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Abstract 
 The perovskite semiconductor BaSnO3 (BSO) are attracting much attention recently 

due to high electron mobility and excellent oxygen stability.  Since the existence of 

defect such as threading dislocation in BSO, the mobility of epitaxial thin film of 

BSO is suppressed and smaller than that of the single crystal of BSO.  Since the 

photoconductive behavior changes according to the defect state in material, I have 

studied the photoconductivity in epitaxial thin film of BSO in order to investigate 

the defect states in the film.  Because of the lack of reference in photoconductivity 

in BSO, I have chosen SrTiO3 (STO) for the comparative study due to its same 

perovskite structure with BSO and almost identical band gap size with that of BSO.  

I made the epitaxial thin films of BSO and STO using pulsed laser deposition 

technique.  Although STO and BSO have the same perovskite structure and almost 

the same bandgap size, their photoconductive behavior is very different when UV 

light is illuminated.  The photoconductivity in BSO thin film has much longer time 

component than that of STO.  Due to the long time component, the magnitude of the 

BSO increased slowly so that it is more than 25 times higher than that of STO after 

3 hours of illuminations and decreased very slowly when the illumination is removed.  

The different time constant of the photoconductivity in BSO and STO epitaxial film 

is due to the different properties of the defect states in BSO and STO films.  The 

defect states in BSO film seems to consist of deep acceptor level so that the electrons 

trapped at the deep acceptor level excite to the conduction by illumination band, 

making hole traps which deter the recombination process.  On the other hand, the 

defect states in STO film seems to have few acceptor state or very shallow acceptor 

levels if any.  So there are few trapped electrons at the shallow level, making trapped 

holes at the shallow level by illumination, which are released easily by thermal 



! "$!

excitation of electron from the valence band so that they can hardly contribute to a 

long time component of the photoconductivity.  In the spectral responses the 

photocurrent in BSO starts to increase from sub-band gap energy while the 

photocurrent in STO starts to increase from band gap energy.  This shows existence 

of deep level in BSO and non-existence of deep level in STO.  The spectral responses 

also show that the band to band transition is the main mechanism of the 

photoconductivity in both BSO and STO film.  I also studied the photoconductivity 

in BSO after annealing in O2 at 750 C to investigate the defect states after the 

annealing process.  I annealed the sample in O2 at 750 C for 1 hour and cooled it 

slowly to the room temperature.  I repeated this procedure for several times.  After 

that, the fast increasing component of the photoconductivity increased greatly and 

the magnitude of the photoconductivity increased about 10 times.  This probably due 

to increased mobility by increased crystallinity after annealing process.  However, 

the decay curve has much slower component so that the current does not returned to 

its original dark current level even after very long time about 40 hours.  Rather, it 

seems to stay at certain value about 1 pA.  This long time component is probably 

due to the increase in the concentration of trapped electrons at the deep levels close 

to mid-gap as the crystal quality becomes better and the defect states, especially the 

deep levels close to the valence-band edge is reduced, even though the overall 

electron density is reduced by reduced oxygen vacancy.  Furthermore, I have studied 

photoconductivity in BLSO 0.011% to investigate the electron doping effect on the 

defect states in BSO.  The sample was subjected to the same annealing process in O2 

gas to minimize the effect of oxygen vacancy on the photoconductivity in the sample.  

The magnitude of the photoconductivity increased very much and was about 400 

times higher than that of undoped sample.  The decay curve drops slowly,!but after 

40 hours it seems to reach a current level about 2 pA and to remain at this level as 
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well.  The decay curve can be fitted by stretched exponential function with constant 

current term.  The most probable time component of the probability function in the 

stretched exponential function is )*)+(),-./.  However, since the constant current 

component has infinite time constant, there should be an explanation on it.  As the 

electron density increases by La doping, the electrons are trapped at the deep 

acceptor levels so that the energy of the occupied deep acceptor level distributed 

broadly from the energy close to the valence-band edge to the energy close to the 

mid-gap energy.  The increased electron density makes more deep acceptor level to 

be occupied so that the photoconductivity increased accordingly.  The occupied deep 

level close to mid-gap also increases, so that the constant current component is 

created.   

 

Keywords: perovskite semiconductor, photoconductivity, BaSnO3, SrTiO3, 
wide band gap semiconductor, persistent photoconductivity, deep acceptor 

level, pulsed laser deposition, epitaxial thin film, oxide semiconductor 
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1. Introduction  
  
 Perovskite oxides, with the general formula ABO3, have been intensively studied 

for decades, because they exhibit interesting physical properties such as high 

temperature superconductivity, ferroelectricity, ferromagnetism, photoconductivity, 

piezoelectricity, photocatalytic activity, and gas sensitivity.1-7  BaSnO3 (BSO), one 

of such perovskite oxides, was recently found to possess high mobility at room 

temperature and excellent oxygen stability even at high temperature (530 C).8  

Thanks to these exceptional properties, the field effect transistor (FET) studies of 

BSO have made a tremendous progress recently.  We previously reported that a FET 

device based on BSO with an Al2O3 gate oxide has a high on-off ratio (>105) and 

high mobility of 17.8 cm2/V⋅s at room temperature.9  Very recently, by using higher 

dielectric constant materials as the gate oxide (such as HfO2), even better 

performance has been reported.10  Furthermore, an FET device using an epitaxial 

LaInO3 (LIO) gate oxide shows 2DEG-like behavior at the BSO/LIO interface with 

a high on-off ratio (>107) and high mobility approaching 100cm2/V⋅s.11  Furthermore, 

BSO/LIO forms oxygen stable 2DEG at the interface so that it started to attract many 

attention and its origin is being investigated briskly.  

