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ABSTRACT With LaAlO; surface modifica-
tion by Pd nanoparticles, LaAlOs/SITiO; (LAO/
STO) interfacial two-dimensional electron gas
presents a giant optical switching effect with a
photoconductivity on/off ratio as high as 750%
under UV light irradiation. Pd nanopartides with
a size around 2 nm are deposited on top of the
LAO surface, and the LAQ/STO interface exhibits a
giant response to UV light with a wavelength
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shorter than 400 nm. This giant optical switching behavior has been explained by the Pd nanopartide's catalytic effect and surface/interface charge coupling.
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ecent studies showed that a polar
Roxide heterostructure with conducting
states can be generated at the inter-
faces between two large band gap insulators,
and unexpected physical properties have
been observed in such structures.' The dis-
covery of the two-dimensional electron gas
(2DEG) at the interface between two band
insulators, LaAlO3 (LAO, E; = 5.6 eV) and
SITiO; (STO, E; = 32 eV),? has triggered
intensive study on this system. Intriguing
electronic properties®> > have been found
for this heterointerface, and the significant
results promise potential applications in the
new generation of electronic devices.®™®
The conduction mechanism of the oxide
2DEG has been attributed to the intrinsic
polar catastrophe scenario,”> where the
polar LAO films grown on a nonpolar TiO,-
terminated STO substrate induce a charge
transfer from the LAO layer to the interface
by the built-in electric field in the LAO layer.
However, the presence of the internal elec-
tric field in the LAO layer was doubted
by the X-ray photoemission measurement
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result>'® Some of the reports argued
that the intermixing of cations around the
interface'"'? and doping of STO by oxygen
vacancies'>'* during the thin film deposition
may also contribute to the 2DEG formation. A
recent paper has reported an experimental
study of the correlation between the inter-
face and the surface states, and it has been
suggested that the modulation of the sur-
face state by polar liquid on the LAO/STO
surface has a great influence on the transport
properties of the interface.'® We also demon-
strated that the transport properties of the
interfacial conducting states are extremely
sensitive to the surface “polar” absorbates,
and the conducting state of the interface
may change to semiconducting due to the
induced polar field."®

More recently, several groups have de-
monstrated that the photoconductivity of
LAO/STO"”'® and NGO/STO'® arose from the
pure “interface” effect. This brings up con-
siderable interest in using the oxide interface
2DEG in the development of optoelectronic
applications such as an optical switching
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device®® or photodectector.?' However, the photocon-
ductivity effect in such systems is not large enough
toward real application by noticing that the “states” of
the LAO/STO surface affect the transport properties
strongly and the fact that the presence of metallic
overlayers or surface defects (oxygen vacancies) on the
LAO/STO surface alters the band alignment and elec-
tronic properties of the interface.??%* In this report, we
propose to use metal nanoparticles to modify the
transport properties and improve the photoconductiv-
ity effect. We demonstrate that the Pd nanoparticle
(NP)-coated LAO/STO heterostructure exhibits a giant
photoresponse in the UV range. The reason to select Pd
is that Pd NPs play an important role in many enhanced
light sensing and gas sensing applications as a catalytic
material in different kinds of metal oxide systems (e.g.,
Zn0,** Sn0,,*° and Ti0,*®), as they provide “electro-
active sites” and excellent oxidation capability on the
surface to modify the transport properties of the oxides.

LaAlOs thin films with 5 u.c. (unit cell) thickness were
deposited on TiO,-terminated STO (001) substrates,
where the growth conditions were the same as those
reported elsewhere.'® After the deposition, Pd NPs
were deposited on top of the surface of the LAO/STO
heterostructure by means of dc magnetron sputtering
at room temperature. This room-temperature-grown
Pd NP layer has very weak adhesion and can be
removed easily by surface cleaning using cotton tips
with methanol; thus, there should not be epitaxial
growth on the LAO layer. Control samples (LAO/STO)
without Pd NP deposition were also fabricated as a
reference. Pd NPs were also deposited on TiO,-site-
terminated STO substrate (without LAO), showing that
the Pd NPs are well below the conduction percolation
threshold and no photoconductivity effect is observed.

