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Rectifying and photoelectronic properties of the Lagg7Bag33MnO;/SrTiO5:Nb junctions with the
film thickness from d=0.5 to 30 nm have been systematically studied. It is found that the electronic
transport of the junction is dominated by quantum tunneling or thermoionic emission when film
thickness is below or above 1 nm. The rectifying ratio and ideality factor, correspondingly,
experience a sudden change as film thickness grows from 0.5 to 1 nm and a smooth variation with
film thickness above 1 nm. The threshold film thickness for the establishment of a mature depletion
layer is therefore 1 nm. The photoemission properties of the junctions also exhibit a strong
dependence on film thickness. As experimentally shown, the photocurrent vanishes in the zero
thickness limit, and grows rapidly with the increase in film thickness until d=6 nm, where a
maximal photocurrent of ~770 nA/mm? under the irradiance of the laser of 5 mW and 532 nm is
obtained. After this maximum, an increase-to-decrease turning appears with further increasing film
thickness. Taking into account the finite diffusion distance of the photocarriers and the
strain-enhanced charge trapping in ultrathin film junctions, a theoretical description that well
reproduces the experiment results can be obtained, which reveals the severe depression of finite
diffusion distance of the extra carriers on photocurrent. The maximal diffusion distance thus
obtained is ~3.5 nm. Similar analyses have been performed for the Laj c;Cay33MnO3/SrTiO5: Nb
junctions, and the corresponding diffusion distance there is ~1.5 nm. © 2011 American Institute of

Physics. [doi:10.1063/1.3537916]

I. INTRODUCTION

The colossal magnetoresistance and related effects in
hole-doped manganites have received remarkable attention
in nearly the last two decades. After great efforts, both the-
oretical and experimental, it has been well established that
competitive mechanisms such as double exchange, superex-
change, and Coulomb repelling coexist in the manganites,
and it is the unbalance of the different interactions, under
external stimuli, that results in the dramatic magnetoresis-
tance effects.' It is obvious that if parts of the distinctive
features of the manganite can be inherited by the manganite-
based heterostructures, diverse properties absent in the con-
ventional junctions are possible. Indeed, interesting phenom-
ena such as magnetic field-dependent rectifying
characteristics and photovoltaic effect have been observed in
manganite junctions.zf4 Emergent effects associated with in-
terfacial decorations are also detected, for example, the en-
hancement of interface ferromagnetism in  the
Lag ¢St 4MnO3/LaMnO;/SrTiOj5 structure, the two-process-
featured rectifying behavior in the
Lag ¢7Cag 33Mn0O53/LaMnO5/ SrTiO5: Nb ]unctions,5 and the
growth of the interfacial potential after the introduction of a
SrMnO; monolayer in the Lagy;Sry3;MnO5/SrTiO;:Nb
junction.6

We noted that most of the previous works focused on the
junctions composed of the manganite films thicker than 150
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nm. However, thin film junctions have the characters of their
own and deserve special attention. At first, the effects of
heterointerface are highlighted in thin film junctions. As well
known, the physical properties of the junctions have a close
relation to interfacial states. The latter is generally different
from the interior ones. For instance, the Curie temperature
and magnetic polarization are significantly low at the
interface,’ the manganite-substrate interface is insulating at
low temperatures,8 and the electron transport across the grain
boundaries proceeds in the manner of quantum tunneling.9 It
is also found that small grain sizes'® or strong lattice strains'!
can completely depress the charge ordering, which is the
most typical feature of some half-doped manganites. These
works clearly demonstrate the importance of interface/
surface for the manganites. Considering the highlighting of
the role of heterointerfaces, distinctive behaviors are ex-
pected in ultrathin film junctions. Second, the interfacial
states, depletion width, and electronic processes in the ultra-
thin film junctions may be considerably different from those
of the thick ones. As well established, the establishment of
the depletion layer requires the charge exchange between the
p and n poles of the junctions, to balance the difference of
the Fermi levels of the two components. For the ultrathin
junction, however, the number of the holes may be insuffi-
cient to form a depletion layer similar to that of the thick
junctions. It is the interfacial states that participate in the
build-up of the junction, thus determine the properties of the
junction. Third, the nonequilibrium charge carriers could be-
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have differently in thin film junctions. Take the kinetic/
dynamic behavior of the charge carriers as an example.u’13
When the diffusion distance of the photocarriers is compa-
rable or smaller than film thickness, size effect may occur,
resulting in dramatic changes in the photovoltaic properties
of the junctions. As we know, the injection, drift and diffu-
sion of charge carriers are important topics of electronics.
The knowledge on diffusion distance, mobility, and lifetime
of the nonequilibrium carriers is highly desirable for practi-
cal application, especially for the designing of manganite-
based device structures working via the manipulation of ex-
tra carriers. For the typical semiconductor with a carrier
concentration of 10'®/cm?, the diffusion length and lifetime
are generally ~10° nm and ~10 us, respectively.'4 Due to
strong carrier scattering, the diffusion distance, and lifetime
could be extremely short in the manganites. Through the
investigation of the photoelectric properties of the junctions
of various film thickness, one may get important information
about the transient processes. This is particularly meaningful
for the manganites because of the presence of strongly
coupled spin, charge, orbital, and lattice degrees of freedom.
Based on these consideration, in this paper, we performed a
systematic study on the LagjgBagz3MnO;/SrTiO5:Nb
(LBMO/STON) and La ¢;Caj 33MnO5/SrTiO5:Nb (LCMO/
STON) junctions, focusing on the evolution of the rectifying
and photoelectric properties of the junctions with the thick-
ness of the LBMO (LCMO) film. The electronic transport in
the junctions undergoes a tunneling to thermal activation
evolution as the film thickness increases from 0.5 to 1 nm,
leading to a dramatic change in the rectifying properties. As
experimentally shown, the photocurrent vanishes in the zero
thickness limit, and grows rapidly with the increase in film
thickness until d=6 nm (2 nm), where a maximal photocur-
rent of ~770 nA/mm? (~280 nA/mm?) under irradiance
of the laser of 5 mW and 532 nm is obtained for the LBMO
(LCMO) junctions. Further increase in film thickness leads
to a gradual decrease in photocurrent. Taking into account
the change in the activation energy of the charge carrier in
ultrathin film junctions and the finite diffusion distance of the
photocarriers, a theoretical analysis is presented, which
quantitatively reproduces the experiment results.

