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1. Introduction 

Laser pulses have been utilized in detecting photovoltaic properties and exploring 
functional characteristics in the field of solid-state physics (Jain & Landis, 1998; Sun et al., 
2004; Lu et al., 2005; Yan et al., 2007; Jin et al., 2009; Lv et al., 2009). Experimental and 
theoretical investigations into photovoltaic effect under laser pulse are of particular interest 
for both physics and engineering.  
Recent advances in seeking fast photovoltaic response material (Lu et al., 2005; Zhao et al., 
2005; Zhao et al., 2006a; Zhao et al., 2006b; Zhao et al., 2006c; Huang et al., 2006), finding 
one-order-of-magnitude enhancement of lateral photovoltaic (LPV) effect in the perovskite 
oxide heterostructures compared with the substrates (Jin et al., 2007; Jin et al., 2009), and 
investigating the dependence of the photovoltaic effect on the thin films and substrates 
thickness (Qiu et al., 2007; Wen et al., 2009), are attributed to laser pulses applications in the 
photovoltaic effect. Several years ago, transient photoelectric effects were observed in 
La0.7Sr0.3MnO3 (LSMO3)/Si heterostructure fabricated by pulsed laser deposition (Lu et al., 
2005), which offers opportunities for designing new fast photodetectors. Moreover, the 
unusual LPV, ascribed to the Dember effect (Pankove, 1971) induced by large numbers of 
photo-generated carriers under laser pulses, was observed in the heterostructures of both 
La0.9Sr0.1MnO3/SrNb0.01Ti0.99O3 (LSMO1/SNTO) and LSMO3/Si (Jin et al., 2007; Jin et al., 
2009). A one-order-of-magnitude enhancement of the LPV was found (Jin et al., 2009). 
Furthermore, the dependence of photovoltage on the thin films and substrates thickness was 
presented. The photovoltage becomes larger with the increase of the LSMO1 film thickness, 
while the film thickness is less than the depletion layer of the heterostructures. This is 
ascribed to the increase of the carrier amount of the LSMO1 layer and the enhancement of 
the built-in electric field in the space-charge region of the LSMO1/SNTO heterostructure 
(Qiu et al., 2007). Faster photoelectric response was observed in LaAlO3-δ/Si (LAO/Si) 
heterostructures, and the photoelectric sensitivity was greatly improved by decreasing the 
thickness of the Si substrates (Wen et al., 2009). 
In order to reveal the underlying physical origin and the dynamic process of the 
photoelectric effect in the oxide heterostructure, time-dependent drift-diffusion model was 
employed (Liao et al., 2009a, 2009b, 2009c; Liao et al., 2010; Ge et al., 2010). The theoretical 
calculations showed that the modulation of Sr doping in LaxSr1-xMnO3 is an effective 
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method to accommodate the sensitivity and the speed of photovoltaic response (Liao et al., 
2009a), that a smaller parallel resistance should result in faster photoelectric response (Liao 
et al., 2009b), and that the photodoping effect mainly occurs in the space-charge region of 
heterostructure (Liao et al., 2009c). By self-consistent calculations, it was demonstrated that 
with the increase in irradiated laser pulse energy, the Dember effect plays a more and more 
important role in LPV. A unified description for conventional LPV and Dember-effect-
induced LPV can be obtained within the frame of drift-diffusion model (Liao et al., 2010). 
Two mechanisms for the great enhancement of LPV in the heterostructures were also 
presented by self-consistent calculations: the LPV 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; the built-in electric field at the interface between the thin film and 
substrate can enhance the LPV (Ge et al., 2010). Position-sensitive detectors (PSD) based on 
LPV are widely applied in various fields (Henry & Livingstone, 2001), and photo-Dember 
effect can produce THz in semiconductors under laser pulses (Dekorsy et al., 1993; Dekorsy 
et al., 1996 ; Gu et al., 2002 ; Liu et al., 2006; Tonouchi, 2007; Krotkus, 2010). Thus, such an 
understanding of the mechanisms for the enhancement of LPV should be helpful in further 
designing of the structures of PSD and new THz sources. 
This chapter is dedicated to give a brief description of the intriguing experiment phenomena 
and basic theoretical understanding of photovoltaic effect under laser pulse. It will be 
organized as follows: the first section is an introduction; the second section focuses on the 
photovoltaic experiments; the third section addresses the theoretical investigations based on 
the drift-diffusion model, starting with a detailed description of the self-consistent 
numerical model; conclusions and perspectives are exhibited in the last section. 

