
Resistance dependence of photovoltaic effect in Au/SrTiO3:Nb„0.5 wt %…

Schottky junctions
D. S. Shang, J. R. Sun,a� L. Shi, Z. H. Wang, and B. G. Shen
Institute of Physics and Beijing National Laboratory for Condensed Matter Physics,
Chinese Academy of Sciences, Beijing 100080, People’s Republic of China

�Received 10 September 2008; accepted 8 October 2008; published online 31 October 2008�

Photoresponse in the Au /SrTiO3:0.5 wt % Nb Schottky junction with an electric field–tunable
resistance between �70 k� and �900 M� has been experimentally studied. The most remarkable
observation is the strong dependence of the open-circuit photovoltage on junction resistance and the
invariance of the short-circuit photocurrent during resistance switching. These results, combined
with a theoretical calculation based on the equivalent circuit model consisting of a diode in parallel
with a resistor, suggest the occurrence of filamentary conductive channels across the interface of the
junction under the impact of electric pulses, whereas the remaining Schottky barrier keeps
completely unchanged. © 2008 American Institute of Physics. �DOI: 10.1063/1.3009285�

The phenomenon of electric field–induced reversible re-
sistance switching between different states, called colossal
electroresistance �CER� effects, has recently been observed
in a large variety of materials.1–9 The resistive transition fin-
ishes within tenths of nanoseconds, and the resultant resis-
tance state can retain for days without considerable decay.
The prompt response and the nonvolatile character manifest
a potential application of this effect to the technology of
random access memory. Despite the different models such as
the carrier doping-induced Mott transition of the interfacial
layer of the oxides,10 an electrochemical migration of oxygen
vacancies,4,11 a charging effect of the Schottky-like
interface,5–7 and a random circuit breaker network model,12 a
widely accepted mechanism for this kind of CER effect is
still lacking. According to the forms and locations of conduc-
tive paths, the CER effects can be classified into two types.
One takes place at the interface due to the change in the
contact resistance between metallic electrodes and insulating
�or semiconducting� oxides under applied electric field, and
the other occurs accompanying the formation and rupture of
filamentary conductive channels in insulating oxides.13 The
former CER effect, which appears in most perovskite oxide-
based devices, is particularly attractive because of its strong
correlation with interfacial state. A typical example is the
work done by Blom et al.1 for the Schottky junction com-
posed of ferroelectric oxides and metallic electrodes. The
polarity alternation of the space charge in the ferroelectric
layer in this diode leads to a variation in Schottky barrier,
thus resistance. Field-induced alternation of interfacial bar-
rier was also observed in the junctions without ferroelectric
layer, such as the systems of M /SrTiO3:Nb �M =Au, Pd, Pt,
Ni, and La0.7Sr0.3MnO3� and Ti /Pr0.7Ca0.3MnO3.5–7 How-
ever, there is also evidence that the Schottky barrier change
is not necessary for the CER. For example, Fujii et al.13

found no considerable capacitance changes, which couple
directly to barrier width, accompanying the resistive transi-
tion in SrRuO3 /SrTiO3:Nb. Similar phenomena were also
observed in organic-based junctions.14 It was proposed that
the resistive transition originates from the change in conduc-
tance through additional tunneling paths rather than the

change in barrier potential profile. These results actually im-
ply different effects of electric pulses on Schottky barrier.

In addition to the current-voltage �I-V� and capacitance-
voltage characteristics, many distinctive features can also be
observed in a diode. Among them, photovoltaic effect is of
special interest. It reflects the accumulation of nonequilib-
rium charge carriers, driven by the built-in electric field, on
the two opposite sides of the junction and, therefore, can
provide valuable information on interfacial potential.15,16 As
reported, the resistance change of the junction can be as large
as 10 000-fold under the impact of electric pulses. It is there-
fore worthwhile to monitor the evolution of the photovoltaic
effect as junction resistance varies. In order to clarify the
effects of electric pulse on Schottky barrier, in this letter, we
performed a comprehensive study on the photoresponse of
the Au /SrTiO3:0.5 wt % Nb Schottky junction that shows
a field-tunable resistance between �70 k� and �900 M�.

The sample was fabricated by depositing, through a
shadow mask, a Au electrode, �20 nm in thickness and 0.4
mm in diameter on a 0.5 wt % Nb-doped SrTiO3 substrate
�STON� by magnetron sputtering under an Ar pressure of 5
Pa �base pressure �10−5 Pa�. Two silver paint electrodes
were prepared on the backside of the substrate. An appropri-
ate electric pulse that can cause an electric breakdown was
applied between the two Ag electrodes, and an Ohmic con-
tact with the contact resistance of �30 � was obtained. The
current-voltage characteristics and resistance switching were
measured by a Keithley 2601 SourceMeter. Bias voltage of
0.05 V was used for resistance measurement. The bias volt-
age directs from Au to STON is defined to be positive.