Il. EXPERIMENTAL PROCEDURE

Two series of manganite junctions have been fabricated
by growing, via the pulsed laser ablation technique (laser
wavelength=248 nm, repetition rate=1 Hz, and fluency
=7 J/cm?) the LBMO and LCMO films, respectively, on
(001)-orientated SrTiO5:0.05 wt % Nb (STON) substrates
of the dimension of 3 X 1 mm?. During the deposition pro-
cess, the temperature of the substrate was kept at 720 °C,
and the oxygen pressure at ~60 Pa, for the LBMO films, or
~80 Pa, for the LCMO films. The film thickness is d=0.5,
1, 2,4, 6, 15, and 30 nm, controlled by the number of laser
pulses. To determine the thickness of ultrathin films, the
deposition rate was carefully calibrated: Two standard films,
LBMO and LCMO, were first prepared under the above con-
dition, then parts of the film were removed from the substrate
by the conventional lithographic technique and the film edge
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FIG. 1. (Color online) Topology of the manganite films of the LBMO films
with the thicknesses of 1 nm (a) and 15 nm (b). The scale of the image is
1X1 um?

thus formed was measured by an atomic force microscope
(AFM). In this way, the correspondence between pulse num-
ber and film thickness was established. LBMO and LCMO
were chosen because of their different lattice mismatch with
the STON substrate, which is ~0.15% for the LBMO films
and ~1.2% for the LCMO films. The LBMO/STON junction
will be the focus of the present study, while the data of the
LCMO/STON junction provides a supplement.

As electrodes, two copper pads with a size of 1
X1 mm? were deposited on manganite films and STON,
respectively. Appropriate electric pulses have been applied to
the Cu-STON contact to get an Ohmic contact. The contact
resistance is ~15 () for the Cu-STON contact and ~200
for the Cu-manganite contact. The current (I)-voltage (V)
characteristics of the junctions were measured by a supercon-
ducting quantum interference device magnetometer equipped
by an electric unit. A laser with a power of 5 mW and the
wavelength of A=532 nm was used for the photoelectric ex-
periment. The spot size of the light is ~0.33 mm in diam-
eter. A Keithley SourceMeter 2611 was used for the acquisi-
tion of photocurrent and photovoltage.

lll. CURRENT-VOLTAGE CHARACTERISTICS

Figure 1 shows the AFM image of the typical LBMO
films. Terrace-featured surface morphology with a step of
~0.4 nm is observed in ultrathin films, signifying a layer-
by-layer growth of the films. Thick films are also quite
smooth, with a topology characterized by densely packed
grains of 15 nm. The root mean square roughness varies
between ~0.2 and ~0.3 nm, slightly growing with film
thickness.