  

 During the course of our own field effect studies, we noticed the sensitivity of the 

channel conductance to light illumination so that we are motivated to study the 

effects of light on the conductivity of the BSO material.   

 

 In this research, I will report on the photoconductivity of epitaxial BSO and SrTiO3 
(STO) thin films.  Due to the lack of references on photoconductivity of BSO, I have 
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chosen STO as a material for comparison with BSO as they both have the same 

perovskite structure and their band gap sizes are nearly identical.12-14   

 

The photoconductivity in semiconductor is usually related to the defect states in the 

materials.  The principle of photoconductivity is very simple when there is no defect 

state.  When the photons of light with an energy greater than the band gap size are 

illuminated into the semiconductor materials, electron-hole pairs are generated so 

that the photocurrent increases instantly by the applied electric field across the 

illuminated area.  Then, the photocurrent reaches the steady state when the 

generation rate is equal to the recombination rate.  The generation rate is usually 

proportional to the number of incident photons and the generation rate is also 

proportional to the number of free carriers in the material.  Thus the photocurrent 

remains in the same current level as long as the incident number of photos are 

unchanged during the illumination.  When the illuminated light is removed, the 

photocurrent drops instantly and reach the initial dark current level because the 

recombination usually takes place in a very short time range.  For that reason, the 

defect-free system, such as single crystalline semiconductor usually has a short time 

component only.  That is, the photocurrent responses instantly to the light 

illumination and removal.  On the contrary, the photoconductivity in semiconductor 

with defect states is not that simple.  Defect states often act as acceptor states of 

carrier, electron or hole.  When the light is illuminated, the electron or hole of the 

generated electron-hole pair can be trapped in the defect state, deterring the 

recombination process.  Thus it takes long time for the photocurrent to reach its 

steady state so that the photocurrent increases slowly during the illumination of the 

light.  When the light is turned off, the trapped carrier thermally releases to 

recombines with the free carrier.  Because it takes long time for the trapped carrier 
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to release thermally at the room temperature, the recombination process is usually 

prolonged.  So the photocurrent remains excited level for long time until it reaches 

to its initial dark current level.  It is so-called persistent photoconductivity.  The 

recombination of persistent photoconductivity usually takes hours or days.  In that 

way, the defect states affect to the scale of time component of the photoconductivity.  

By using this fact, the photoconductivity can be used as a tool for probing defect 

state in semiconductor material.  Based on this theory, I measured the 

photoconductivity of BSO to probe the defect state in BSO epitaxial film.  The 

measured photoconductivity of BSO shows long time component.  The photocurrent 

increases slowly when the light is on and decreases slowly when the light is off.  The 

slow component of the photoconductivity in BSO epitaxial film will give us the 

information on the defect states. 

 

 Since the BSO is oxide material, the oxygen vacancy can also affect to the 

photoconductivity in BSO by releasing free electrons.  I measured the 

photoconductivity of as grown sample and annealed sample for comparison.  The 

photoconductivity of as-grown sample shows very long time component.  However, 

the dark current reached its initial dark current level after annealing in O2 at 750 C 

for 1 hour.  After repeated annealing process, the photoconductivity of annealed 

sample shows almost the same behavior.  The photocurrent of annealed sample 

reached its steady state in relatively short time.  Furthermore, the decay curve of 

each case behaves differently.  The decay curve of as-grown BSO can be fitted by 

infinite exponential function with continuously varying time component, while the 

decay curve of annealed BSO can be fitted by two exponential functions.  This shows 

the change of the defect state in BSO film.  The change of the defect states in BSO 

will be discussed in later chapter.  Furthermore, the photoconductivity of 0.011 % 
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La-doped BSO has been measured.  The result shows that even with very small 

doping, the magnitude of photoconductivity can be changed greatly.  The magnitude 

of the photoconductivity of 0.011 % La-doped BSO increased 400 times more that 

of the undoped BSO.  This result will be discussed with electron trap and hole trap 

in the band diagram.   

 

Because there is no reference on the photoconductivity of BSO, I measured the 

photoconductivity of SrTiO3 (STO) for comparison.  The photoconductivity of STO 

has attracted much research interest due to its potential for use in UV 

detectors.15,16,17,18  The photoconductivity of epitaxial thin film of STO was measured 

for the first time in this study.   
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2. The property of BaSnO3 epitaxial film  
2.1. High mobility and Oxygen stability 
 
 The high electron mobility of BLSO thin films at room temperature are investigated 

in previous study.  The mobility of BLSO in room temperature is the highest value 

among oxide thin films and comparable to the GaN film19.  At the range of n~1020
 

cm-3, the mobility of the BSO single crystal surpasses the mobility of GaN19.  

However, in the epitaxial thin films of BSO, the mobility is limited due to the 

threading dislocation.  Even though our epitaxial thin film of BSO shows good 

crystallinity in XRD θ-2θ data, there are many threading dislocations.  The effect of 

the threading dislocations on the transport properties in BSO film will be discussed 

next chapter. 