RESULTS

Figure 1(a) is an AFM image showing the surface
morphology of the Pd NP-coated LAO/STO sample. The
disappearance of the surface terrace suggests the
coverage of the LAO surface by Pd NPs. (Figure S1
shows the surface morphology of the bare TiO,-termi-
nated STO substrate and LAO/STO surface by AFM,
where a clear terrace can be observed.) In order to
confirm the existence of Pd NPs on the LAO surface and
to know their structural characteristics, a TEM carbon
film is used together with LAO/STO when coating the
Pd NPs. Figure 1(b) is an HRTEM image of Pd NPs on a
carbon film, where it can be seen that the mean particle
size of the Pd NPs is ~2 nm and they are uniformly
distributed. (Figure S2 shows the morphology of the
Pd NPs on the carbon film at low magnification, and
the energy -dispersive X-ray analysis result shows the
presence of Pd NPs.) The high-resolution images of the Pd
NPs also show clear lattice fringes of Pd, and the inset
selected area electron diffraction (SAED) pattern can be
indexed as a nanocrystalline fcc structure of Pd.
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Figure 1. (a) AFM image of Pd NP-modulated LAO surface
on STO substrate. (b) HRTEM images showing uniformly dis-
tributed Pd NPs with an average size of around 2 nm. The lattice
spacings of the particles are indentified to be around 0.22 nm,
corresponding to the Pd (111) atomic plane. The inset is a SAED
pattern showing the polycrystalline structure of the Pd NPs.
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Figure 2. Photoresponse characteristics of the Pd NP-
coated LAO/STO (red) and LAO/STO (black) heterostructure
showing the reversible switching behavior under periodic
illumination of a 365 nm UV light with an incident power
density of 10 mW/cm?,

Photoresponses of the bare (i.e, no Pd NP coat-
ing) and Pd NP-coated LAO/STO samples under a
repeatable on/off UV light (365 nm) are shown in
Figure 2.1t can be seen that when the UV light is turned
on, both samples change from a high-resistance state
to a low-resistance state; when the light is off, the
resistance of the interface increases as a function of
time. The resistance of the interface decreases within
0.1 s after the UV light is irradiated on both sampiles,
followed by a slow photorecovery process. The in-
crease of resistance of the Pd NP-coated sample in
each time interval is much higher than that of the bare
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sample. Within 2 min after the light is switched off in
each cycle, the resistance is yet to be saturated; this can
be attributed to the persistent photoconductivity
effect.'”” =" This result reveals that after the surface
modification by Pd NPs the LAO/STO interfacial 2DEG is
more sensitive to the UV light, making it possible for
applications as a UV light sensor.

To understand the mechanism of such a Pd NP-
induced enhancement effect, wavelength and time
dependences of the photoconductivity for the two
samples were characterized. Figure 3 illustrates the
wavelength-dependent photoconductivity of the LAO/
STO samples (with and without Pd NPs on the surface)
at room temperature. The photoconductivity of the
heterostructure was measured at 10 V bias, and the
samples were irradiated by light with wavelengths
ranging from 700 to 300 nm (from low photon energy
to high photon energy). The samples were put in the
dark environment before measurement, and the mea-
surement started after the resistance reached a stable
state. It is noted that, in the dark environment, the
resistance of the Pd NP surface modulated LAO/STO
heterostructure (~3 MQ) is much higher than that
of the bare LAO/STO 2DEG, which is ~0.25 MQ. The
change in photoconductivity is defined by [([photo —
lgand/lgand < 100%, where I corresponds to
the photocurrent under light illumination and /ya
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Figure 3. Wavelength-dependent photoresponse, i.e., change
of photocurrent (defined as Al/ly = (Iphoto — aart)/ldand, for the
Pd NP-coated (red) and bare (inset) LAO/STO samples under
10 V bias.
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corresponds to the dark current. Strong photoconduc-
tivity is observed at ~380 nm, while the increase of
photoconductivity for both samples in the wavelength
range of 420—700 nm is not obvious. The change in
photocurrent for the bare sample at 380 nm is only
18% (a small increase in 420—700 nm is due to the
surface trap state), but for the Pd NP-coated LAO/STO
sample, the change is 750%, which is a giant photo-
conductivity. It is worth noting that the 380 nm UV light
is around the band gap energy of the STO substrate
(3.3 eV), suggesting that the increase of photocurrent is
due to the absorption of photon energy by STO and the
generation of electron—hole pairs, while the electrons
diffuse to the interface as a contribution of the carriers.
By contrast, for the photons with energy below
the band gap energy, only a very limited number
of charge carriers can be generated correspond-
ing to the midgap defect states of the STO substrate
from oxygen vacancies during the deposition of the
thin film.