An excellent rectifying behavior well described by the
Shockley equation and an obvious I-V hysteresis are ob-
served, which reveal the Schottky-like character of the
sample and the nonvolatile resistance changes for a V
ascending-descending cycling �not shown�. It should be
noted that the I-V relations of Au/STON depend strongly on
doping level and the electric hysteresis could be unobvious
in the junctions with considerably lower Nb contents.17 The
presence of interfacial defects when the Nb content is high
may favor an electric modification of the junction.

The junction oscillates between two states with, respec-
tively, resistances of 40 k� and 900 M� as bias voltage of
pulses alternates between 3 and 6 V �pulse width=1 ms�. By
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carefully adjusting the amplitude of reverse pulses, as shown
in Fig. 1, a series intermediate resistance states can be ob-
tained. The obtained resistance states are stable after an ob-
vious relaxation, persisting for hours without considerable
decaying.

It is obvious that the junction resistance has a close re-
lation with Schottky barrier. This suggests the possibility of a
concomitant change in photovoltaic effect with the resistive
transition for any change in Schottky barrier; thus the
build-in field will have a direct photoresponse. To get the
information on interfacial state, photovoltage and photocur-
rent were further measured by exposing the sample with dif-
ferent resistances to an array of light emitting diodes
�wavelength=460 nm�, which gives rise to a uniform illu-
mination. The light intensity, monitored by a photometer,
was controlled by the bias voltage on the light emitting di-
ode. All the measurements were conducted at room tempera-
ture. The experiment procedures are as follows: at first, the
junction was triggered to a predetermined resistance state by
appropriate electric pulses, and then, after the maintenance of
30 min for stabilization, the photovoltage and photocurrent
were measured as functions of time.

Figures 2�a� and 2�b� present the open-circuit photovolt-
age �Vnoc� and short-circuit photocurrent �IL� of the Au/
STON junction, obtained under a fixed light power of
0.4 �W. As expected, a voltage rise and a current flowing
from STON to Au inside the junction are produced by light
illumination. The most remarkable observation is the strong
dependence of photovoltage on junction resistance �Rj�. As
shown in Fig. 3, Vnoc exhibits a monotonic increase with Rj.
The smallest and largest Vnoc values detected are �0.003 and
�57.6 mV, respectively, corresponding to the lowest �Rj

�70 k�� and highest �Rj �900 M�� resistances. Different
from photovoltage, however, IL exhibits an invariant value of
�33.5 pA for a fixed light power of 0.4 �W, regardless of
the change in junction resistance.

According to the semiconductor theory, there is a simple
relation between photocurrent and interfacial barrier: IL
� �Lp+Ln+W�G, where Lp and Ln are diffusion lengths of
holes and electrons, respectively, W is the barrier width, and
G is the yield of photoexcited carriers.16 If the resistance
switching with the high-to-low ratio of �104 originates from
an alternation of the Schottky barrier, this change will be
�25%. It implies a reduction in the photocurrent from
�33.5 to �26.0 pA while resistance drops as revealed by a

rough estimation. This is a variation that can be captured by
present experiments. Invariant IL for different resistance
states means the invariance of not only barrier height/width
but also carrier diffusion lengths. However, the change in
Vnoc with junction resistance suggests the variation in the
junctions. Considering the fact that the photovoltage is sen-
sitive to the occurrence of conduction channels that short the
interfacial barrier while photocurrent is not if the volume
fraction of these channels is negligible compared with the
junction region, existence of additional conductive filamen-
tary channels across the Au-STON interface could be as-
sumed to understand the apparently contradictory behaviors
of Vnoc and IL. These channels strongly affect both the resis-
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FIG. 1. Resistances of the Au/STON junction triggered by electric pulses
with different polarities and amplitudes. Pulse width was fixed at 1 ms.
Readout voltage is 0.05 V.

FIG. 2. �Color online� Photovoltage �a� and photocurrent �b� produced by
light illumination for the Au/STON junction in different resistance states.
The resistance ranged from 70 k� to 900 M�. Short arrows specify the
time for the light on and light off.

FIG. 3. Open-circuit photovoltages �Voc� as functions of junction resistance.
The slope of the fit line is 1.00, demonstrating the liner resistance depen-
dence of Voc. IL=34 pA, directly calculated from the intercept of fit line
with the Voc-axis. Inset plot: the equivalent circuit consists of a diode in
parallel with a resistor, modeling the photoelectronic processes in the
junction.
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tance, which is expected, and the photovoltage and the ex-
periment results can be understood in this scenario as will be
seen below.