 

 

!
 

Figure 2.1.1. Electron mobility (µ) in La-doped BaSnO3 (BLSO) and
other semiconductors plotted against carrier concentration (n). [19] 
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 BSO also has excellent oxygen stability.  Even at high temperatures up to 530 

degrees, its resistance does not change to less than 2%.8  The diffusion constant of 

BSO is much smaller than STO.  The ratio of the oxygen diffusion coefficient of 

BSO to STO is about 1:1010.  The high oxygen stability of BSO might be originated 

from the unusual stability of oxygen inside the SnO2 layers.8  By using these two 

advantages, the FET study based on BSO have made tremendous progress 

recently.9,10,11!

!

 

 

 

 
 

Figure 2.1.2. (a) Temperatures and gas atmosphere were varied according 
to the profile in the upper panel and the resultant resistance variation is 
plotted in the lower panel. The film was 100 nm thick and the temperature 
was maintained at 530 C for 5h. (b) The corresponding resistance vs 
temperature is plotted. Resistance decreased (increased) by about 8% 
under Ar (O2 ) atmosphere in 5 h at 530 C while it changed by only about
1.7% in air. [8] 
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Figure 2.1.3. The oxygen diffusion coefficient in oxide materials. [19] 
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2.2. Dislocation in epitaxial thin film of BaSnO3 

 

2.2.1 The Origin of the threading dislocation 

 

!

  
 When the epitaxial thin film of BSO is grown on the MgO substrate, misfit 

dislocations are formed in the interface between BSO and MgO from the lattice 

mismatch of BSO and MgO as shown in figure 2.2.1 (a).  Along the misfit 

dislocation, the threading dislocation is formed in the vertical direction from the 

bottom of the film to the surface of the film as shown in figure 2.2.1 (b).  The density 

of misfit dislocation calculated from the lattice mismatch between BSO and MgO is 0*1(),2.34$%.   

 The threading dislocations can be seen through Transmission electron microscopy 

(TEM) image.  Figure 2.2.2 (b) shows the threading dislocations in BSO epitaxial 

thin film grown on MgO substrate.  The threading dislocations are formed from the 

Figure 2.2.1.1. (a) The misfit dislocation from the lattice mismatch 
between BSO and MgO and (b) the threading dislocation formed in the 
vertical direction along the misfit dislocation. 
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bottom to the surface of the BSO thin film.  The density of the threading dislocation 

is 5*)+(),%6.34$& .  The density of the threading dislocation is less than the 2 

dimensional density of the misfit dislocation, calculated from the square of the 1 

dimensional density of the misfit dislocation.  This is because the misfit dislocation 

is formed along the interface of BSO and MgO and does not go to the end and 

disappears at some point. 

 

!

  

 

 

 

Figure 2.2.1.2. The TEM image of the threading dislocations in BSO epitaxial thin film on MgO 
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2.2.2 The dislocation-limited mobility of BaSnO3 epitaxial thin 

film   
  In the previous study, Kim et al., has investigated the mobility dependence of 

BLSO on carrier density in BSO single crystal and epitaxial films.8  The BSO 

epitaxial films were grown on STO substrate using PLD technique.  The results 

shows that the mobility of BSO single crystal has ." # !$%  tendency and the 

mobility of BSO epitaxial film has " # !% & tendency.  The " # !$% tendency of 

BSO single crystal can be explained by ionized dopant scattering model.  In ionized 

scattering model, " can be dependent on two different channels.  One is the number 

of scattering centers, which makes !$% dependence, and the other is the strength of 

scattering, namely, the effect of the carrier density on the Debye length (λD), a 

screening length of an isolated charge.  Since the single crystals in the reference 

showed metallic resistivity down to 2 K, the λD is already very small and probably 

changes very slowly.  Therefore, the dominant effect on " dependence on ! is most 

likely to be the number of scattering centers, resulting roughly in the " # !$%. On 

the other hand, in the BSO thin film shows " # !% & dependence.  This dependence 

usually has been explained by dislocations in many other semiconducting films such 

as GaN.  Even though our thin films shows epitaxial peak in XRD data, there can be 

exists grain boundaries and dislocations due to lattice mismatch.  The dislocations 

can act as strong charge traps and scattering centers for carriers reducing ! and " 

simultaneously.   
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 Mun et al. investigated Large effects of dislocations on transport properties in BLSO 

thin films were investigated.20  In order to investigate the dislocation effect on the 

transport properties in BSO thin films, the author made BLSO samples with different 

threading dislocation densities by growth at different temperatures.  The densities of 

threading dislocation are orders of 1010 cm-2.  The mobility shows " # !% & 

tendency with respect to the carrier density.  The " # !% & is expected for scattering 

by dislocations, which is known in GaN system in which have similar threading 

dislocation.8  However, at similar density of threading dislocation, the mobility of 

BLSO is small mobility, which shows that the dislocation in BLSO traps 

significantly large number of electrons.   

Figure 2.2.2.1.!!(a) Resistivity ρ and (b) mobility µ of the (Ba,La)SnO3 thin films and single 
crystals are plotted as functions of carrier density ! at 300 K. The experimental data are shown 
as solid symbols while the dashed lines are guides to the eyes. The dotted lines represent " #!$% for the single crystal and " # !% &7  for the thin films. Inset in (a) shows the temperature 
dependent resistivity of single crystal (! ' 1.62(1020 cm-3). [8] 



! #'!