In order to investigate the effect on the photocon-
ductivity in the UV range, the time-dependent resis-
tance of the interface for the bare and Pd NP-coated
LAO/STO samples was measured at different ambient
conditions (oxygen, dry air, and argon). To circumvent
the scattering of the data from sample to sample and
rule out the effects of the unwanted experimental
factors, the Pd NP-coated LAO/STO heterostructure
is prepared from the same piece of sample and the
Pd NPs are grown under the same conditions for all
measurements. As shown in Figure 4(a), for the recov-
ery process of the LAO/STO sample, the resistance of
the 2DEG increases less than 30% in an hour after
switching off the UV light in an oxygen and argon
environment, suggesting that the change of gas does
not affect the transport properties of the interface.
However, very different electrical responses for the Pd
NP-coated LAO/STO sample under oxygen, dry air, and
argon were observed, as shown in Figrue 4(b). With
argon gas in the chamber, the resistance of the Pd
NP/LAO/STO sample recovers very slowly, having a
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Figure 4. Time-dependent surface resistance under 10 V bias for the (a) bare and (b) Pd NP-coated LAO/STO samples at room

temperature.
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Figure 5. (a) Schematic diagram of the Pd NP surface modulated LAO/STO with UV light irradiation. (b) Schematic depiction of
process 1. The oxygen absorbed on Pd NPs attracts electrons from 2DEG, making it negatively charged. In process 2, UV light
irradiates the surface and excites electron—hole pairs inside the STO, the photoexcited electrons become excess charge
carriers to the 2DEG interface, and photoexcited holes diffuse through LAO and combine with the negatively charged oxygen

on the surface of LAO.

similar recovery speed to the case in the bare sample,
as shown in Figure 4(a). When the gas ambient is
changed from argon to dry air, the speed of the
recovery process increases as the result of oxygen
adsorption, where Pd NPs are treated as the available
surface adsorption sites for oxygen molecules. Futher
study shows that recovery of resistance is even faster
under pure oxygen gas because more oxygen is avail-
able for chemisorption on the Pd NP surface. The
photorecovery of the Pd NP-coated LAO/STO hetero-
structure in different environments can be well fitted
by the stretched-expotential law, Iohoto(t) = /photo(0)
exp(—t/7)B, as shown in Figure S3 (Supporting
Information), where 7 is the characteristic relaxa-
tion time and S is the stretching parameter with
values between 0 and 1. Both Figures 3 and 4 show a
significant difference of electrical response between
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the Pd NP-modulated and the bare LAO/STO samples,
suggesting enhanced photoconductivity upon UV
light illumination; that is, the Pd NPs on LAO/STO
significantly enhance the photoconductivity of the
interface.

