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The mechanisms for the greatly enhanced lateral photovoltaic effect in the perovskite oxide
heterostructures are studied by solving time-dependent two-dimensional drift-diffusion equations self-
consistently. By our calculations, we find that the lateral photovoltage of p-type material is larger than
that of n-type material owing to the larger drift electric field induced in the p-type material than that in the
n-type material. Moreover, the built-in electric field at the interface between the thin film and substrate
can also enhance the lateral photovoltage. The above two mechanisms can well explain one-order-of-
magnitude enhancement of the lateral photovoltaic effect in the perovskite heterostructures. In addition,
we find that the materials with larger mobility ratio have a stronger Dember effect. Such an understanding
of the mechanisms for the enhancement of lateral photovoltage in oxide heterostructures should be useful
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in further designing of the structures of position-sensitive detectors and new THz sources.
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The lateral photovoltage (LPV), which was discovered by
Schottky in 1930 [1] and Wallmark [2] in 1956, has been
widely investigated due to its various applications. For in-
stance, position-sensitive detectors (PSD) based on LPV are ap-
plied in many fields requiring precision measurements, such
as medical instrumentation, robotic vision, and remote opti-
cal alignment, etc [3]. Recently, an unusual transient LPV phe-
nomenon proposed as an evidence of the Dember effect in
perovskite oxide heterostructures has been reported [4-6]. It is
well known that the optical generation of THz radiation can be
produced in the conventional semiconductors using the photo-
Dember effect under ultra-short pulse laser illumination [7-10].
In the heterostructures of both Lag 7Srg 3Mn0Os5/Si (LSMO3/Si) and
Lao,QSrOJMn03/SrNb0401Ti0,9903 (LSMO]/SNTO), the most Slgnlfl-
cant phenomenon is that a one-order-of-magnitude enhancement
of the Dember-effect-induced LPV was observed, as compared with
those of the substrates [4,5]. Therefore, the understanding of the
underlying physical mechanisms for such a phenomenon is fun-
damentally important and should be of great value for the further
designing of the structures of potential applications in both high-
sensitive PSDs and powerful THz sources.

In this letter, we present two physical origins for such an en-
hancement of LPV in the oxide heterostructures compared to that
of the substrates, by solving the time-dependent two-dimensional
drift-diffusion equations self-consistently. The theoretical results
are in good agreement with the experimental data. We find that the
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LPV of p-type material is larger than that of n-type material, ow-
ing to the larger drift electric field induced in p-type material than
that in the n-type material. Moreover, the built-in electric field at
the interface between the thin film and substrate can also enhance
the LPV. By calculations, we find that the materials with a large
mobility ratio can be utilized for performance improvement of the
devices based on the Dember effect.

LSMO1/SNTO and LSMO3/Si heterostructures were fabricated
by growing a p-type LSMO1 (LSMO3) layer on a n-type SNTO
(Si) substrate, with the computer-controlled laser MBE technique,
following the procedure we reported previously [11]. In our
experiments published elsewhere [4,5], a small area of 0.5 mm
diameter was irradiated on the sample surfaces by a 308 nm XeCl
excimer laser beam (the pulse width of 20 ns, the pulse energy of
0.15 mJ, and the repetition rate of one pulse every 5 min to avoid
the heating effect). We moved the samples in the lateral direction
and recorded the LPV values, with a sampling oscilloscope of
500 MHz terminated into 1 MQ at ambient temperature. The
schematic setup for LPV measurement is shown in the inset of
Fig. 1. Fig. 1(a) [4,5] exhibits the experimental LPVs of LSMO
side in the LSMO1/SNTO (the green circular curve) and LSMO3/Si
(the blue square curve) heterostructures. Fig. 1(b) [4] depicts
the experimental LPVs of SNTO (the green circular curve) and Si
(the blue square curve) substrates. Here, the photovoltage, which
denotes the peak value of the LPV between the indium electrodes
A(x = —3 mm) and B (x = 3 mm) on the LSMO1 surface, depends
on the laser spot position in the LSMO1/SNTO heterostructure. The
diameter of indium electrodes is about 1 mm. More details of the
experiments can be easily found in our previous report [5]. From
Fig. 1(a) and (b), it can be seen that a one-order-of-magnitude
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Fig. 1. The experimental (a) and theoretical (c) LPVs of the LSMO side in the LSMO1/SNTO denoted by the green curve and LSMO3/Si denoted by the blue curve; the
experimental (b) and theoretical (d) LPVs of SNTO denoted by the green curve and Si denoted by the blue curve. The photovoltage denotes the peak value of LPV between
the indium electrodes A (x = —3 mm) and B (x = 3 mm). The inset shows the schematic setup for LPV measurement. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

enhancement of the LPVs was observed, as compared with those
of the substrates.