Figure 2 presents the x-ray diffraction (XRD) spectrum
of the LBMO and LCMO films grown on SrTiO; under the
same condition as that of LBMO/STON and LCMO/STON.
The XRD peak of the LBMO film, which is very close to that
of SrTiOs3, is unidentifiable when the film thickness is below
40 nm, and slightly shifts to high angles with the increase in
film thickness. The lattice constant is, for example, for the
film of 240 nm, ~3.925 A. Tn contrast, LCMO shows a
smaller lattice parameter compared than that of the bulk
counterpart.15 The lattice constant is ~3.796 A for d
=10 nm (The XRD reflections of the LCMO film are invis-
ible below 10 nm), rapidly increases to 3.808 A as film thick-
ness grows from 10 to 40 nm, and approaches the saturated
value of 3.810 A above 40 nm. The increase in the lattice
constant indicates the relaxation of the tensile strains of the
films.
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FIG. 2. (Color online) XRD spectra of the LBMO (a) and LCMO (b) films
grown on SrTiO; under the same condition as that of LBMO/STON and
LCMO/STON. The inset plot in (b) shows the lattice constant of the LCMO
film as a function of film thickness.

Figures 3(a)-3(c) show the current-voltage relations of
the typical LBMO/STON junctions of d=0.5 nm, 1 nm, and
6 nm, respectively. All of the junctions except for the one of
d=0.5 nm are excellently rectifying, exhibiting the /-V char-
acteristics obeying the Shockley equation, as demonstrated
by the linear log I-V relation under positive biases (directing
from manganite film to STON). The rectifying rations at the
bias voltage of |V|=0.3 V are ~19, ~3600, ~34 500,
~15 000, and ~10 700 for the film thickness of 0.5 nm, 1
nm, 6 nm, 15 nm, and 30 nm, respectively. The junction
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FIG. 3. (Color online) Semilogarithmic current-voltage characteristics of
LBMO/STON with the film thicknesses of 0.5 nm (a), 1 nm (b), and 6 nm
(c), measured in the temperature range from 130 to 350 K with a tempera-
ture step of 20 K. Solid lines are guides for the eye.
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FIG. 4. (Color online) Ideality factor (a) and saturation current (b) as func-
tions of temperature are also presented. Inset plots in (a) and (b) show the
ideality factor-film thickness and the interfacial barrier-film thickness rela-
tions, respectively. Solid lines are guides for the eye.

resistance at the ambient temperature is ~1 X 10 Q, ~1.2
X 10* Q, and ~3 X 10° (), respectively, for the film thick-
nesses of 0 nm, 0.5 nm, and 1 nm, and above 10° Q for
other junctions (junction area=1X 1 mm?). These results re-
veal the development of the mature depletion layer even for
the film of 1 nm.

Based on the analysis of the /-V characteristics, the ide-
ality factor n of the junctions can be obtained [Fig. 4(a)]. It is
considerably large for the junction of d=0.5, ~2.3 at 290 K
and ~6.7 at 110 K. A quantitative analysis shows a simple
relation: 1/n~=-0.01+0.00157, marked by the solid curve in
the inset plot in Fig. 4(a). According to the semiconductor
theory, there are two factors that affect n. The first one is
inhomogeneous junction interface and the second one is
electric leakage. The latter could be the main reason for the
unordinary ideality factor of the present junction in the
present case. In fact, the 1/7 dependence of n indicates the
temperature independence of the In(/)-V slope, which is a
signature of electron/hole tunneling across the depletion
layer.16 It is possible that a LBMO film of 0.5 nm cannot
build up an interfacial barrier that is high and thick enough to
prevent the charge tunneling. The ideality factor reduces rap-
idly from ~2.3 to ~1.1 as the film thickness increases from
0.5 to 1 nm, accompanying a significant weakening of its
temperature dependence. This is an indication of the trans-
formation from quantum tunneling to thermoionic emission
for the electronic transport.

Figure 4(b) presents the saturation current I as
a function of reciprocal temperature, obtained by
extrapolating the log/-V relation to V—0. As well
established, I,=A*T? exp(-®y/kgT) for the Schottky junc-
tion, where A* is the Richardson constant, ®y the interfacial
barrier. Based on this relation, the interfacial barrier can be
obtained. The inset in Fig. 4(b) shows the interfacial barrier
as a function of film thickness. ®y varies between ~0.5 and
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~0.6 eV, showing a slight reduction in the junction of d
=1 nm. The interfacial barrier of the junction of 0.5 nm
cannot be obtained in this way because of the severe electric
leakage. Similar results are obtained for the LCMO/STON
junctions, for which the tunneling process emerges below 1
nm. However, the thickness dependence of the interfacial
barrier is slightly strong (not shown). Here the manganite
junctions have been treated as Schottky junctions, which is
acceptable because the depletion layer mainly forms in
STON as shown below.