 

 

 

!

 
 

Figure 2.2.2.2. (a) Surface morphologies of BLSO films grown at various temperatures; (b) 
grain size and surface roughness as a function of growth temperature; (c) surface morphologies 
of BLSO films by AFM after etching with diluted nitric acid; and (d) cross-sectional TEM 
bright-field images of BLSO films grown at 600 C and 750 C. [20] 
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The previous two studies were conducting on BLSO films on STO substrates.  

Because the STO substrate cannot be used for the photoconductivity measurement 

due to its similar band gap with BSO, MgO substartes were used in my 

photoconductivity measurement.  Recently, there is another paper about threading 

dislocation in BLSO on MgO substrate.21  The threading dislocation in BLSO on 

MgO substrate shows almost the same physical properties with that in BLSO on STO 

substrate.  The density of the threading dislocations is an order of 1010 cm-2, which 

is similar density with that on STO substrate.  This study also shows the suppressed 

mobility and carrier density by trap of electrons in threading dislocations.   

  

Figure 2.2.2.3. Mobilities of BLSO films plotted as a function of carrier density n at room 
temperature. GaN data are shown for comparison. {A, B} films and {C, D} films have the same 
carrier densities but different dislocation densities. [20] 
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Figure 2.2.2.4. Transport properties of BLSO films. (a) resistivity, mobility, carrier concentration
and roughness of 0.37 % La-doped BSO films (50 nm thick) on MgO substrates as varying BSO
buffer thickness.  (b) Resistivity, mobility and carrier concentration of BLSO films (50 nm) with
buffer layer of 150 nm.  The maximum mobility is 97.2 cm2/Vs at 2 % La doping on MgO 
substrates.  (c) Carrier concentrations of 50 nm BLSO films with 150 nm buffer versus La doping 
rate.  The bold line represents fully activated carrier concentrations. [21] 
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 The origin of the acceptor-like behaviors of the threading dislocation is not clear.  

The cation vacancy might be the origin of the behavior.  According to Scalnon,22 the 

cation vacancy can be made during growth of BSO at metal poor/oxygen rich 

condition.   

 

 

  

 

 The acceptor-like behavior of the threading dislocation should play significant role 

in photoconductive behavior in BSO film.  This will be discussed later chapter.   

Figure 2.2.2.5. Structural properties of 50 nm BLSO/150 nm BSO film on a MgO substrate.
(a) High-resolution transmission electron microscope (HRTEM) image at the interface
between film and substrate.  (b) Cross-sectional high-angle annular dark field scanning
transmission electron microscope (HAADF-STEM) image away from the interface.  (c)
Cross-sectional low magnification HAADF-STEM image of a BLSO/BSO film on a MgO
substrate, showing threading dislocations denoted by red arrows (2!1011/cm2). [21] 
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 The effect of the doping rate on the transport properties in BLSO films is not easy 

to measure in the low doped regime (less than 0.37 %) for its low conductance by 

electron trapping in threading dislocations.  The photoconductivity also can be a 

useful tool for measuring the difference of the sample with respect to doping rate in 

low doped regime as well as probing defect properties.   

Figure 2.2.2.6. (Color online) Illustration of the accessible (µBa, µSn) chemical potential 
range [22]. The triangle vertices are determined by the formation enthalpy of BaSnO3. 
Limits imposed by the formation of competing binary and ternary oxides result in the 
stable region shaded yellow. Environments A, B, C, D are indicated by the red, pink, 
green, and blue spheres, respectively.  
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Figure 2.2.2.7.!(Color online) Formation energies for intrinsic defects [(a) and (b)] and extrinsic defects 
[(c) and (d)] in BaSnO3 under the conditions chosen in Figure 5-3 [39]. The slope of the lines denotes the 
charge state; the larger the slope, the bigger the charge state. The solid dots represent the transition levels 
ε(q/q-). [22] 
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3. The dependence of photoconductive behavior on the 
defect states in the material 
  
 If the photoconductivity has no defect state, the photoconductivity will have only 

short time component.  In this case, the photoconductive behavior of the system 

would be the shape presented in the figure 3.1.  The process is divided into three 

steps.  Each step is numbered from (1) to (3).  In the first step, the current increases 

rapidly after turning on the light.  In the second step, the generation rate of the 

electron-hole pair is equal to the recombination rate, so that the current reaches a 

constant value.  In the third step, the current decreases rapidly after the light is turned 

off and returns to the original dark current value.  There is no electron trap or hole 

trap created by the defect state, so you only need to consider generation and 

recombination.  The generation process is direct band to band excitation and the 

recombination process can be done through direct recombination or recombination 

center.    

Figure 3.1. The time dependence of the 
photoconductive behavior in semiconductor 
system with no defect state. 
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 If the persistent component is in photoconduction, the process becomes much more 

complicated.  The process with persistent photoconductivity is represented in figure 

3.3..  Persistent photoconductivity has been observed in many materials.45-55   
 The process is divided into four steps.  Each step is numbered from (1) to (4).  In 

the first step, the current increases rapidly after turning on the light.  In the second 

step,  

 

 

Summary of the photoconductive process  
(1) Generation from the valence band to the conduction band (G

1
) occur. 