In order to clarify the underlying mechanisms behind this
phenomenon, we carried out self-consistent calculations based
on the drift-diffusion model. Some of our early theoretical works
confirmed that self-consistent calculations can well describe the
transport property of those perovskite oxide heterostructures with
weak multi-couplings among the freedoms of the charge, spin,
and orbit [12]. Besides, the time-dependent two-dimensional drift-
diffusion equations [13] can be applied in describing the dynamic
process for the movement of photon-induced carriers and the
evolution of the electrostatic potential at any location in the
complex oxide p — n heterostructures [6], which consist of the
Poisson equation and the carrier continuity equations as follows:
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where x and y denote the transverse and lateral axes, respec-
tively, ¢(x,y,t) denotes electrostatic potential, n(x,y,t) and
p(x, y, t) denote the electron and hole concentrations, respectively,
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Jjn(,y,t) and j,(x,y, t) denote electron and hole current den-
sity vectors, respectively, iy and i, are the unit vectors along the
x and y axes, respectively, e, ¢, and N denote the electron charge,
the dielectric permittivity, and the netionized impurity concentra-
tions, respectively, u, and ., are the mobilities of electrons and
holes, respectively, D, and D, are the diffusion coefficients of elec-
trons and holes, respectively, k and T denote the Boltzmann con-
stant and the absolute temperature, respectively, G(x, y, t) is the
generation rate of the photo-induced electron-hole pairs, which is
taken as G(x, y, t) = Ip(y)a B exp(—ax), where o denotes the ab-
sorption coefficient, 8 denotes the quantum efficiency and I (y)
denotes the incident photon flux density. Moreover, in our calcu-
lation, Iy (y) is considered as a Gauss distribution function.R(x, y, t)
denotes the Shockley-Read-Hall recombination rate [ 14]. The life-
times of electrons and holes are both chosen as 1 ns [12]. Here, D,,
and D, are calculated as "BTT Uy and "BTT Wp, Tespectively. At the in-
terface of the heterostructure, the Richardson thermionic emission
current [15] is employed as the boundary condition. For simplic-
ity, we did not consider the interfaces of heterostructure/air and
heterostructure/contact metal in our model. The initial values of
¢(x,y,0), n(x,y,0) and p(x, y, 0) for solving Eqs. (1)-(3) are ob-
tained by solving the nonlinear Poisson equations [13].

By solving the above equations self-consistently, we can obtain
the electrostatic potential at any position on the p-type side surface
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Table 1
The necessary parameters taken from the reference papers [17,18] or our previous measurements [6,16].
LSMO1(3) SNTO Si
Temperature (K) 300 300 300
Dielectric constant(eg) 10.0 [6] 300.0 [6] 11.9[18]
Electron mobility (cm?/(V s)) 10.0 [6] 8.0[6,17] 1450 [18]
Hole mobility (cm?/(V s)) 1.8 6] 0.1[6] 500[18]
Band gap (eV) 0.8[16] 2.8 [16,17] 1.12 18]
Net ionized impurity concentrations (/cm?) 4.0 x 10'9(1.0 x 10%°) [6] 1.63 x 10% [6] 1.0 x 107
Photon absorption coefficient (cm~) 1.5 x 10° [17] 1.2 x 10° [17] 4 % 10° [18]
L] L] T T T Ll T T T T T
1.0} "y E 10} i
I u, ; =
08l = | 3 —— p-type material
- l 8 0.5} —— n-type material E
: -, 1 @
5 o
o 06F m "n_ 1 2 o5
g / I e ' 5
9 04 | 'l.. 1 ° ﬂ
2 T A 8 = £ osf A B |
=] L™
£
0.2 L] 4
o [ ]
i N P(N
/ 1.0+ M)
00 m = | 1 1 1
1 i 'l i 1 i L i 1 i L i L
0 50 100 150 200 250 300 6 = -2 0 2 4 6
Time (ns) Position (mm)
Fig. 2. The calculated curve denotes the dependence of LPV on the time in a single Fig. 3. The calculated LPVs between the electrodes A (x = —3 mm) and B

laser pulse, when the contact B is irradiated by the laser. The inset shows the
schematic setup.

and n-type side surface, respectively. In this way, the dependence
of the LPV on the laser spot position can be obtained in the oxide
heterostructure we studied. Our calculated results for LPVs on the
LSMO side in LSMO1/SNTO and LSMO3/Si heterostructures are
shown in Fig. 1(c) as the green curve and blue one, respectively. The
calculated LPVs on SNTO and Si substrates are displayed in Fig. 1(d)
by the green curve and the blue curve, respectively. The necessary
parameters for the calculation are listed in Table 1 [6,16-18]. For
simplicity, we use the same parameters for LSMO1 and LSMO3
except the concentration as shown in Table 1. As our model
purely describes the charge contribution in the heterostructure
and the experimental data includes more complicated factors in
the measuring circuit, contacts, and so on, we use a.u. to show
our calculated results to compare with the experimental data
in the curves. It can be seen that the calculated results are in
good agreement with the experimental data. Fig. 2 shows the
dependence of LPV on the time in a single laser pulse by our
calculation, when the contact B is irradiated by the laser. As the
pulse width of laser is 20 ns, the LPV increases rapidly within 20
ns. Then, the LPV decays with time as shown in Fig. 2.

