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Photovoltaic response in the heterojunction of Lai—,Sr, MnO3/SrNb, Ti1_,Os (LSMO/SNTO) is analyzed the-

oretically based on the drift-diffusion model.

It is found that the decrease of acceptor concentration in the

Lai_,Sry; MnOs layer of heterojunction can increase the peak value of photovoltaic signal and the speed of pho-
tovoltaic response, whereas the changing of donor concentration in the SrNb, Ti,_, O3 layer has no such evident
effect. Furthermore, the result also indicates that the modulation of Sr doping in Laj_,Sry;MnQOs is an effective
method to accommodate the sensitivity and the speed of photovoltaic response for LSMO/SNTO photoelectric

devices.

PACS: 73.40.Lq, 72.40. +w, 78.20. Bh

On account of the strong electron correlation,
pervoskite oxides exhibit a rich variety of proper-
ties. Since the colossal magnetoresistance (CMR)!!
was found in the manganite oxide, a great deal
of attention has been paid to manganite materials.
Laj_,Sr,MnO3(LSMO) is a typical manganite ma-
terial that is valuable in both fundamental research
and real applications. In LSMO, the complex inter-
play between magnetic and electronic properties relies
strongly on the doping concentration,? which can be
achieved by chemical substitution of constituent ele-
ments. Beyond the usual chemical method, the carrier
concentration near the interface of the heterojunction
can be controlled by applying external field, such as
electric field and light, which can induce many inter-
esting phenomena.[># Recently, many unusual photo-
electric effects have been found in the heterojunction
of Laj_5Sr;MnO3/SrNb,Ti;_,O3 (LSMO/SNTO).
Katsu et al. found the photocarrier injection
effect in ferromagnetic-Laj_,Sr,MnOj/photoactive-
SrTiO3 heterojunction and achieved dynamic light
control of magnetic and electric transport prop-
erties of Laj_,Sr,MnO3.5) In our previous work,
we observed unusual lateral photoelectric effect
in the Lag 9Srg.1MnOs/SrNbyg g1 Tig 9903 heterojunc-
tions and explained it by the Dember effect.[8] There-
fore, the theoretical study on the photoelectric effect
in LSMO/SNTO heterojunction is highly desired.

In this Letter, we give a theoretical description of
photovoltaic effect in the LSMO/SNTO heterojunc-
tion by introducing a time-dependent drift-diffusion
model, consisting of Poisson equation and time-
dependent electron and hole continuity equations. We
solve these equations self-consistently by numerical
methods: finite difference, Newton algorithm and

classical implicit scheme. The time-dependent drift-
diffusion model is a development of the stable drift-
diffusion model. In the previous works of our group,
the stable drift-diffusion model has been successfully
exploited to study the transport properties in per-
ovskite heterojunctions.[”] In this study, we present
the calculated results. The reduction of acceptor
concentration in the LSMO layer can increase both
sensitivity and speed of photovoltaic response in the
LSMO/SNTO heterojunction, but the changing of
donor concentration in the SNTO layer does not have
such effects. This result is explained by the great dif-
ference between dielectric properties and doping con-
centrations in LSMO and SNTO, and their different
effects on the junction-capacitance of LSMO/SNTO
heterojunction.

The basic equations of time-dependent drift-
diffusion model are the Poisson equation and the elec-
tron and hole continuity equations,® i.e.
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The evolutions of electrostatic potential W(x,t), elec-
tron concentration n(xz;t) and hole concentration
p(z,t) in homogeneous region of heterojunction are
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all determined by the above five equations, in which
Jn(z,t) and jp(z,t) denote the electron and hole cur-
rent densities, respectively; e, ¢ and N denote the
electron charge, dielectric permittivity and net ion-
ized impurity concentrations, respectively; u,, and p,
are the electron and hole mobilities; k and T represent
Boltzmann constant and temperature taken as room
temperature in this work, respectively. The electron-
hole pair generation rate G(z,t) can be expressed as
G(z,t) = Ip(t)afexp(—a(x)z) with Iy(t) denoting
the density of incident photon flux, a the absorp-
tion coefficient, and 3 the quantum efficiency. The
recombination rate R(x,t) is adopted as the Shockley-
Read-Hall (SRH) model.”) Moreover, the electron and
hole movement across the interface of heterojunction
is taken into account by the Richardson thermionic
emission current model,['”) which has been generally
applied on semiconductor heterostructures. The ini-
tial values of W(x,t), n(x,t) and p(z,t) needed for
solving Egs. (1)—(5) are obtained by solving the non-
linear Poisson equations.[®! The necessary material pa-
rameters are all listed in Table 1.