DISCUSSION

To explain this enhanced photoconductivity effect
of the Pd NP-coated sample, we propose the following
model (as shown in Figure 5). We believe that the
presence of Pd NPs and the resulting charge coupling
and exchange with the oxygen-deficient LAO film
facilitates the interfacial redox reaction at room
temperature,?” ~3° while from the viewpoint of elec-
tronic band structure, the work function of the Pd NP
relative to the electron affinity of STO determines the
transfer of electrons from the interface to the Pd NPs.
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Metals such as Pd with a work function (5.6 eV) larger
than the electron affinity of STO (4.0 eV) result in a
strong suppression of 2DEG carrier densities at the
interface due to the reduction of the internal built-in
electric field in the LAO layer; a similar effect has been
observed in the recent first-principle calculation.>3"32
In addition to this Pd NP electron affinity induced
degradation of the 2DEG, the Pd NP's catalytic electro-
chemical reaction with oxygen molecules is believed to
play a more important role in reducing the sheet carrier
density (ng) of the LAO/STO 2DEG. The measured nq
for the bare sample is ~6.5 x 10'®> cm™2 under UV
irradiation and ~1.2 x 10'® cm ™2 in the dark, while for
the Pd NP-coated LAO/STO, ng under UV irradiation is
measured to be ~3.9 x 10'* cm™2 and in the dark it is
~3.4 x 10"2 cm ™2 To compare the conducting beha-
vior between the bare LAO/STO and Pd NP-coated
LAO/STO sample, the resistance—temperature curves
of the samples were measured from room temperature
down to 15 K in the “dark” and “under UV irradition”
environment, as shown in Figure S4, while UV light with
a wavelegnth of 365 nm was irradiated on the sample
during cooling. One can see from Figure S4(a,b) that
the bare LAO/STO sample shows metallic behavior
under UV irradiation and a dark environment. For the
Pd NP-coated sample, the interface shows metallic
behavior under UV irradiation, as shown in Figure S4(c),
while for the Pd NP-coated sample in the dark, as shown
in Figure S4(d), the conducting behavior of the interface
changed to insulating; that is, the presence of metallic
elements on top of LAO may affect the electrical
properties of the interface. It is well known that the
surface of the Pd NP is very sensitive to the surrounding
environment due to the large surface-to-volume ratio,
and the Pd NP's surface is usually attached with oxygen
molecules when exposed to air.3*** The Pd NPs cataly-
tically activate the dissociation of molecular oxygen,
and due to the catalytic effect, the interaction between
oxygen molecules from the ambient and Pd NPs results
in the dissociation of O,, i.e., O, + 2e~ — 20". A similar
phenomenon has been observed in the Pd NP-coated
ZnO systems.?*** It was proposed that when oxygen
molecules from the ambient were absorbed on the
exposed surface of Pd NPs, electrons were extracted
from the ZnO conduction band, and depletion layers
were formed at the surface of ZnO, causing a decrease
in carrier concentration. In the LAO/STO system, we
believe that oxygen molecules dissociate and generate
chemisorbed oxygen species due to the enhanced
interaction by Pd NPs on the surface, and the oxygen
molecules tend to capture free electrons from the Pd
NPs and cause the interfacial 2DEG electrons to diffuse
out to the LAO film or the Pd NPs. Therefore, with the
absorption of oxygen on the Pd NP surface, O~ tends
to “spill over” the surface of the LAO,*® resulting in
more negative charge carriers being trapped on the
LAO surface, and therefore, the carrier density of the
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interfacial 2DEG decreases and the resistance of the
interface increases.

On the other hand, when UV light irradiates the
surface, more electrons were induced in the 2DEG
interface due to the generation of photon-excited
electrons and holes in the STO substrate (suggested
by the fact that the photocurrent starts to increase
when the photon energy exceeds the band gap energy
of STO). The persistent increase of the photoresistivity
is due to the slow recombination of electrons and holes
when the light is off,'”” and the slow recombination
process is due to the internal electric field built up from
the polar discontinuity in the LAO layer. This field tends
to separate electrons and holes (electrons at interface
and holes at the surface), and therefore, the recombi-
nation is generally prohibited, but the interdiffusion of
electrons and holes still results in slow recombination.
We conducted electrical measurements on samples
with a Pd NP coating on 10 u.c. and 40 u.c. LAO/STO,
and the electrical performance of the sample varies
with testing condition, as shown in Figure S5, showing
slower and smaller photoresponses compared to the
sample with the 5 u.c. Pd NP LAO/STO sample. The
thicker LAO film hinders the diffusion of electrons to
the Pd NPs with increasd diffusion length, so the ratio
of resistance recovery is not as high as the case for the
5 u.c. sample