From the present calculation, the mechanisms for the one-
order-of-magnitude enhancement of the Dember-effect-induced
LPV can be revealed. There are mainly two physical origins. Firstly,
we find that the Dember-effect-induced LPV of the p-type material
is larger than that of the n-type material with the same carrier
concentration. As illustrated in Fig. 3, we calculated the Dember-
effect-induced LPVs of the p-type material and n-type material
with the same carrier concentration of 1 x 107 cm™3. It can be
seen that the LPV of the p-type material is almost twice as large
as that of the n-type material. This can be totally attributed to the
difference between the mobilities of electrons and holes. Under
the same condition, the amounts of photo-generated electrons and
holes are the same in both the p-type material and n-type material.
Consequently, the lateral diffusion current densities, written as
Jyar = eDng—; - era—z, are the same. However, the main drift

F]
carriers for p-type material are holes, while the main drift carriers

(x = 3 mm) in the same material with different doping type. The blue and red
curves denote the LPVs in the p-type and n-type Material, respectively. The inset
exhibits the schematic setup. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

for n-type material are electrons. Assuming that the system is in
the steady state that the drift current densities can just balance
the diffusion current densities, the lateral drift current densities,
which is written as J,sy = eunnE, + euppE,, are of the same
value for the p-type material and n-type material. Thus, the drift
electric field of the p-type material should be larger than that of
the n-type material, as the mobility of holes is smaller than that of
electrons. Therefore, it can be concluded that the Dember-effect-
induced LPV of the p-type material is larger than that of the n-
type material. Moreover, the Dember-effect-induced THz radiation
from the surface of p-InAs wafer has been reported as a strong THz
emitter [7]. We believe that the present study gives an insight into
the physical origin of such an application. Then, we will show why
Dember-effect-induced LPV on a heterostructure is much larger
than that on a substrate.

Secondly, we find from our calculations that the built-in electric
field at the interface between the thin film and the substrate also
plays an important role in the LPV effect. To reveal the effect of
the built-in electric field, we assumed that the potential difference
between the p-type region and the n-type region was zero and
0.52 V for the structure without and with the built-in electric
field in our self-consistent calculations, respectively. Fig. 4 shows
the calculated LPVs for the heterostructure with and without the
built-in electric field denoted by the blue curve and the red curve,
respectively. The upper inset in Fig. 4 indicates the calculated
band diagram without the laser illumination. The green arrow
pointing from the n-type side to the p-type side in the upper
inset denotes the direction of the built-in field. From Fig. 4, it can
be estimated that the heterostructure with a small built-in field
of 0.52 V can produce a five times larger LPV than that of the
heterostructure without the built-in field. When heterostructures
are irradiated by the laser with the photon energy larger than
the energy gaps of both the p-type side and n-type side, electron-
hole pairs are produced in these structures. For the structure
with the built-in electric field, the photo-generated electron-hole
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Fig.4. The blue and red curves denote the calculated LPVs between the electrodes
A(x = —3 mm) and B (x = 3 mm) in the same heterostructures with built-in
field and without built-in field, respectively. The lower inset exhibits the schematic
setup. The upper inset indicates the calculated band diagram without the laser
illumination. The green arrow in the upper inset denotes the direction of the built-in
field. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 5. The curve denotes the dependence of the peak value of LPV on the mobility
ratio by our calculation. The inset shows the schematic setup.

pairs can be separated by the built-in electric field. Thereby,
the photo-generated holes are swept into the p-type layer, and
the potential of the irradiation region is raised relative to the
situation without the built-in electric field. Hence, the Dember-
effect-induced LPV for the structure with the built-in electric field
is enhanced compared to the one without the built-in electric
field. The combination of the above two mechanisms can well
explain the one-order-of-magnitude enhancement of the LPV in
the perovskite heterostructures.

In addition, we investigated the dependence of LPV on the
mobility ratio. Setting the mobility for holes, we calculated the LPV
with various mobility of electrons. The parameters of Si were used
in this calculation. As illustrated in Fig. 5, the peak value of the LPV
turns to be larger with the increase of mobility ratio between the
electron and the hole. Therefore, materials with large mobility ratio
can be utilized for the performance improvement of the devices
based on the Dember effect.

In conclusion, by solving the time-dependent two-dimensional
drift-diffusion equations self-consistently, two mechanisms are

introduced to explain the greatly enhanced LPV in the perovskite
oxide heterostructures, and the theoretical results are in good
agreement with the experimental data. We find that the LPV of the
p-type material is larger than that of the n-type material owing to
the larger drift electric field induced in the p-type material than
thatin the n-type material. Moreover, the LPV can be also enhanced
by the built-in field at the interface between the thin film and the
substrate. By calculations, we find that the Dember-effect-induced
LPV will get larger with the increase of the mobility ratio between
the electron and the hole. The understanding of the mechanisms
for the enhanced LPV in oxide heterostructures should be useful
in further designing of the structures of potential applications in
both high-sensitive PSDs and powerful THz sources. Our calculated
values are less than half experimental results. We think some
unclear mechanisms which we have notincluded in our model may
also play some role in the LPV measurements. Therefore, further
investigation even in the theoretical aspect is still ongoing.
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