Table 1. Necessary material parameters (Refs. [4,7,13]) used in
the calculation.

Lao‘gsro,an03 SrNbo,OlTiolgg 03

Dielectric permittivity (go) 10 150
Electron mobility (cm?/(Vs)) 10 33
Hole mobility (cm?/(V-s)) 1.8 6
Band gap (eV) 1.0 2.8
Affinity energy (eV) 3.9 4.0
Absorption parameters (cm™!) 1.2 x 10° 1.5 x 10°
Quantum efficiency 0.03 0.03
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Fig.1. Calculated time-dependent photovoltage evo-

lution in Lag.9Srg.1MnO3/SrNbg.01Tio.9903 heterojunc-
tion. Insert: the corresponding experimental data taken
from Ref. [11].

Figure 1 exhibits the good agreement between
the calculated and experimental results!'!) for pho-
tovoltaic effects in Lao,gsl‘o.an03/SI‘NbO.OlTiO'QQO:J,
heterojunction. It is irradiated by a 308-nm
and 0.5-mJ-mm~2 laser pulse with 25 ns dura-
tion and connected by a 22 resistance. From the
Hall measurement,!'!] the hole concentration in the

Lag.9Sro.1MnOs5 layer is 1.19 x 10" cm™3 and the
electron concentration in SrNbg g1 Tig.9903 is 1.63 X
1020 cm 3.

When the LSMO/SNTO heterojunction is illumi-
nated by laser with the photon energy greater than
the band gaps of LSMO and SNTO, the electrons in
the valence band can be excited into the conduction
band, and the corresponding holes are left in the va-
lence band, as shown in Fig.2. When these photo-
created electrons and holes diffuse into the space-
charge region, the photo-created ones are separated by
the built-in field. Consequently, these photo-created
holes and electrons accumulate in p-LSMO and n-
SNTO regions, respectively. Thus the Fermi level in
n-region is elevated relative to that in p-regions and
the photovoltage is created. This process of pho-
tovoltage increasing can be considered as charging
junction-capacitance of LSMO/SNTO heterojunction.
Correspondingly, the process of photovoltage decaying
can be regarded as discharging junction-capacitance.
Without irradiation, the photo-created carriers can
leak out the heterojunction through the parallel re-
sistance and the charge in junction-capacitance de-
creases. Therefore, the charging and discharging pro-
cesses of resistance-capacitance (RC) circuit can be
used to describe the whole process of photovoltaic ef-
fect in LSMO/SNTO heterojunction.
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Fig. 2. Movement of photo-created electrons and holes
in LSMO/SNTO heterojunction. It is approximated to a
process of charging capacitance.

The decay of voltage in an RC circuit is expressed
as an exponential decay:

V(t) = V(0) exp(—t/RC), (6)

where t, R and C denote time, resistance and ca-
pacitance, respectively, V() ‘denotes potential be-
tween two capacitance’s electrodes, respectively. From
Eq. (6) and the above analysis for photovoltaic effect,
we can see that the junction-capacitance of hetero-
junction is acritical factor for the time-dependent
photovoltage evolution process, and the decay time
of photovoltage decreases with the decrease of C.