2. Photovoltaic experiments 

Oxide heterostructures have been emerged as a leading topic in condensed-matter physics, 
since various fascinating phenomena, including high mobility (Ohtomo A. & Hwang H. Y., 
2004) or even superconductivity (Reyren et al., 2007) between insulating oxides, were 
observed in these systems. In well-fabricated oxide heterostructures, a series of photovoltaic 
experimental results under laser pulses(Lu et al., 2005; Jin et al., 2007; Qiu et al., 2007; Jin et 
al., 2009; Wen et al., 2009) showed that desirable unusual effects can be observed, and 
outstanding functional properties can be obtained in these systems. It should provide 
avenues into understanding the fundamental properties of these systems and designing of 
new multifunctional devices. 

2.1 Transient photoelectric effects 

Many efforts have been devoted to explore functional properties under laser irradiation and 
design new device based on manganese oxide (Zhang et al., 2002; Sun et al., 2004; Lu et al., 
2005; Yu & Wang, 2010). In the past few years, we have investigated the photoelectric effects 
under laser pulses in a variety of oxide heterostructures (Lu et al., 2005; Zhao et al., 2005; 
Zhao et al., 2006a; Zhao et al., 2006b; Zhao et al., 2006c; Huang et al., 2006; Wen et al., 2009). 
It was found that the photoelectrical process is in a picosecond or nanosecond order in the 
oxide heterostructures, which opens up a door for the applications of oxide heterostructures 
in the optoelectronic detection devices. 
LSMO3 thin films, usually recognized as a p-type semiconductor, were deposited on n-Si 
substrate by a computer-controlled laser molecular-beam epitaxy (Laser-MBE) system (Yang 
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et al., 2001). The growing process of thin films was in situ monitored by reflection high-
energy electron diffraction (RHEED). The photoelectric behaviours of LSMO3/Si were 
further investigated using a 1064 nm Nd:YAG laser (pulse width 25 ps) and measured by an 
oscilloscope of 130 ps rise time (Tektronix® TDS7254B) at ambient temperature. Figure 1 (Lu 
et al., 2005) shows a typical open-circuit photoelectric pulse when the LSMO3/Si was 
irradiated by 1064nm pulsed laser. The rise time is about 10 ns and the FWHM is about 12 
μs. So as to reduce the influences of the measuring system and the capacitance of the 
heterostructure, a 0.2 Ω resistance is connected in parallel with the LSMO3/Si 
heterostructure. As shown in Fig. 2 (Lu et al., 2005), the rise time dramatically reduces to 
about 210 ps and the FWHM also reduces to about 650 ps. The photovoltaic process can be 
easily understood as follows. The Hall measurement showed that the hole concentration of 
LSMO3 is about 3×1018 cm-3, while the electron density of Si is about 1×1016 cm-3. When the 
LSMO3 was grown onto the Si substrate, electrons from n-type Si leaked out into the p-type 
LSMO3, while holes from p-type LSMO3 moved into the n-type Si due to the carrier 
diffusion. The diffusion induced a built-in electric field around the interface in the space 
charge region. Under the illumination of pulsed laser, the electron-hole pairs were 
generated, and then quickly separated by the built-in field. Eventually, the photovoltage 
occurred in the heterostructure. In addition, we observed that the rise time is about 9 ns in 
SrTiO3-δ/Si heterostructure (Zhao, et al., 2005), 23 ns in LSMO1/SNTO heterostructure 
(Huang et al., 2006) and 86 ps in LaAlO3-δ/Si (Wen et al., 2009). 
 