For a deep understanding of the experimental results, an
analysis of the depletion layer of the junction may be helpful.
Noting the fact that the semiconductor theory has provided a
satisfactory description for the rectifying behaviors of the
manganite junctions, we use the formulae for the conven-
tional heterojunctions to estimate the depletion width'®

d 2Npre18280Vp 172 (1)
1= s
L gN41(&1Na1 + &:Npy) |

2NA1818280VD 172

. 2)

L gNpa(&1Na1 + €2Np0) |

where d; (d,) is the depletion layer thickness of LBMO/
LCMO (STON), g is the permittivity of the vacuum, &, and
&, are the permittivity of LBMO/LCMO and STON, respec-
tively, Ny; (Np,) is the carrier content in LBMO/LCMO
(STON), and V= ®y is the diffusion potential. A direct cal-
culation gives d;=0.03 nm and d,=39 nm adopting the pa-
rameters of £,=8.85X 1072 F/m, &£;=20, £,=100, N,,
=5.7X10* m™3, Np,=43%X10** m™3, and Vp=0.6 eV.
Here N,; and Np, are the nominal carrier contents of LBMO
(LCMO) and STON, respectively. The manganite is gener-
ally insulating in the near boundary region. The electronic
structure is believed to be different from that of the bulk. As
a consequence of enhanced lattice distortions, the actual car-
rier content may be obviously low. To show the effects thus
produced, we also calculated the depletion width assuming
that, for example, only 10% of the nominal holes survive,
and obtained d;=0.3 nm and d,=38.5 nm. Considering the
fact that the dielectric constant can be severely depressed by
the built-in electric field, here the dielectric constant of
STON was set to 100, instead of 300 of SrTiOs."” The mean-
ings of these results are twofold. The first one is that the
depletion layer in LBMO (LCMO) is extremely thin, which
is the basis to ascribe the manganite junction to Schottky
junction, and the second one is that the depletion width in
STON is insensitive to the hole content of LBMO (LCMO).
It is clear that although the films are ultrathin, they, except
for the film of 0.5 nm, are still much thicker than d,. This
explains the formation of the junction with a good rectifying
character. Although the actual situations in the manganite
junction may be somewhat different, the depletion layer in
the manganite film could be rather thin. For the junction of
0.5 nm, the depletion layer may not be well developed. As a
result, the electron tunneling across the junction dominates
its transport behavior.
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FIG. 5. (Color online) Photocurrent as a function of the lateral distance
between electrode and laser spot for the LBMO (a) and LCMO (b) junc-
tions, measured at the ambient temperature. The corresponding photovoltage
is shown in (c) and (d). The inset pot in (c) shows the /,-V,, relation and in
(d) a schematic diagram for the experiment setting. Solid lines are guide for
the eye.

IV. PHOTOELECTRONIC PROPERTIES

The I-V characteristics describe the transport behavior of
the thermally equilibrium charge carriers, and the film thick-
ness in this case takes effects via affecting interfacial barrier
and depletion width. However, for the photoelectric process,
film thickness may influence the number as well as the dif-
fusion of the extra charge carriers as will be seen below. To
get the information on the nonequilibrium charge carriers,
the short-circuit photocurrent, Ip, and open-circuit voltage,
Vo, were measured as light spot sweeps along the centerline
of the rectangular-shaped manganite film. Figures 5(a) and
5(b) show the photocurrent as a function of the distance (x)
between electrode and laser spot for the LBMO and LCMO-
based junctions, respectively, measured at the ambient tem-
perature. The corresponding photovoltage is shown in Figs.
5(c) and 5(d). The inset in Fig. 5(d) is a schematic diagram
for the experiment setting. As expected, /p takes the maximal
values when the laser spot and Cu electrode locate side by
side without any gap or overlap, and undergoes a rapid de-
crease as the light sweeps across the film surface. The maxi-
mal and minimal photocurrents are ~82 nA/mm? and
~15 nA/mm? for, for example, the LBMO/STON junction
of d=1 nm, appearing at the electrode-laser distance of
~0 mm and ~0.9 mm, respectively. A general feature of
the photocurrent is its strong dependence on film thickness.
First, I, displays a steep increase with d for the thin film
junctions, and decreases smoothly for the thick film junc-
tions. Second, the I, decaying with x weakens gradually with
the increase in film thickness, and a constant photocurrent is
obtained in the junctions of d>6 nm. A strong dependence
of the photocurrent on film thickness is obvious. Essentially
similar [-d relations are observed for the LCMO/STON
junctions, though the photocurrent is obviously low. Similar
to Ip, V, takes the maximal values when the laser spot and
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FIG. 6. (Color online) Maximal photocurrent as a function of film thickness
for the LBMO (a) and LCMO (b) junctions (symbols). For LBMO/STON,
other three sets of data collected under the lasers of 660, 780, and 850 nm
are also presented, after a proper scaling, for comparison. Solid lines are
theoretical results obtained adopting the parameters of a=1.4X10° cm™
and L=3.5 nm (LBMO) and @=2.5X10° ¢cm™' and L=1.5 nm (LCMO)
for §=0. Results for S=c0, which are nearly overlap with that for S=0 after
adjusting L to 1.8 nm (LBMO) and 0.9 nm (LCMO) are presented in the
inset plot. The inset in (a) is a semilog plot of the /,-d curves. Shaded area
marks the difference between the calculated and detected results. Dashed
lines in (b) represent the theoretical Ip-d relations corresponding to diffusion
distances marked by the numbers. The corresponding V,.-d relations are
shown in (c) and (d).