It might be argued that the enhanced photocon-
ductivity could also be due to the surface plasmonic
effect, which has been reported in different types
of noble metal NPs to improve the catalytic effect in
different kinds of systems®>>~3 under irradiation of
light with a particular wavelength. The high-density
electrons in the metal NPs form an electron cloud and
oscillate, while the size of the metal particles deter-
mines the resonance frequency of the surface plas-
mon. However, from the previous study, the surface
plasmonic resonance effect of small Pd NPs below
10 nm in size should not have significant resonance
from 300 to 1500 nm wavelength; therefore the sur-
face plasmonic effect can be ruled out in our case, where
the size of Pd NPs is only a few nanometers. We
believe that the increased surface-to-volume ratio for
Pd NPs and thus the increased catalytic effect of
absorbing and dissociation of oxygen molecules
in air is responsible for the enhanced photocon-
ductivity.3® In addition, the change of resistance is an
interfacial effect and is not due to the STO substrate,*
as after irradiation of UV light on the STO substrate the
recombination—generation rate of the photoexcited
electrons and holes in the substrate is on a nanosecond
scale.

The I—V characteristics of the bare and Pd NP-coated
LAO/STO samples were measured under the same
conditions. Before the measurement, both samples
were put in the dark for 24 h. The -V curves for the
bare LAO/STO sample in the dark and under UV
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light are shown in Figures S6(a), where the ohmic
conducting behavior of the interface can be seen and
the resistances are found to be 26 k< in the dark and
20 kQ under UV light. The /—V curve of the bare sample
measured under normal room light illumination is
almost the same as shown in Figure S6(a), showing
less change in resistance. Figure S6(b) shows the |-V
curves for the Pd NP-coated sample measured in the
dark, in room light, and under UV irradiation. It is
apparent that the /—V curves exhibit a very large

EXPERIMENTAL SECTION

A 5 unit cell thick LAO film was deposited on a TiO,-terminated
SrTiO3 (001) substrate with a size of 5 mm x 5 mm by laser-
molecular beam epitaxy (laser-MBE) using a KrF excimer laser
(Lambda Physik COMPex 205, wavelength = 248 nm) at 1 Hz and
a single-crystalline LaAlO3 target. During deposition, the substrate
temperature was maintained at 750 °C with a base vacuum lower
than 2 x 107> Pa; the growth was monitored by reflection high-
energy electron diffraction (RHEED). After deposition, the samples
were in situ annealed at a reduced temperature of 550 °C at
1000 Pa O, for 1 h, in order to reduce oxygen vacancies in the film.
The sample was then cooled to room temperature in the same
ambient. After the deposition, Hall and sheet resistance measure-
ments were carried out to characterize the 2DEG nature of the
interface. Palladium NPs were deposited on the LAO/STO surface
using dc magnetron sputtering at room temperature under a
power of 15 W with Ar gas (99.995%) having a flow rate of 10 sccm
at a pressure of 100 mTorr. The deposition time was optimized to
make sure that the Pd NPs did not form a complete conducting
path on the LAO/STO surface. A TEM grid with a carbon film
was put close to the sample during the deposition of palla-
dium for subsequent TEM structural analysis (since it is room-
temperature growth, the Pd NPs on the carbon film can
roughly represent the structure of the Pd NPs on the LAO
surface). High-resolution TEM (HRTEM, JEOL 3000FX operat-
ing at 300 kV) was used for the nanoparticle analysis. The
samples were ultrasonically wire-bound with Al wires, and
the two-probe electrical characteristics were measured by an
electrometer under a dc bias of 10 V in a stainless steel
vacuum chamber with oxygen, dry air, and argon, respec-
tively, both with 99.9995% purity. A UV light source was
induced into the chamber for photoresistance measurement.
Light of different wavelengths was generated with a standard
system equipped with a monochromator (Newport 66902)
and a dual-channel power meter (Newport 2931-C).
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