 
Fig. 1. Variation of the open-circuit photovoltage with time after excitation with a 1064 nm 
laser pulse on the LSMO3/Si. The schematic circuit of the sample measurement is shown in 
the inset. 
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Fig. 2. Variation of the photovoltage with time under the same condition as in Fig. 1, but 
with a 0.2 Ω resistance connected in parallel across the heterostructure. Inset displays a 
schematic circuit of the sample measurement. 

2.2 Enhancement of lateral photovoltage in oxide heterostructures 

As stated above, all these works about ultrafast photoelectric effects focused on the 
photovoltaic effect across the oxides heterostructures. Furthermore, LPV experiments under 
the illumination of pulsed laser were also carried in order to further study the photovoltaic 
effect in oxides heterostructures (Jin et al., 2007; Jin et al., 2009). The well-established LPV 
theory (Wallmark, 1957; Lucovsky, 1960), that in nonuniformly irradiated p-n junctions 
electric potential near the irradiation center is higher than that far from the center on the p-
type side while it is lower than that far away from the center on the n-type side, was 
challenged by the observed unusual LPV (Jin et al., 2007). In other words, the signs 
measured on both sides of p-n junction will be opposite according to the conventional LPV 
whereas they are same in the observed unusual LPV. Therefore, Dember effect (Pankove, 
1971), induced by the different mobility of photogenerated electrons and holes, was 
introduced to qualitatively explain the unusual LPV in the oxide heterostructures (Jin et al., 
2007).  
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. The schematic setup for LPV measurements is shown in the insets of Figure 
3. A small area of 0.5 mm diameter on the p-LSMO surface was illuminated by a 308 nm 
XeCl excimer laser beam (pulse width of 20 ns, pulse energy of 0.15 mJ, and 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, by a sampling oscilloscope of 500 MHz terminated 

 into 1 MΩ  at room temperature. 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 
(LSMO3) surface, depends on the laser spot position in the LSMO1/SNTO (LSMO3/Si) 
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heterostructure. In addition, the diameter of indium electrodes is about 1 mm. Particularly, 
the electrodes were always kept in dark to prevent any electrical contact effects.  
Figure 3(a) (Jin et al., 2009) exhibits the measured LPV values in LSMO1/SNTO 
heterostructure. Figure 3(b) (Jin et al., 2009) depicts the experimental LPV values in 
LSMO3/Si heterostructure. From Fig. 3(a) and Fig. 3(b), it can be seen that the signs of LPV 
are same on both sides of heterostructures. This phenomenon can be explained as follows. 
As both electrons and holes are induced by photons and flow out on two sides of oxide 
heterostructures, the mobility difference of electrons and holes causes the same sign 
(positive or negative) of LPV on both sides of oxide heterostructures. It should be noted that 
only strong light can make the Dember-effect-induced LPV large enough to be observed. To 
compare the LPV in the heterostructures and that in substrates, the LPV measurements for 
n-SNTO and n-Si substrates were also carried out and the results are shown in Fig. 3(c) (Jin 
et al., 2009). Evidently, it can be concluded that a one-order-of-magnitude enhancement of 
the LPVs was observed, as compared with those of the substrates.  
 

 

Fig. 3. The peak values of LPV m

BAV  and m

EDV  as a function of the position of the laser spot in 

the x direction in (a) the LSMO1/SNTO and in (b) LSMO3/Si heterostructures, the upper 
panel displays the schematic setup for the LPV measurement. A (–3 mm), B (3 mm), D (–3 

mm), and E (3 mm) denote the electrodes. (c) The peak values of LPV, m

BAV , for n-SNTO 

(open triangles) and Si (open squares) substrates. 