the electrode nearly overlap, but undergoes a less rapid de-
crease as the light sweeps away from electrode. It is interest-
ing to note the well linear relation between /Ip and
exp(eV,./kgT)—1 [inset in Fig. 5(c)], which is a typical fea-
ture of Schottky diodes."*

To get a clear picture on the thickness effect, the Ip-d
and V.-d relations are further analyzed. The magnitude of
the photocurrent exhibits a systematic variation with film
thickness when x is fixed. Figure 6 presents the maximal
photocurrent (photovoltage), corresponding to x=0, as a
function of film thickness for the LBMO and LCMO junc-
tions (symbols). For LBMO/STON, other three sets of pho-
tocurrents collected under the wavelengths of A=660 nm
and 780 nm, and 850 nm, respectively, are also presented for
comparison. As expected, the photocurrent shows a consid-
erable decrease as the wavelength of the laser increases. To
clearly show the I,-d dependence, the photocurrents under
the above three wavelengths are normalized by the relation
of Ip(\)pear(532 nm) /1, pea(N), Where I ey (N) is the
peak value of the photocurrent corresponding to the wave-
length of \. I is low when d is small, grows steeply with the
increase in film thickness, and reaches the maximum around
a film thickness of dp. From LBMO to LCMO, the peak
value displays a rapid decrease from ~770 to ~275 nA,
accompanying a shift in the peak position from ~6 to
~2 nm. After the /p peak, a smooth, yet monotonic, photo-
current decrease appears for further increasing d. Although
the general Ip-d relation is similar for the two series of
samples, difference exists in the detailed Ip-d relation. Com-
pared with that of LBMO/STON, the increase-to-decrease
turning is much sharper and the [, descending with d is
slightly rapid for the LCMO/STON junctions. As the film
thickness grows from d;, to 30 nm, the photocurrent de-
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creases from ~770 to ~590 nA for LBMO/STON and from
~278 to ~157 nA for LCMO/STON. At a first glance, I, is
likely to decay exponentially with d, which is particularly
obvious for the LCMO/STON junctions. On the contrary to
the photocurrent, the photovoltage is maximal for the ultra-
thin film, and undergoes a steep drop with the increase in
film thickness. This feature is especially obvious for the
LBMO/STON junctions. V. goes from ~211 to ~51 mV as
d grows from 0.5 to 6 nm, and keeps at ~51 mV for further
increase in d. Different from LBMO/STON, the photovolt-
age of LCMO/STON displays a monotonic decrease from
~170 to ~18 mV as d increases.

We repeated the experiments for several times, and ob-
tained similar phenomena. These results clearly show the
strong film thickness dependence of the photovoltaic effects
in the manganite junctions, especially when the manganite
films are ultrathin. Such complex film thickness dependence
of the photocurrent deserves special attention. As well estab-
lished, the photocurrent has a close relation to extra charge
carriers. According to the semiconductor theory, electrons/
holes in the manganite films can be excited by photons with
the energy of hv when the condition Py <hv <E, is satis-
fied, and the photocarriers entering the depletion region will
be swept to the two sides of the depletion layer by internal
electric field, forming photocurrent when the junctions are
short circuited," where E,~3.2 eV, is the band gap of
STON."® In the present experiments, the laser has the photon
energy (1.5-2.3 eV) smaller than E,. This means that the
nonequilibrium carriers contributing to photocurrent come
from the manganite film. Noting that the depletion region
mainly develops in STON, only the charge carriers entering
the STON pole yield the photocurrent.