On the basis of semiconductor theory, there is a one-to-
one correspondence between IL and true-open-circuit voltage
�Voc� , IL= Is�exp�eVoc /nkBT�−1�, where Is is the saturation
current and n the ideality factor of the junction.16 From the
I-V characteristics of the junction, Is�5 pA and n�3 were
derived. In fact, if photocurrent is unchanged, that is, the
Schottky barrier �or Is� is unchanged, Voc could be obtained
based on the above equation: Voc�0.2 V. In contrast, in the
presence of filamentary conductive channels, the photocur-
rent can find its way from one pole of the junction to another,
yielding a voltage drop of Vnoc=RIR over the diode, where R
is the resistance of conductive channels and IR is the photo-
current in the existence of the load R. According to Is value,
the theoretical resistance of the Schottky diode is estimated
to be �24 G�, much larger than the resistance we mea-
sured. Thus, the measured junction resistance is mainly con-
tributed by the conductive channels, namely, Rj �R. We
simulate the photoelectronic processes in the junction in this
case by an equivalent circuit consisting of a Schottky diode
in parallel with a resistor �inset of Fig. 3�. It is obvious that
the current flowing through the parallel resistor is IR= IL− IF,
where IF= Is exp�eVnoc /nkBT� is the forward current of the
Schottky diode. These analyses lead to an explicit expression
for Vnoc,

Vnoc = Rj�IL − Is exp�eVnoc/nkBT�� . �1�

A direct analysis shows that IF� IL for the Rj range studied;
this implies a simple linear relation

Vnoc � RjIL. �2�

As illustrated in Fig. 3, Vnoc indeed shows a linear increase
with Rj at a rate of IL�34 pA, which is a value consistent
with the experimental data quite well ��33.5 pA in Fig.
2�b��. This is an unambiguous proof for the successful cap-
ture of the main features of the junction by the equivalent
circuit in Fig. 3.

Based on the analysis of photovoltage, electric pulses
influence only conductive channels, whereas both the Voc and
IL, thus the junction, keep essentially unchanged during the
resistive transformation. The conductive channels will shunt
the interfacial barrier and bear the main current through the
junction. This may be why the remaining Schottky barrier in
the Au/STON junction seems to be completely unaffected by
electric pulses. However, if the interface is so homogeneous
that the formation of conductive channels is difficult, a uni-
form change in interfacial barrier could occur, which ex-
plains the previous observations by various authors that both
local and uniform changes in interface seem to be possible.
The measured Vnoc is not an open circuit signal at all but a
measure of the voltage on conductive channels when photo-
current flows. Different from the case of Vnoc, the influence
of conductive channels on IL is shunted by the ammeter,
which has very small impedance. As for the conductive
channels, it has been reported that the anionic/cationic va-
cancies �ions�, which act as dopants, exhibit considerably
high mobility near crystalline defects, and their rearrange-
ments under external field are possible.18 The reversible mi-

gration of these defects, under the impact of electric pulses,
may cause local breakdown of the interfacial barrier, result-
ing in the formation of conducting filaments. It is obvious
that further studies are still required to well understand the
nature of the conductive channels across the Schottky barrier
and evolution of these conducting filaments under electric
pulses.

In summary, we presented a systematic study on the
photovoltaic effect on the Schottky junction
Au /SrTiO3:0.5 wt % Nb. The most remarkable observation
is the strong dependence of the open-circuit photovoltage on
junction resistance and the invariance of the short-circuit
photocurrent during resistance switching. The distinctive
photovoltaic effects can be understood based on an equiva-
lent circuit model consisting of a diode in parallel with a
resistor. These results suggest the occurrence of filamentary
conductive channels across the interfacial barrier during
resistance switching and invariance of remaining Schottky
barriers.

This work has been supported by the National Basic
Research of China �Grant Nos. 2007CB925002 and
2009CB930803�, the National Natural Science Foundation of
China �Grant Nos. 50721001, 10674169, and 10774173�, the
Knowledge Innovation Project of the Chinese Academy of
Sciences, and China Postdoctoral Science Foundation.

1P. W. M. Blom, R. M. Wolf, J. F. M. Cillessen, and M. P. C. M. Krijin,
Phys. Rev. Lett. 73, 2107 �1994�.

2S. Q. Liu, N. J. Wu, and A. Ignatiev, Appl. Phys. Lett. 76, 2749 �2000�.
3A. Beck, J. G. Bednorz, C. Gerber, C. Rossel, and D. Widmer, Appl. Phys.
Lett. 77, 139 �2000�.