In fact, 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 (Dekorsy et al., 1993; Dekorsy et al., 1996; Gu et al., 2002; Liu et al., 2006; 
Tonouchi, 2007; Krotkus, 2010). Thus, the understanding of the underlying physical 
mechanisms for such an enhancement is fundamentally important and should be of great 
value for the further designing of the structures of potential applications in powerful THz 
sources. Mechanisms for the enhancement of LPV in oxide heterostructures will be 
discussed in detail later. 

www.intechopen.com



 
Femtosecond–Scale Optics 

 

386 

2.3 Dependence of photovoltage on the films and substrates thickness 

For LPV effect, a one-order-of-magnitude enhancement of photovoltage can be obtained in 
oxide heterostructures compared with that of substrates. Then, to find out how to improve 
the sensitivity of photovoltaic effect across the heterostructures, surveys on the dependence 
of photovoltage on the films and substrates thickness were systematically carried out (Qiu et 
al., 2007; Wen et al., 2009).  
A series of LSMO1/SNTO heterostructures with various films thickness were fabricated by 
Laser-MBE, for investigating the dependence of photovoltage on the films thickness. The 
growing process of LSMO1 layers was in situ monitored by RHEED. One period in the 
RHEED intensity oscillations marks the completion of one unit cell. Hence the thickness of 
LSMO1 ultrathin films was accurately controlled by the growth time which represented the 
number of the periods of the RHEED intensity oscillations.  
 

 
Fig. 4. The open-circuit photovoltage as a function of time to LSMO1/SNTO 
heterostructures. The inset presents the schematics of the measurement circuit. 

Figure 4 shows that the maximum open-circuit photovoltage was about 2, 13, 17 and 21mV 
for the LSMO1/SNTO heterostructures with LSMO1 thicknesses of 20, 40, 200 and 400Å, 
respectively. The photovoltage becomes larger with the increase of the thickness of the 
LSMO1 layer. This result is ascribed to the increase of the carrier amount and the 
enhancement of the built-in electric field in the space-charge region of the LSMO1/SNTO 
heterostructure with the increase of the thickness of LSMO1 layer (Qiu et al., 2007). 
However, it is found that the speed of photovoltaic response is almost independent of the 
thickness of LSMO1 layer in the heterostructure. It should be useful to comprehend the 
photovoltaic characteristics in complex oxides materials. 
Not only the thickness of films but also the thickness of the substrates can remarkably affect 
the photoelectric properties of oxide heterostructures. The 400 nm LAO thin films were 
epitaxially grown on p-type Si substrates (thickness 0.71 mm) by a computer controlled 
Laser-MBE system using two-step method (Wen et al., 2009). Then, three pieces of Si 
substrates will be polished mechanically until the thickness is 0.44, 0.19, and 0.10 mm, 
respectively. For convenience, the four samples of various substrate thicknesses will be 
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denoted as F1 (0.71 mm) F2 (0.44 mm) F3 (0.19 mm) and F4 (0.10 mm) respectively. For the 
photovoltaic measurements, two indium electrodes were painted on the surfaces of LAO 
film and Si substrate. During the measurements, the electrodes were always kept in the dark 
to prevent the generation of any electrical contact photovoltage. All of the photoelectric 
measurements were carried out at room temperature. 
 

 
Fig. 5. The photovoltaic responses of LAO/Si heterostructures under the illumination of 
XeCl pulsed laser for samples F1, F2, F3, and F4. The inset is the rise time of photovoltaic 
response. 

The influence of substrate thickness on photoelectrical effects of LAO/Si heterostructure 
was systematically investigated on samples F1, F2, F3, and F4 by a 308 nm XeCl excimer 
pulsed laser (pulse width 20 ns and energy density 0.1 J/cm2) with a laser spot diameter 
of 2 mm. Figure 5 shows the dependence of the photovoltaic response on the substrate 
thickness. The photovoltaic signals were measured by an oscilloscope with 500 MHz 
bandwidth and an input impedance of 50 Ω. For the four samples F4, F3, F2, and F1, the 
10%–90% rise times were 13.3, 13.9, 21.4, and 38.3 ns, respectively, and the FWHMs were 
79.2, 134.7, 180.6, and 258.2 ns, respectively. The rise time of the photoelectric signal is 
faster for the heterostructure with thinner substrate. Meanwhile, the FWHM decreases 
with the decrease in substrate thickness. It can be understood in the following way: 
photogenerated carriers were separated by built-in electric field at the interface between 
LAO and Si, and those holes reached the surface of the substrate faster for thinner 
substrate so that faster photoelectric response can be observed. Smaller FWHM for the 
heterostructure with thinner substrate can be understood in the similar way. Overall, the 
decrease in the substrate thickness is an effective method for improving the photovoltaic 
sensitivity in oxide heterostructures. 
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3. Theoretical investigations 