There are two factors that can affect the photoelectric
effect of the junctions. The first one is the variation in the
electronic states of the thin film junctions and the second one
is film thickness. As is well known, the electronic structure at
the near boundary region is generally different from that of
the interior for the rnanganites.19 This may lead to a growth
of the activation energy of the photocarriers, thus a reduction
in the photocurrent for thin film junctions, for which the
interfacial states play the dominant role. If the /;, reduction
totally comes from the downward shift in the valance band,
the energy change should be at least ~1.3 eV (The band gap
between the valence and conduction bands is ~1 eV for the
manganites20 and the photon energy is ~2.3 eV.) From a
simple consideration, we can conclude that the abnormal
photocurrent variation could be not ascribed to the effects of
the increase in the activation energy of the photocarriers. In
fact, if the change in activation energy is the main reason for
the I, drop observed, the Ip-d relation will be different for
different photons: As film thickness reduces, the I, drop may
appear earlier under the irradiance of long wavelength lasers,
for which the effect of energy shift is much severe. However,
the ,-d relations observed are essentially similar for the pho-
tons with the energy from ~1.4 to ~2.3 eV [Fig. 6(a)]. The
I, drop cannot be attributed to the effects of interface disor-
der either. Provided that the interface disorder is the domi-
nate factor affecting the photoemission process in thin film
junctions, its effect should be much stronger for LBMO/
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FIG. 7. (Color online) Quantum efficiency as a function of photon energy
for the typical LBMO/STON junctions of d=0.5 and 2 nm. Solid lines are
guides for the eye.

STON than for LCMO/STON, appearing when the LCMO
film is relatively thick because of the larger lattice mismatch
in the latter. However, as shown in Fig. 5, the I, decrease
occurs at ~2 nm for LCMO/STON whereas at ~6 nm for
LBMO/STON.

A direct reflection of the activation energy is the interfa-
cial barrier of the junctions. As demonstrated above, the in-
terfacial barrier deduced from the /-V analysis shows an in-
dependence on film thickness for =1 nm. In general, the
interfacial potential obtained in this way is smaller than that
derived from the photoemission experiments, due to the oc-
currence of leakage current.® Based on this consideration, we
also determined the energy barrier from the photoemission
data. Figure 7 illustrates the quantum efficiency (R
o« [phv/ P), the number of the photocarriers yielded by each
photon, as a function of photon energy for the typical
LBMO/STON and LCMO/STON junctions, where P is the
power of the laser. The interfacial barrier can be obtained
from the R"2oc(hv—®y) relation.”! ®y is found to be
~1.2%0.1 eV for LBMO/STON of d=2 nm, which is
similar to that reported for the manganite-based junction,22
and  slightly increases, from ~12=*0.1 eV to
~1.4%0.1 eV, as film thickness varies from 2 to 0.5 nm. It
is obvious that the change in activation energy should have a
random distribution for the thin film junctions, and here only
the average change is determined. It is difficult to believe
that an increase in ~0.2 eV in activation energy can com-
pletely depress the photocurrent.

The photocurrent change has no relation with the abnor-
mal conductive/magnetic property of the ultrathin films ei-
ther. The lateral resistivity of the LBMO and LCMO films on
STON has been studied. The conductive dead layers are
~3 nm and ~6 nm, respectively, in the low temperature
limit 7— 0. The former is smaller than dp for LBMO and
greater than dp for LCMO. However, no conductive dead
layer is observed at the ambient temperature (Fig. 8), where
the photoemission experiments are conducted. As a conse-
quence, the effects of trapped charge re-positioning, if any,
should not be strong. These results indicate that the distinc-
tive /,-d dependence cannot be ascribed to the change in the
conductive properties of the manganite films. The /p drop
cannot be ascribed to the change in magnetic state either.
Magnetic measurements show that, at the ambient tempera-
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FIG. 8. (Color online) Lateral conductivity of the LBMO (a) and LCMO (b)
films, measured at 5 and 296 K. Solid lines are guides for the eye.

ture, the LBMO films are in a ferromagnetic state above the
thickness of 15 nm and paramagnetic otherwise (not shown),
while both the LCMO and LMO films are paramagnetic.
Although the two sets of samples are different in magnetic
state, their Ip-d curves display similar features.

The second factor affecting the photocurrent is the film
thickness. It is obvious that the photocurrent will be zero in
the zero d limit, and monotonically increases with film thick-
ness when d <L, where L is the diffusion length of the pho-
tocarriers. However, when the film thickness is significantly
larger than the diffusion distance, only part of the photocar-
riers excited at the region near the interface has contributions
to I,. In this case, a monotonic growth for d<<L and an
exponential decrease for d>L for the photocurrent are ex-
pected, considering the absorption of the laser by the films.
This analysis suggests first an increase then a decrease in the
photocurrent with the increase in film thickness. It is consis-
tent with the experimental observations.