(2) Steady state is reached. Generation rate = Recombination rate (G
1
=R

1
) 

(3) Recombination through band to band transition and recombination center (R
1
) occur. 

G
1
: generation rate between the valence band to the conduction band 

R
1
: corresponding recombination rate 

(direct recombination + recombination at recombination center) 

Figure 3.2. The photoconductive process with no defect state in the band gap diagram in 
semiconductor 
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the generation rate of the electron-hole pair is bigger than the recombination rate, so 

that the current increased slowly and continuously.  In the third step, the current 

decreases rapidly after the light is turned off and does not returns to the original dark 

current value due to persistent component.  In the fourth step, the current decays 

slowly and continuously to its initial dark current level.  Therefore, by studying the 

time dependence of photoconductivity, information on the defect state of the sample 

can be obtained.  

 
 

 

 

Figure 3.3. The time dependence of the photoconductive 
behavior in semiconductor with defect states 
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G
1
: generation rate between the valence band to the conduction band 

R
1
: corresponding recombination rate 

(direct recombination + recombination at recombination center) 
G

e
: generation rate of the electron trap to the conduction band 

R
e
: decay rate of electron trap from the conduction band 

G
h
: generation rate of the hole trap to the valence band 

R
h
: decay rate of hole trap from the valence band  

Figure 3.4. The photoconductive process with defect states in the band gap diagram in 
semiconductor 

Summary of the photoconductive process 
(1) Generation from the valence band to the conduction band (G

1
) and generation 

from the electron trap to the conduction band (G
e
) occur. 

(2) Generation from the valence band to the conduction band (G
1
), direct 

recombination + recombination at recombination center (R1), electron trap to 
conduction band transition (G

e
), decay from conduction band to electron trap 

(R
e
),hole transition from valence band to hole trap (G

h
) and decay of hole from hole 

trap to valence band (R
h
) occur. Electron trap + hole trap increases photocurrent. 

(Electron trap enhances mobility, hole trap increases electron density) 
(3) Direct recombination + recombination at recombination center (R

1
), decay from 

conduction band to electron trap (R
e
) and decay of hole from hole trap to valence 

band (R
h
) occur. 

(4) Decay from conduction band to electron trap (R
e
) and deacy of hole from hole 

trap to valence band (R
h
) occur. 
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4. Epitaxial growth of BaSnO3 thin films (Pulsed laser 

deposition system) 
  
 The growth of epitaxial thin films of BSO was achieved by pulsed laser deposition 

(PLD) technique.  The schematic of PLD system is shown in Figure 4.1.  By 

adjusting the laser beamline using optical instrument such as mirrors and focus lens, 

uniform laser beam profile was achieved.  Krypton fluoride (KrF) excimer laser was 

used for the pulsed laser ablation. The wavelength of the laser is 248 nm.  When the 

laser pulse shots the BaSnO3 or SrTiO3 ceramic target, the high energy plasma, 

called “plume” is produced.  The plume is made of Ba, Sn, O ions and the elements 

will be deposited on the substrate.  The proper temperature is needed to achieve high 

quality epitaxial thin films when the elements in plume is deposited on the substrate.  

The frequency of laser pulse is 10 Hz and the temperature of heater is 750 C for the 

growth of both BSO and STO.  The background pressure is high 10-6~ low 10-5 and 

Figure 4.1. Schematic of PLD system. 
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oxygen partial pressure during the laser ablation is 100 mTorr.  The energy of laser 

beam profile is 1.4~1.5 J/cm2 

 
 The shape of the plume is dependent on the oxygen partial pressure.  The plume 

becomes smaller in high oxygen pressure due to the high scattering rate of ions in 

plume with oxygen molecule.  The image of plume when the oxygen partial pressure 

is 100 mTorr is presented in Figure 4.3. 

  

 
Figure 4.2. The pulsed laser deposition system. 
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 There are many important parameters to achieve high quality epitaxial films 

successfully such as the uniformity of laser beam profile, the temperature of heater, 

the distance between the plume and substrate and the oxygen partial pressure.  These 

factors are the key factors to successful PLD growth of oxide materials.  Additionally, 

when the laser ablation is maintained for relatively high number of shots, it is also 

important to shot the ceramic target uniformly.  To achieve the goal, we used the 

target carousel system with a combination of rotation and revolution similar motion 

of the earth with respect to the sun.  The epitaxial growth of BSO thin films were 

confirmed with the θ-2θ scan data as shown in Figure 4.4 (a) and (b).  No secondary 

peak was observed.  The full width half maximum (FWHM) of the rocking curves 

are 0.70° and 1.00° respectively. Cross-sectional TEM images of the samples of 

BSO and STO are shown in Figure 4.4 (c) and (d).  The TEM images shows the 

existence of threading dislocations in epitaxial thin films of BSO and STO.  Similar 

density of threading dislocations exists in both films.   

Figure 4.3. The plume image of BSO when the oxygen partial pressure is 100 mTorr.
The energy density of beam profile is 1.4~1.5 J/cm2.   
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The conductivities of the BSO and STO samples were measured under vacuum to 

exclude the effects of any adsorbed gas molecules, including the water vapor.29-32  

The vacuum pressure was maintained below 1 mTorr during measurement using a 

diaphragm pump.  