Photovoltaic experiments exhibit attractive properties and interesting phenomena in oxide 
heterostructures under the illumination of pulsed laser as mentioned above. Although 
several qualitative explanations were proposed, it is rather significant to further 
quantitatively clarify the physical origins and underlying mechanisms. It is therefore 
necessary to carry out self-consistent calculations based on the time-dependent drift-
diffusion model. 

3.1 Time-dependent drift-diffusion model 
3.1.1 One-dimensional drift-diffusion model 

Self-consistent calculation of drift-diffusion model, first proposed by Scharfetter and 
Gummel (Scharfetter & Gummel, 1969), is a powerful and effective method of describing 
carrier transport behaviour in semiconductor devices and is still widely used today(Grasser 
et al., 2003). In oxide heterostructures, some early theoretical works confirmed that 
numerical calculations based on drift-diffusion model could be employed to depict not only 
the steady transport behaviour (Zhou et al., 2005; Han et al., 2007; Hu et al., 2008; Hu et al., 
2009) but also the transient transport behaviour (Liao et al., 2009a, 2009b, 2009c; Liao et al., 
2010; Ge et al., 2010). One-dimensional time-dependent drift-diffusion model consists of the 
Poisson equation and carrier continuity equations as follows: 
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Where ( , )x t , ( , )n x t  and ( , )p x t  denote electrostatic potential, electron and hole densities; x 
and t is position and time coordinates; e,   and N is electron charge, dielectric permittivity, 
net ionized impurity densities, respectively;  ( , )nj x t  and ( , )pj x t  denote the electron and 

hole current densities respectively; 
n  and 

p  represent electron and hole mobility 

respectively. k  and T  represent Boltzmann constant and temperature taken as room 
temperature. The electron-hole pairs generation rate ( , )G x t  can be expressed as 

0( , ) ( ) exp( )G x t I t x   , where 
0 ( )I t ,   and   denote the density of incident photon 

flux, absorption coefficient and quantum efficiency. ( , )R x t  denotes the recombination rate, 
here presented by the Shockley-Read-Hall (SRH) model (Shockley & Read, 1952). The 
interface condition for solving the Poisson equation Eq. (1) is taken as 

int int( , ) ( , )er erx t x t      , where 
interx  denotes the position of the interface and   is 
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infinitesimal. At the interface of heterostructures, the Richardson thermionic emission 
current is employed as interface conditions (Yang et al., 1993) for solving Eq. (2) and (3). The 
initial values ( , 0)x , ( , 0)n x  and ( ,0)p x  for self-consistent calculations were obtained by 
solving the Poisson equation coupled with the Boltzmann approximation (Selberherr, 1984). 
 

 
Fig. 6. (a) Experimental evolution of photovoltage in the LSMO1/SNTO heterostructure 
connected with 50 Ω resistance. The inset presents the illustration of heterostructure for 
voltaic measurement. (b) The calculated evolution of photovoltage. 