V. THEORETICAL ANALYSES

Considering the fact that electric leakage may affect the
measurements of V., in the following we will focus on pho-
tocurrent. In fact, there are two processes in the junctions
under the irradiance of laser. The first one is the excitation of
nonequilibrium carriers. The density of the photocarriers is
proportional to the intensity of the laser, which undergoes an
exponential decaying described by exp(—az) with the dis-
tance (z) of the laser in the sample, where « is the absorption
coefficient of the light. The second process is the diffusion of
these carriers toward the interface of the junction under the
driving of the density gradient. It is obvious that only parts
of the photocarriers can reach the interface of the junction
due to their finite diffusion distance. Based on the standard
semiconductor theory, the density of the photocarriers is de-
termined by

di 7 dn
—=aalyexp(- az) - —+D—,

T dz

dt 3
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where a is a proportionality constant, /; the intensity of in-
cident light, D the diffusion coefficient, and 7 the lifetime of
the photocarriers. This equation has a generic solution of the
form

ii(z) = Ay exp(=z/L) + A, exp(z/L) + M exp(- az),  (4)
when a stable state has been established (dii/dt=0), where

B [- (aD + S)exp(d/L) + (S — D/L)exp(— ad) M
'"  (S+DI/L)exp(d/L) - (S — D/L)exp(~ d/L)

A [- (aD + S)exp(—d/L) + (S + D/L)exp(— ad) M
27 (S=D/L)exp(~d/L) - (S + D/L)exp(d/L)

i

M =aalyr/(1 - L*a?),

under the boundary conditions

— a+ sinh(d/L)exp(- ad)/L
dan cosh(d/L)
— 1 + cosh(d/L)exp(- ad)
L sinh(d/L)

As shown in Figs. 6(a) and 6(b), Eq. (5) provides an
excellent description for the experiment results adopting the
absorption coefficients of ~1.4X10° cm™' (LBMO) and
~2.5%10° cm™! (LCMO), and the diffusion distances of
~3.5 nm or 1.8 nm and ~1.5 nm or 0.9 nm when setting S
to 0 or . This implies 1.8 nm <L<3.5 nm for LBMO and
0.9 nm <L<1.5 nm for LCMO. It is interesting that al-
though L is S-dependent, it is relatively insensitive to L. Of
course, the interface disorder in thin film junctions may also
play a role in affecting /,. It makes the photocurrent ob-
served lower than that given by Eq. (3). This effect is espe-
cially obvious for the junctions of d<<2 nm [inset in Fig.
6(a)]. However, the diffusion distance is the determinative
factor that affects photocurrent.

The maximal diffusion distance deduced is ~3.5 nm. In
general, the manganite films are fully strained within 10
nm.” This eliminates the dependence of L on d when the
latter is small. As we know, the Ip-d relation is mainly deter-
mined by L when d is small and by @ when d>L. It is
therefore a reasonable assumption that L is constant for the
films. We noted that the absorption coefficients of the bulk
LaMnO; are ~0.85X10° cm™' and ~1.1X10° cm™' for
the wavelength of 532 nm and 660 nm, respectively.24 Con-
sidering the difference between LBMO (LCMO) and
LaMnO;, the deduced a~=~2.4X 10> cm™ is plausible.

The above analysis reveals the important role of the fi-
nite diffusion distance in limiting the photocurrent. Based on
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dn _ _
-D— =-S7 and 7i],.4=0,
dz z=0

S is a parameter characterizing the recombination rate of the
photocarriers at the surface of the film, and L=vDr, is the
diffusion distance of the photocarriers. A direct calculation
shows that the experiment results can be well described by
Eq. (3) adopting proper parameters (not shown). However, L
and § are found to be strongly correlated, and L cannot be
exclusively determined because of the lacking of the S data
for the manganite films. A brief discussion can give us an
idea of the effect of S on 1,,. It is obvious that the [, drop will
be accelerated by a finite S noting the closeness of the film
surface to interface when d is lowering. In this picture, a S
value larger (smaller) than the actual one will cause a under-
estimation (overestimation) of the diffusion distance. This
means a monotonic decrease in L as S grows, and the actual
diffusion distance will be L(S=%) <L <L(S=0).