For the abrupt heterojunction, the junction capac-
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itance Cjun is approximately given by

C.... = @ — Q. qEnEpNAND (7)
Jun av Q(NDEn JrNAé‘p)(VD — V)7

where S denotes the cross-section area of heterojunc-
tion, N4 and Np denote the acceptor and donor
concentration in p- and n-regions, respectively, &,
and &, denote the dielectric permittivity in p- and
n-regions, and Vp and V denotes built-in potential
barrier and applied bias, respectively. According to
Eq. (6), the speed of voltage-decay depends on the
junction-capacitance, which is the function of dop-
ing concentrations. Thus the doping density has a
strong effect on the speed of photovoltaic response in
LSMO/SNTO heterojunction. For investigating the
effect of doping concentrations on the speed of voltage-
decay, we rigorously calculate the photovoltage evo-
lution in LSMO/SNTO heterojunction with various
doping densities. In the calculation, we assume that
the LSMO/SNTO heterojunction is connected to a
2 () resistance and illuminated with a 308-nm and 0.5-
mJ-mm™2 laser pulse with duration 25ns. These laser
parameters are all identical to those in Ref. [11].
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Fig.3. Calculated time-dependent photovoltage evolu-
tion in LSMO/SNTO heterojunctions with different ac-
ceptor concentrations in the LSMO layer with doping con-
centration 1.0 x 102! /cm? in the SNTO layer.

Figure 3 shows the time-dependent photovoltage
evolution in LSMO/SNTO heterojunction with dif-
ferent acceptor concentration in the LSMO layer and
donor concentration keeping 1.0 x 102! cm™3 in the
SNTO layer. With the increasing acceptor concen-
tration in LSMO, the peak of photovoltage decreases
and full width at half maximum (FWHM) is widened.
Thus, with the increase of acceptor concentration, the
sensitivity of photovoltaic response in LSMO/SNTO
is increased and the speed is decreased. Furthermore,
Fig.4 shows another case of time-dependent photo-
voltage evolutions with variation of donor concentra-
tion in the SNTO layer and acceptor concentration in
the LSMO layer keeping 1.0 x 10?° cm™3. As shown in
this figure, the changing of donor concentration in the

SNTO layer has no evident effect on the photovoltage
evolution in LSMO/SNTO heterojunction.
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Fig.4. Calculated time-dependent photovoltage evolu-

tion in LSMO/SNTO heterojunctions with different donor
concentrations in the SNTO layer with doping concentra-
tion 1.0 x 1020 /cm? in the LSMO layer.

The difference between these effects on the photo-
voltage evolution in LSMO/SNTO heterojunction is
caused by the large difference between dielectric prop-
erties and doping concentration in LSMO and SNTO.
The dielectric permittivity e, of SNTO is much larger
than that in LSMO (e,,) as shown in Table 1. More-
over, the doping concentration in SNTO, Np, is al-
ways larger than that in LSMO (N4) too. Thus, for
LSMO/SNTO heterojunction, Eq. (5) can be reduced
to

oo aQ _ genepNaND
mav Q(NDEn + NAEP)(VD — V)

quNA

52t =

, for e, Np > ¢e,N4. (8)
According to Eq. (8) the change of N4 in the LSMO
layer has a crucial effect on the junction-capacitance
of LSMO/SNTO heterojunction. ~ The junction-
capacitance decreases with the decreasing N. Fur-
thermore, due to Eq.(6), the decrease of N4 can
induce the increase of photovoltage decaying speed.
Moreover, when the junction-capacitance decreases,
the photovoltage increases in consideration of V' =
Q/C. Thus it explains the results shown in Fig.3.
The peak value and decaying speed of photovoltage
increases with the decrease of acceptor concentration
in the LSMO layer. In other cases, Eq. (8) also in-
dicates that the shift of junction-capacitance leaded
by the change of donor concentration Np in SNTO
can be omitted. Thus, based on the above analysis,
the change of Np would have no evident effect on the
photovoltage evolution as shown in Fig. 4.

In summary, the -photovoltaic responses in
LSMO/SNTO heterojunctions with various doping
concentration are theoretically studied on the basis of
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drift-diffusion models. Our results reveal that the de-
crease of Sr doping concentration in the p-type LSMO
layer can increase the sensitivity and speed of pho-
tovoltaic response in LSMO/SNTO heterojunction.
However, the changing of Nb doping concentration in
the SNTO layer has no such effect. These results in-
dicate that the modulation of acceptor concentration
in LSMO is more effective than that of donor con-
centration in SrNb,Ti;_,O3 for accommodating the
sensitivity and the speed of photovoltaic response in
the LSMO/SNTO photo-electronic devices.
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