The dependence of photovoltaic response on the time is shown in Fig. 6 (a) (Liao et al., 
2009c) in LSMO1/SNTO heterostructure irradiated by a XeCl pulsed laser (wavelength of 
308 nm, repetition rate of 1 Hz and duration of 20 ns). The inset in Fig. 6 presents the 
illustration of heterostructure for photovoltaic measurement. Figure 6 (b) shows the 
numerical result by self-consistently solving Eq. (1)-(5). The necessary parameters for 
numerical calculations are listed in Table 1. More details about the experiment and 
calculation can be found in Ref. Liao et al., 2009c. Apparently, the theoretical results are in 
good agreement with the experimental data in LSMO1/SNTO. Consequently, it can be 
concluded that the time-dependent drift-diffusion model can also well describe the transient 
transport of the oxide heterostructures. 
On the basis of the good numerical simulations, the dependence of transient photovoltaic 
response on the various physical parameters was further analyzed (Liao et al., 2009a, 2009b, 
2009c), which could be useful to the future experimental investigations on the photovoltaic 
properties of oxide heterostructures irradiated by pulsed laser. The theoretical caculations 
represented that the modulation of Sr doping in LaxSr1-xMnO3 is an effective method to 
accommodate the sensitivity and the speed of photovoltaic response (Liao et al., 2009a), that 
a smaller parallel resistance should result in faster photoelectric response and the increase of 
the carrier mobilities induced by applying higher energy photons can decrease the rise time 
but increase the peak value of the photovoltage (Liao et al., 2009b), and that the large 
variation of carrier concentration mainly locates in the space-charge region of the oxide 
heterostructure (Liao et al., 2009c). 
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 LSMO1(3) SNTO Si 

Temperature (K) 
Dielectric constant(ε0) 

Electron mobility (cm2/(V.s)) 
Hole mobility (cm2/(V.s)) 

Band gap (eV) 
Ionized impurity concentrations (/cm3) 

Photon absorption coefficient(cm-1) 

300 
10.0 
10.0 
1.8 
0.8 

4.0×1019(1.0×1020) 
1.5×105 

300 
300.0 
8.0 
0.1 
2.8 

1.63×1020 

1.2×105 

300 
11.9 
1450 
500 
1.12 

1.0×1017 
4×105 

Table 1. The parameters for self-consistent calculations. (Ge et al., 2010, and references 
therein) 

3.1.2 Two-dimensional drift-diffusion model 

As mentioned above, the further theoretical analysis of unusual LPV phenomenon and great 
enhancement of LPV is fundamentally important in terms of both physics and engineering. 
A quantitative approach was thereby introduced based on two-dimensional time-dependent 
drift-diffusion model (Liao et al., 2010; Ge et al., 2010). The equations are as follows: 
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where x and y denote the transverse and lateral axes, respectively, and ix and iy are the unit 
vectors along the x and y axes, respectively. Similar to the one-dimensional drift-diffusion 
model, all the symbols denote the same physical quantities. ( , , )G x y t  is the generation rate 
of the photoinduced electron-hole pairs, expressed as 

0( , , ) ( , ) exp( )G x y t I y t x   , where 

  and   denote the absorption coefficient and quantum efficiency respectively. 
0 ( , )I y t  

denotes the incident photon flux density. Furthermore, in our calculations, 
0 ( , )I y t  is 

considered as a Gauss distribution function. Actually, Eqs. (6)-(10) are rather difficult to be 
solved. Owing to the large difference in the scale between the two dimensions, width and 
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the thickness, a huge rounding error is caused in the numerical calculation of Poisson 
equations. For solving this problem, we decompose the Poisson equation Eq. (6) into two 
following independent equations: 
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where ( , , )xQ x y t  and ( , , )yQ x y t  represent the charge densities in transverse and lateral 

direction, respectively, ( , , )x x y t  and ( , , )y x y t  denote the electric potential distributions 

excited by the charge in transverse and lateral direction, respectively. The total potential 
distribution is ( , , ) ( , , ) ( , , )x yx y t x y t x y t    . The two-dimensional continuity equations 

can also be decomposed into two groups of one-dimensional equations. These equations can 
be solved on the basis of the self-consistent calculations of transverse photovoltaic effect 
stated above (Liao et al., 2009a, 2009b, 2009c). More details of numerical calculations can be 
found in Ref. Liao et al., 2010.  
 