4K. Szot, W. Speier, G. Bihlmayer, and R. Waser, Nature Mater. 5, 312
�2006�.

5A. Ruotolo, C. W. Leung, C. Y. Lam, W. F. Cheng, K. H. Wong, and G. P.
Pepe, Phys. Rev. B 77, 233103 �2008�.

6A. Sawa, T. Fujii, M. Kawasaki, and Y. Tokura, Appl. Phys. Lett. 85, 4073
�2004�.

7C. Park, Y. Seo, J. Jung, and D. W. Kim, J. Appl. Phys. 103, 054106
�2008�.

8S. Seo, M. J. Lee, D. H. Seo, E. J. Jeoung, D.-S. Suh, Y. S. Joung, I. K.
Yoo, I. R. Hwang, S. H. Kim, I. S. Byun, J.-S. Choi, and B. H. Park, Appl.
Phys. Lett. 85, 5655 �2004�.

9B. J. Choi, D. S. Jeong, S. K. Kim, C. Rohde, S. Choi, J. H. Oh, H. J. Kim,
C. S. Hwang, K. Szot, R. Waser, B. Reichenberg, and S. Tiedke, J. Appl.
Phys. 98, 033715 �2005�.

10M. J. Rozenberg, I. H. Inoue, and M. J. Sánchez, Phys. Rev. Lett. 92,
178302 �2004�; Appl. Phys. Lett. 88, 033510 �2006�.

11Y. B. Nian, J. Strozier, N. J. Wu, X. Chen, and A. Ignatiev, Phys. Rev.
Lett. 98, 146403 �2007�.

12S. C. Chae, J. S. Lee, S. Kim, S. B. Lee, S. H. Chang, C. Liu, B. Kahng,
H. Shin, D. W. Kim, C. U. Jung, S. Seo, M. J. Lee, and T. W. Noh, Adv.
Mater. �Weinheim, Ger.� 20, 1154 �2008�.

13T. Fujii, M. Kawasaki, A. Sawa, Y. Kawazoe, H. Akoh, and Y. Tokura,
Phys. Rev. B 75, 165101 �2007�.

14H. L. Gomes, A. R. V. Benvenho, D. M. de Leeuw, M. Cölle, P. Stallinga,
F. Verbakel, and D. M. Taylor, Org. Electron. 9, 119 �2008�.

15Y. Hikita, Y. Kozuka, T. Susaki, H. Takagi, and H. Y. Hwang, Appl. Phys.
Lett. 90, 143507 �2007�.

16S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed.
�Wiley, New Jersey, 2007�.

17T. Susaki, Y. Kozuka, Y. Tateyama, and H. Y. Hwang, Phys. Rev. B 76,
155110 �2007�.

18R. Waser and M. Aono, Nature Mater. 6, 833 �2007�; J. J. Yang, M. D.
Pickett, X. Li, D. A. A. Ohlberg, D. R. Stewart, and R. S. Williams, Nat.
Nanotechnol. 3, 429 �2008�.

172119-3 Shang et al. Appl. Phys. Lett. 93, 172119 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1103/PhysRevLett.73.2107
http://dx.doi.org/10.1063/1.126464
http://dx.doi.org/10.1063/1.126902
http://dx.doi.org/10.1063/1.126902
http://dx.doi.org/10.1038/nmat1614
http://dx.doi.org/10.1103/PhysRevB.77.233103
http://dx.doi.org/10.1063/1.1812580
http://dx.doi.org/10.1063/1.2872707
http://dx.doi.org/10.1063/1.1831560
http://dx.doi.org/10.1063/1.1831560
http://dx.doi.org/10.1063/1.2001146
http://dx.doi.org/10.1063/1.2001146
http://dx.doi.org/10.1103/PhysRevLett.92.178302
http://dx.doi.org/10.1063/1.2164917
http://dx.doi.org/10.1103/PhysRevLett.98.146403
http://dx.doi.org/10.1103/PhysRevLett.98.146403
http://dx.doi.org/10.1002/adma.200702024
http://dx.doi.org/10.1002/adma.200702024
http://dx.doi.org/10.1103/PhysRevB.75.165101
http://dx.doi.org/10.1063/1.2719157
http://dx.doi.org/10.1063/1.2719157
http://dx.doi.org/10.1103/PhysRevB.76.155110
http://dx.doi.org/10.1038/nmat2023
http://dx.doi.org/10.1038/nnano.2008.160
http://dx.doi.org/10.1038/nnano.2008.160

