source of a UV lightsl=300–400 nmd, a Xe lamp was use
The light irradiance was changed by using variable ne
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density filters. The current–voltage curve and open-ci
photovoltageVOC were measured with electrodes of Ag a
Ti deposited on the film and substrate, respectively, in o
to prevent a Schottky barrier from being formed at the in
face. All the measurements were carried out at room
perature.

Figure 1(a) shows the current densitysJd–voltage sVd
curves of the YBCO/STO:Nb heterostructure measure
the dark and under UV light irradiationsL=44 mW/cm2d.
In the dark, theJ–V curve exhibits marked rectifying beha
ior: the current increases steeply around a positive bias
age of 0.6 V. A small leakage current of 5310−6 A/cm2 at
V=−2 V indicates the uniform heterojunction with a ne

FIG. 1. (a) Current–voltage characteristics of a YBa2Cu3O7−x/SrTiO3:Nb
heterostructure measured at room temperature in the dark and und
light irradiation with a light power ofL=44 mW/cm2; (b) UV light irradi-
ance dependence of the open-circuit voltageVOC (left) and the short-circu

current densityJSC (right).
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gibly small number of interface states. Under UV light ir
diation, theJ–V curve shifts downward with an open-circ
voltageVOC of 0.78 V and a short-circuit current densityJSC
of 1.5 mA/cm2, as in a conventional semiconductor pho
diode. The external quantum efficiency is calculated to
12.1%, which is given bysJSC/ed / sL /hvd, whereL /hv is the
number of photons arriving and is,7.731016 photons
cm2 s, assuming that the incident light has a wavelengt
350 nm.

The observedVOC is positive to the YBCO film as in th
VO2/TiO2:Nb heterostructure, implying that hole carri
are injected to the film. Figure 1(b) shows theVOC as a
function of UV light irradiance. Note that theVOC increase
linearly with light irradiance in a wide range
10−5,L,10−2 mW/cm2. At higher irradiance, it tends
saturate toward 0.8 V. TheJSC is also proportional to th
light irradiance in a wide range. The sensitivity at zero
for the UV light with L=1 mW/cm2 is 0.02 A/W, which is
comparable to that of AlGaN-based heterojunctions.7

Figure 2 shows the incident photon energy depend
of the VOC. The VOC can be detected only under light ir
diation with the photon energy larger than 3.2 eV, wh
corresponds to the band gap energy of SrTiO3. This mean
that photocarriers generated only in the substrate are re
sible for the appearance of photovoltage. The result de
strates the possibility to use the present oxide heterojun
as a UV-selective photodetector.

In order to interpret the obtained results, we propo
simple band picture as shown in Fig. 3. This energy-l
diagram for YBCO/STO:Nb is essentially the same as
of a p-n heterojunction with a positive reverse barrier m
of ordinary semiconductors, and is obtained by combi

FIG. 2. Spectral response ofVOC.

FIG. 3. Possible energy-level diagrams for the YBa2Cu3O7−x/SrTiO3:Nb

heterostructure in the dark(left) and under UV light irradiation(right).
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two band diagrams from YBCO and STO:Nb, taking i
account the Fermi level matching. Near the interface,
band bending should occur mostly in the STO:Nb subst
because of the large dielectric constant of STO. The for
barrier height, which corresponds to the diffusion volt
VD, is determined by the difference in the Fermi energy
tween the two materials. The thickness of the depletion
in STO:Nb is approximately calculated to be 600 Å at z
bias by using the dielectric constant of«s=380 estimate
from our capacitance measurements shown in Fig. 4(a) and
the impurity density ofNd=1.731019 cm−3. This means tha
there is a large electric field gradient of,105 V/cm for
holes. Under UV light irradiation, STO:Nb absorbs the l
to create holes and electrons in the valence and condu
bands, respectively. Among them, holes can be transferr
the YBCO film across the interface, while electrons ca
be due to the large barrier at the interface. As a result,
toexcited holes and electrons in STO:Nb are separated
tially to have a sufficiently long lifetime and then a pho
voltage is generated. A similar band diagram was prop
for VO2/TiO2:Nb heterostructure, as described in Ref. 5

On the basis of the band diagram, we try to estim
the surface carrier densityQ/e of injected holes. A photo
diode is generally considered to be a condenser to
cumulate photogenerated charges in an open-circuit vo
condition. Therefore, the surface density can be obta
from a simple relation ofdQ=CdV, whereC is the capa
citance of the depletion layer given byC=«0«s/w
=fe«0«sNd/2sVD–VOCdg1/2. Here,w and «s is the width and
dielectric constant of the depletion layer, respectively.
measured the bias voltage dependence of the capac
of the junction in the dark, and found that 1/C2 change

FIG. 4. (a) Bias voltage dependence of 1/C2 in the dark, measure at an
frequency of 20 Hz;(b) injected surface charge densityQ/e as a function o
UV light irradiance.
linearly with bias voltage, as shown in Fig. 4(a). The C at
license or copyright, see http://apl.aip.org/apl/copyright.jsp
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V=0 is 6.2mF/cm2. A voltage where 1/C2 intercepts theV
axis corresponds to the diffusion voltage of the heteroj
tion and is determined to be 1.5 V. This indicates that
original difference of the Fermi energy between the film
substrate is 1.5 eV. The dielectric constant«s of the deple
tion layer is estimated to be 380 from the slope of
1/C2–V plot, which is nearly equal to that of a SrTiO3 single
crystal s«s=330d.8

Figure 4(b) shows injected surface hole densityQ/e
plotted against the light irradiance. TheQ/e at the maximum
light power of L=44 mW/cm2 is 3.531013 cm−2. This is
nearly the same value as that reported for the VO2/TiO2:Nb
heterostructure under UV light.9 It is to be noted that th
surface charge density of the present oxide heterojuncti
much larger than that of conventional semiconductor ph
diodes s,1012 cm−2d. The major reason is presumably
large dielectric constant of STO, compared with that of c
ventional semiconductorss«s,10d. Assuming the uniform
distribution of holes in the 400-Å-thick film, the obtain
Q/e corresponds to the increase of hole carrier densityDp by
0.002 holes per Cu atom. This increase seems to be too
to change the physical properties of the film. However
enhancement ofTc has been observed in underdoed YB
films grown on STO:Nb substrates under UV li
irradiation,10 where theDp deduced from the increase ofTc
is about 0.02 holes per Cu atom. This value is ten ti
larger than that obtained assuming the uniform distribu
of holes in the film. Therefore, we believe that most of
injected hole carriers exist near the interface, giving rise
hole-rich thin layer with an enhancedTc. A similar conclu-
sion has been obtained in a photoemission study

11
VO2/TiO2:Nb heterostructure under UV light irradiation.
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In conclusion, efficient hole doping into a YBCO fi
using the photocarrier injection technique is demonstrat
a YBCO/STO:Nb heterostructure. The maximum injec
surface hole carrier density is attained to be
31013 cm−2 at L=44 mW/cm2. The present PCI techniq
would apply to many TMOs or other materials such as
ganic compounds12 as a way for achieving dynamical ho
doping to control a phase transition.
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