  

 

Figure 4.4. The θ-2θ scan data of thin films of (a) BSO and (b) STO. Cross-sectional 
TEM images of the samples of (c) BSO and (d) STO. The surfaces of the samples are
coated with carbon (white line). On the carbon coating, gold (black line) and carbon 
(grey region) are deposited to protect the samples from the damage produced by focused
ion beam. 
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5. Sample structure, measurement schematics and 

computer program for photoconductivity measure-

ment 
 
 In order to accurately compare the conductivities of BSO thin films, I have made 

thin film channels of BSO with the same geometry by using a Si stencil mask. The 

thickness, width, and length of the channels are 160 nm, 240 lm, and 100 lm, 

respectively. I deposited epitaxial 4% La-doped BSO (4% BLSO) on the channel 

layers as a contact layer using a stainless steel mask. The area between the contacts 

was then illuminated as shown in Figure. 5.1 (a).  The custom designed mirror 

attached at the end of the optical fiber reflects the light that comes through the optical 

fiber!and changes its direction by 90 degrees.  The conductivities of the BSO thin 

films were measured under vacuum to exclude the effects of any adsorbed gas 

molecules, including the water vapor.  The vacuum pressure was maintained below 

1 mTorr during measurement using a diaphragm pump.  The bias voltage 20V was 

applied during the illumination.  The monochromator with Xe lamp was used as a 

light source.  The wavelength of the UV light illuminated on the sample was 330 nm.  

The energy of the light is about 3.75 eV and greater than the band gap energy of 

BSO or STO.   
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The fabrication process is presented in Figure 5.2.  At first, the BSO thin film channel 

layer is deposited on MgO substrate using Si mask.  Secondly, the 4 % La-doped 

BSO is deposited on the channel layer as a contact layer using stainless steel mask.  

All of the process is done while the temperature of heater is maintained at 750 C and 

the oxygen partial pressure is maintained at 100 mTorr.  The energy of laser beam 

profile is 1.4~1.5 J/cm2 and the frequency is 10 Hz.  The distance between the plume 

and substrate is about 42~50 mm. 

Figure 5.1. (a) Schematic of sample design and measurement.  
(b) Optical micros- copy images of the BSO samples. 
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!
I designed and set up the photocurrent measurement system using monochromator.  

Keithley 4200-SCS for conductance measurements, with an applied bias voltage of 

20 V. The light source was a 450 W Xe lamp with a UV monochromator system.! I 

programmed a computer program to control the needed instrument using C language.  

The time dependence of photoconductivity and spectral response can be measured 

with the program and optical measurement system.   

 

Figure 5.2. The process of fabrication of BSO samples.  
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Figure 5.3. The computer program designed to measure the time dependence of
photoconductivity and spectral response. 
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6. Time dependence of the photoconductivity in 

BaSnO3 

  
 Because there is no previous reference on the photoconductivity of BSO, I measured 

and compared it with the photoconductivity of STO, which has the same perovskite 

structure and nearly identical band gap size compared to BSO. Previously published 

photoconductivity values in other literatures on the photoconductivity of STO are 

listed in Table I. In order to compare the photoconductivity of STO with different 

geometries and light intensities, I devised a parameter independent of the sample 

geometry and the light intensity, namely, the photoconductivity divided by the light 

intensity. While there have been other reports on the photoconductivity of STO,25, 26 

the related data could not be included in our table due to an absence of geometric 

details. Most studies on the photoconductivity of STO have been performed on 

single crystalline STO materials,15-18, 23,24 with only one study using a polycrystalline 

thin film of STO.27  Based on the literature, I have chosen the highest value at room 

temperature at similar wavelength near 330nm, at which the time dependence of the 

photoconductivity of BSO was measured. As shown in Table I, the 

photoconductivity per light intensity calculated from many references, including the 

data from our epitaxial thin films, are almost all within the same order of magnitude. 

This suggests that our epitaxial thin film of STO on MgO substrate has comparable 

photoconductivity with those of STO single crystals.  
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 Figure. 6.1 shows the time dependences of photoconductivity of our BSO and STO 

epitaxial thin films, and the results are summarized in Table II. An abrupt increase 

of the photoconductivity for the BSO at the 818 s seems related with the fluctuation 

of the illuminated light power. The ripples of the photocurrent curves during the 

illuminations of both BSO and STO in Figure 6.1 (b) are due to the same cause.  The 

dark current level of both BSO and STO samples is of the same magnitude (~10 fA), 

which is about the minimum measurable current in our setup. When the light was 

illuminated on both the BSO and STO samples, the photocurrent of both samples 

increases slowly and continuously.  However, the photocurrents of BSO and STO 

behave very differently in terms of their magnitudes and time dependences.  As soon 

as the light is activated, the increase in photocurrent of both films occurs on a very 

brief time scale, which could not be measured fully due to limitations in our 

measurement method and data acquisition system, as shown in Figure 6.1 (a).  

However, the photocurrent of BSO surpasses that of STO within 1 s of exposure 

time.  As the light exposure is maintained for 3 h, the photocurrents of BSO and STO 

Table I. Photoconductivity divided by the light intensity of STO from literature. 
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continue to increase up to 480 pA and 18 pA, respectively, as shown in Figure 6.1 

(b).  When the light is subsequently turned off, the photocurrent of BSO decays to 

165 pA within 80 ms and then further decays slowly until  

!