 
Fig. 7. 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. 
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Figure 7 (a) (Jin et al., 2007, 2009) exhibits the experimental LPVs of LSMO side in the 
LSMO1/SNTO (the green circular curve) and LSMO3/Si (the blue square curve) 
heterostructures. Figure 7 (b) (Jin et al., 2009) depicts the experimental LPVs of SNTO (the 
green circular curve) and Si (the blue square curve) substrates. Our calculated results for 
LPVs on the LSMO side in LSMO1/SNTO and LSMO3/Si heterostructures are shown in 
Fig. 7 (c) (Ge et al., 2010) as the green curve and blue one, respectively. The calculated LPVs 
on SNTO and Si substrates are displayed in Fig. 7 (d) (Ge et al., 2010) by the green curve and 
the blue curve, respectively. The necessary parameters for the calculations are listed in Table 
1 (Ge et al., 2010). We use a.u. to show our calculated results to compare with the 
experimental data in the curves, due to the fact that 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. It can be seen that the calculated results 
are in good accordance with the experimental data. Then a much clearer insight into the 
unusual LPV and one-order-enhancement of LPV can be obtained from the present 
calculations. 

3.2 Theoretical discussion based on self-consistent calculations 
3.2.1 Unified descriptions of the conventional and unusual LPV 

So as to find out the reasons that the unusual LPV differs from the conventional LPV 
considerably, we carried out a throughout investigation of the dependence of LPV on the 
laser pulse energy.  
As shown in Fig. 8 (a) (Liao et al., 2010), the calculated values of the electric potential on the 
LSMO1 side turn to be larger and larger with the increase in laser pulse energy. The trends 
of electric potential distribution on the two sides of the heterostructure are opposite to each 
other under the laser pulse energy lower than 0.015 mJ, while they turn to be the same with 
each other under the laser pulse energy higher than 0.015 mJ. As shown in Fig. 8 (d) (Liao et 
al., 2010), the corresponding calculated LPV on the SNTO side exhibits laterally modulated 
behaviours under the laser pulse energy of 0.015 mJ, while calculated LPV on the LSMO1 
side becomes larger and larger with the increase in laser pulse energy as shown in Fig. 8 (c) 
(Liao et al., 2010). This laterally modulated LPV effect can be explained by the competition 
between Dember and conventional LPV processes.  
Under critical laser pulse energy, the conventional LPV effect and the Dember effect are 
comparable to each other. Hence, neither of them can dominate the LPV all over the region. 
In the region near the irradiation center (-2.0 mm, 2.0 mm) where the carrier density is high 
due to the strong laser pulse irradiation, the Dember effect is stronger than the conventional 
LPV effect, as shown in Fig. 8. Therefore, in this region, the farther the position is away from 
the irradiation center, the smaller electric potentials are on both sides. While in the region 
far away from the irradiation center (2.0 mm, 7.5 mm) and (-7.5 mm, 2.0 mm) where the 
carrier density is low, the Dember potential is weak, as shown in Fig. 8. As a result, the 
conventional LPV effect is the main contributor to the LPV. Thus, our calculated results 
unified the description of the conventional LPV and the Dember effect into the drift-
diffusion model. 
The evolution and the competition process of the conventional and Dember LPV effect have 
been revealed theoretically. With the increase in irradiated laser pulse energy, the Dember 
effect plays a more and more important role in lateral photovoltaic effect. In conclusion, the 
laser pulse energy is the key factor in determining whether the conventional or the Dember 
LPV effect dominate the LPV. The corresponding experiments are highly expected. 
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Fig. 8. The electric potential distributions near the irradiation center of the LSMO1/SNTO 
heterostructure with varied irradiation laser pulse energies (0.004, 0.015, 0.030 mJ) (a) on the 
LSMO1 side and (b) on the SNTO side. The calculated LPVs of the LSMO1/SNTO 
heterostructure with varied irradiation laser pulse energies (0.004, 0.015, and 0.030 mJ) (c) on 
the LSMO1 side and (d) on the SNTO side. The inset in Fig. 8 (c) shows the schematic setup 
for LPV measurement. 