For two limiting situations of S=0 and %, Eq. (3) can be
simplified to

+ aexp(—ad) for S=0

(5)

+ aexp(—ad) for S=ow

it, we can propose a scenario for the internal photoemission
process: The photocurrent is low in thin film junctions be-
cause of the small number of photocarriers, though the laser
intensity is strong near the interface. For thick film junctions,
in contrast, although the total number of the excited carriers
is large, most of the electrons and holes are recombined be-
fore reaching the interface, and only the carriers within L
from the interface contribute to /p. The carrier number is the
main factor affecting the photocurrent when the light loss is
not severe. In this case Ip shows a monotonic growth with d
as occurring for d<6 nm for LBMO. However, when the
film is thick, the number of the photocarriers near the inter-
face is greatly reduced due to the strong intensity loss of the
laser. As a result, the photocurrent is decreased.

The diffusion distance is the longest in the LBMO films
and considerably low in the LCMO films. This is understand-
able noting the different lattice strains in the two series of
films. These results show that the diffusion distance of the
photocarriers in the manganites is extremely short, only a
few nanometers in general. Adopting the mobility of u
~1 mm?/Vs for the manganite films at the ambient
temperature,20 we obtained the lifetime 7=L2/D=~0.4 ns,
where D=ukpT/e with e being the electron charge. As re-
ported, the mean free path of electrons in the manganite in
the high conductive state is the order of 1 nm in rnagnitude.25
It may be even smaller at higher temperatures, where carrier
scattering is strong. A diffusion distance of a few nanometers
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is plausible. Because of the extremely short diffusion dis-
tance and the sensitivity of the /p on L, the photovoltaic
effect could be a potential probe for interfacial state. Any
processes taking place around the interface, such as charge
reconstruction/ordering and spin rearrangement, are expected
to have a sizable response in photocurrent/photovoltage.

As a supplement, we would like to point out that the
diffusion distance obtained here could be an upper limit for
L. In Fig. 6(b) we present the theoretical Ip-d relations cor-
responding to different diffusion distances (after proper nor-
malizations). The photocurrent exhibits a monotonic increase
with the decrease in film thickness in the zero-L limit, and
the Ip drop is a signature of finite L. Provided that the sudden
drop at dp is caused by the variation in the electronic struc-
ture of ultrathin films instead of finite diffusion distance, the
actual L could not exceed that derived from Eq. (5) because
of the absence of L-relevant Ip drop above dp. Based on the
above analyses, we believe that the mains effects on I, in
thin film junctions come from the change in film thickness,
while the energy level shift in the charge carriers acts as a
disturbance.

As experimentally shown, the sudden change in rectify-
ing properties occurs from 0.5 to 1 nm, the latter could be the
threshold thickness for the establishment of a well developed
depletion layer that and depress electron tunneling. Accord-
ing to the lateral transport behavior of the films, the conduc-
tive dead layer is absent at the ambient temperature, where
the photoelectronic properties of the manganite is studied,
and it is ~3 nm (LBMO) or 6 nm (LCMO) at the tempera-
ture of 5 K. In contrast, the photoelectronic experiments sug-
gest a diffusion distance of <3.5 nm for the photocarriers.
Three different physical processes have three different char-
acter lengths.

VI. SUMMARY

In summary, the rectifying and photoelectronic proper-
ties of the Lag ¢7;Bag33MnO5/SrTiO5:Nb junctions with the
film thickness from d=0.5 nm to 30 nm have been system-
atically studied. It is found that the electronic transport of the
junction is dominated by quantum tunneling or thermoionic
emission when film thickness is below or above 1 nm. The
rectifying ratio and ideality factor, correspondingly, experi-
ence a sudden change as film thickness grows from 0.5 to 1
nm and a smooth variation with film thickness above 1 nm.
The threshold film thickness for the establishment of a ma-
ture depletion layer is, therefore, 1 nm. The photoemission
properties of the junctions also exhibit a strong dependence
on film thickness. As experimentally shown, the photocurrent
vanishes in the zero thickness limit, and grows rapidly with
the increase in film thickness until d=6 nm, where a maxi-
mal photocurrent of ~770 nA/mm? under the irradiance of
the laser of 5 mW and 532 nm is obtained. After this maxi-
mum, an increase-to-decrease turning appears with further
increasing film thickness. Taking into account the finite dif-
fusion distance of the photocarriers and the strain-enhanced
charge trapping in ultrathin film junctions, a theoretical de-
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scription that well reproduces the experiment results can be
obtained, which reveals the severe depression of finite diffu-
sion distance of the extra carriers on photocurrent. The maxi-
mal diffusion distance thus obtained is ~3.5 nm. Similar
analyses have been performed for the
Lag ¢7Cag 33Mn0O5/SrTiO5: Nb junctions, and the correspond-
ing diffusion distance there is ~1.5 nm.
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