  

!

 

Figure 6.1. Time dependences of the photoconductivities of BSO and STO on short time
scales (a) and long time scales (b). The wavelength of the illumination is fixed at 330 nm. 

Table II. The photocurrents of BSO and STO epitaxial thin films.  
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reaching its initial dark current level after approximately 40 h.  On the other hand, 

the photocurrent of STO decays to 3.2 pA within 100 ms and reaches its initial dark 

current level in approximately 300s.  We analyze the time dependence of BSO and 

STO by fitting the decay current curve to calculate the time component of their 

photoconductivity.  The photocurrent of STO after removal of the light source can 

be fitted with an exponentially decaying line using a single time constant.  Fitting 

function formula for STO is exponential function with a single time constant like 

following equation.  

 

                                                 8 9 ' :;<=>?@$@A τB                                              (1) 

 

The decay curve of BSO, however, cannot be fitted with an exponential function 

which have a single time constant.  In the log scale graph of time dependence of 

decay current in BSO, the time constant of decay current varies continuously.  That 

means the photocurrent exponentially decays with a nearly infinite number of time 

constants, which means that the photocurrent of BSO has many different decay time 

constants. According to Johnston,
28 the stretched exponential function, ! '!6CDE.FG?HI9BJK, can be expressed by an integral of exponential functions with 

continuously varying time constants as shown in the following equation: 

  

                                             e−(λ*t )β = P(s,β)e−sλ*t ds
0

∞

∫                                      (2) 

 

We have fitted the photocurrent of BSO with a stretched exponential function, which 

shows that the photocurrent of BSO is overall in good agreement with the fitting 

curve in the entire measured time range, as shown in Figure 6.1 (b). The fitting 
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parameters λ* and β are 1.00×102 sec and 1.43×10-1, respectively.  From these, the 

probability density of exponential functions in the integrand, P(s, β), can be obtained 

numerically.!" Parameters suggests that the time constant of the most probable 

component is 1.46×104 sec, as shown in the inset of Figure. 6.1 (b).  The different 

time constants of STO and BSO imply that the recombination time scales are very 

different, probably resulting from different properties of the defect states, which 

exist within the bandgap of BSO.  

  

 The spectral responses of the photoconductivity are measured using a UV mono-

chromator system and shown in Figure 6.2.  The wavelength was adjusted in steps 

of 5 nm, and the samples are illuminated for 3 s at each wavelength.  Both BSO and 

STO show their highest peaks below 400 nm, suggesting that the electron-hole pair 

generation is the main photoconductive mechanism for both materials.  However,  

 

 
Figure 6.2. Spectral responses of the photoconductivity in (a) BSO and (b) STO.  
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the photocurrent of BSO starts to increase at approximately 420 nm (or 2.86 eV), 

while the photocurrent of STO arises at 390 nm (or 3.08 eV), the latter of which is 

very close to the band gap energy. 

 
 The higher and more persistent photoconductivity of BSO compared to that of STO, 

in spite of the same perovskite structure and similar band gap size between the two, 

can be explained by a combination of differences in mobility and defect states.  

Although the mobility of undoped BSO and STO thin films cannot be measured 

directly because of their high resistivities, we estimate, based on previous 

literatures8,33-39, that mobility of undoped BSO is on the order of 10 cm2/V.s, and the 

mobility of STO in the order of 1 cm2/V.s.  The higher electron mobility of BSO 

should be partially responsible for the higher photoconductivity of BSO, especially 

for the fast increasing component, which is about twice times higher than that of 

STO as shown in Figure. 6.1 (a).  The different electrical properties of the defect 

states in BSO and STO are likely responsible for the different time dependences of 

BSO and STO photoconductivity.  As I mentioned at chapter 2.2, there exist 

acceptor-like defect states in La-doped BSO thin films on STO substrates originating 

from defects such as threading dislocations, which have significant electron trap rate.  

Although I/m dealing with the photoconductivity of undoped BSO, I believe that 

both the undoped BSO and the La-doped BSO systems share the same defect-related 

physics.  These defect states of BSO may come from the defects such as barium 

vacancies, (VBa), tin vacancies, (VSn) and Ba on Sn antisite (Basn) near the threading 

dislocations.  According to Scanlon22, these vacancies may be formed during the 

growth process in metal poor/oxygen rich conditions.  The trapping of photo-

generated electrons and holes at the defect states, which slows the recombination of 
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electron-hole pairs, may be the main mechanism for the slow photoconductive 

response of BSO.  The oxygen vacancies will be formed as well near the defects, 

these oxygen vacancies will likely to form shallow levels and have little effect on 

the long time components of the photoconductivity of BSO.  This situation is 

illustrated in the inset of Figure 6.3 (a). A photon with an energy corresponding to 

the energy difference between the conduction band minimum and the occupied 

 

 

 

acceptor-like deep level, can be absorbed by a trapped electron, which is then excited 

to the conduction band.  This trap to conduction band transition explains why the 

photocurrent of the BSO thin film starts to arise from the sub-bandgap energy of 

2.86 eV or 420 nm in the spectral response of photoconductivity, shown in Figure 

6.2 (a).  Furthermore, there also seems to exist a large variation in the barrier heights 

for charge trapping and detrapping in and out of these defect states, therefore 

producing the observed slow response.  On the other hand, the photocurrent of STO 

thin film arises from 390 nm or 3.08 eV, very close to the band gap energy, as shown 

in Figure 6.2 (b).  This suggests that the defect state of STO is very close to the 

Figure 6.3. Defect states of (a) BSO and (b) STO epitaxial films. 
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conduction band minimum, likely due to the oxygen vacancies as seen in many other 

oxide materials, where the oxygen vacancies can be easily formed and there are very 

few acceptor-like deep level defect states.  These oxygen vacancy sites in STO do 

not seem to have significant energy barrier height for charge movement. 