3.2.2 Mechanisms for the great enhancement of LPV 

From the above calculations, 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. 9 (a) (Ge et 
al., 2010), we calculated the Dember-effect-induced LPVs of the p type material and n type 
material with the same carrier concentration of 1×1017 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 
ascribed to the difference between the mobilities of electrons and holes. The amounts of 
photo-generated electrons and holes are the same in both the p type material and n type 
material under the same condition. Consequently, the lateral diffusion current densities are 
the same. However, the main drift carriers for p type material are holes, while the main drift 
carriers 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 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. Hence, 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 
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been reported as a strong THz emitter (Tonouchi, 2007; Krotkus, 2010). We believe that the 
present study gives an insight into the physical origin of such an application. 
 

 
Fig. 9. (a) The calculated LPVs between the electrodes A (x = −3 mm) and B (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. (b) 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. 

Secondly, from our calculations we find 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. For 
revealing the influence 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 Volt for the structure 
without and with the built-in electric field in our self-consistent calculations, respectively. 
Figure 9 (b) (Ge et al., 2010) 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. 
From Fig. 9 (b), it can be estimated that the heterostructure with a small built-in field of 0.52 
Volt can produce a five times larger LPV than that of the heterostructure without the built-in 
field. For the structure with the built-in electric field, the photo-generated electron-hole 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. As a result, 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 oxide heterostructures compared 
with that in the substrates. 
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 novel 
functional devices, for instance high sensitive PSDs and powerful THz sources. 

4. Conclusion and outlook  

In conclusion, we have sought to give a brief description of currently most important 
applications of laser pulses in photovoltaic effect. Fast transient photoelectric effects were 
observed in LSMO3/Si heterostructure fabricated by pulsed laser deposition technique, 
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which opens up possibilities to design new photodetectors based on oxides. Furthermore, 
the unusual LPV was observed in the heterostructures of both LSMO1/SNTO and 
LSMO3/Si. Then, a one-order-of-magnitude enhancement of the LPV was found. Moreover, 
the dependence of photovoltage on the thin films and substrates thickness was elaborated. 
The photovoltage becomes larger with the increase of the LSMO1 film thickness, while the 
film thickness is less than the depletion layer of the heterostructures. This is attributed to the 
increase of the carrier amount of the LSMO1 layer and the enhancement of the built-in 
electric field in the space-charge region of the LSMO1/SNTO heterostructure. Faster 
photoelectric response was observed in LAO/Si heterostructure, and the photoelectric 
sensitivity was greatly improved by decreasing the thickness of the Si substrates. 
To give much insight into the underlying physical origins of the fascinating phenomena 
under laser pulses, theoretical investigations were carried out on the basis of the time-
dependent drift-diffusion model. The theoretical calculations of one-dimensional drift-
diffusion model proved that the modulation of Sr doping in LaxSr1-xMnO3 is an effective 
method to accommodate the sensitivity and the speed of photovoltaic response, that a 
smaller parallel resistance should result in faster photoelectric response, and that the 
photodoping effect mainly occurs in the space-charge region. By self-consistent calculations, 
it can be seen that with the increase in irradiated laser pulse energy, the Dember effect plays 
a more and more important role in LPV. A unified description for conventional LPV and 
Dember-effect-induced LPV can be achieved within the frame of drift-diffusion model. The 
two mechanisms for the great enhancement of LPV in the heterostructures were also 
presented by self-consistent calculations: the LPV 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; the built-in electric field at the interface between the thin film and 
substrate can enhance the LPV. Such an understanding of the mechanisms for the 
enhancement of LPV should be helpful in further designing of the structures of PSD and 
new THz sources. 
The comparison of the theoretical results presented in this chapter with various 
experimental data and their satisfactory agreement are evidences that the proposed model 
and the results obtained on its basis are sufficiently accurate and reliable. The methods and 
approaches presented can be used for the further development of new approaches of laser 
pulse applications in photovoltaic effect. Currently, there are still a large number of open 
questions in this filed. For instance, novel phenomenon could be observed under shorter 
and stronger laser pulse. In terms of theoretical studies, this may lead to the adoption of the 
more sophisticated simulation program in order to capture the essential physics beyond the 
drift-diffusion model. Hence, the further studies are highly expected in both experimental 
and theoretical aspects. 
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