 

 The photoconductive process including hole trap at deep acceptor level is illustrated 

in the following figures.  

 

 

 

 Initially, there are deep acceptor levels in BSO, formed by cation vacancy such as 

barium vacancy (VBa), tin vacancy (VSn) and Ba on Sn antisite (BaSn) and shallow 

donor level formed by oxygen vacancy created during the growth process.  The 

electrons released from the shallow donor level are trapped to the deep acceptor 

levels so that the deep acceptor levels become to be occupied partially as described 

in Figure 6.5.  When the UV light with a large energy greater than the band gap  

Figure 6.4. Deep acceptor levels trapping electrons released from oxygen vacancy
before illumination of UV light. 
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energy is illuminated on the sample, the electrons trapped at the deep acceptor levels 

starts to excite to the conduction band by absorbing photons as described in figure 

6.5.  The excitation of electrons makes hole traps at the deep acceptor level where 

the electrons are trapped before the excitation.  

 

Figure 6.5. Excitation of an electron from a deep acceptor level to conduction band by 
absorbing photon when UV light is illuminated. 

Figure 6.6. While the electron excitation from the deep acceptor level occurs,
generation of an electron-hole pair from band to band excitation occurs as well. 



! &$!

 During the illumination of UV light, electron-hole pairs are also created by band to 

band transition as described in figure 6.6.   

 
 The generated hole from band to band generation can recombine with the excited 

electron from the deep acceptor level.  When the recombination has occurred, the 

electron-hole pair disappears, making hole trap at the deep acceptor level.  This 

process is described in figure 6.7..  As a results, hole trap is created at the deep 

acceptor level when the UV light is illuminated, either through the direct excitation 

of electrons from the deep acceptor level as described in the Figure 6.5. or the 

recombination of the electron with the hole generated from the band to band 

excitation as described in the figure 6.7.. 

 

 

Figure 6.7. When the excited electron from the deep acceptor level recombines with
the hole which was generated from band to band excitation, the electron-hole pair
disappears. making an hole trap at the deep acceptor level.  As a results, hole trap is
created at the deep acceptor level either from direct excitation of the trapped electron
or recombination of the electron with the hole generated from band to band generation. 
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 By these process, hole traps are continuously created at the deep acceptor level with 

continuous illumination of UV light as described in figure 6.8..  As time goes on, the 

hole traps continues to form and thus the electron concentration in BSO increases as 

described in figure 6.9..  

 

 

 

 

 

 

 

 

Figure 6.8. By the process described above, hole traps generated continuously with 
continuous illumination of UV light. 

Figure 6.9. In the same way, hole traps generated continuously with continuous 
illumination of UV light. 
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 During the illumination of UV light, the generation of electrons from the deep 

acceptor level or from the band to band transition compete with the recombination 

process such as recombination of electron-hole pairs or trapping of the electrons to 

the deep acceptor levels.  There seems to be a barrier for the electron to enter the 

deep acceptor level so that it is not easy for the electrons to trap again at the deep 

acceptor level, while the excitation of electrons to the conduction band occur in a 

very short time when the UV light with a sufficiently large energy is illuminated.40  

Therefore, the overall recombination rate becomes smaller than the generation rate.  

As a result, the electron concentration will gradually increase if the UV light is 

continuously illuminated on the sample.  The photocurrent increases gradually with 

increasing carrier concentration.  

 When the illumination of the UV light is removed, electrons from valence band are 

thermally excited to the deep acceptor levels so that the hole traps release holes 

gradually. This situation is described in figure 6.10..  The released holes recombine 

with the electrons at the conduction band, decreasing carrier concentration in BSO 

as shown in figure 6.11..   

Figure 6.10. When the illumination of UV light is removed, hole traps release holes by 
thermally excited electrons from the valence band to the deep acceptor level.   
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 Because it takes long time for electrons to excited to the deep acceptor levels by 

thermal energy and release holes, the decay current slowly returns to the initial dark 

current level.  This is why the photoconductivity in BSO has persistent component.   

 

 On the other hand, in the case of STO, there are mainly shallow acceptor levels in 

STO as represented in Figure 6.3..  These shallow acceptor levels, as in the case of 

BSO, would probably have been consist of cation vacancies such as strontium 

vacancy (VSr), titanium vacancy (VTi) and Sr on Ti antisite (SrTi).  As in the case of 

BSO, initially, electrons released from the shallow donor levels formed by oxygen 

vacancy are trapped in some of the shallow acceptor levels after growth process as 

presented in figure 6.12..  When the UV light is illuminated on the sample, the 

electrons trapped at the shallow acceptor level excited to the conduction band, 

forming hole trap at the shallow acceptor level as presented in figure 6.13..  The 

shallow acceptor levels release hole easily by thermal excitation of the electrons so 

Figure 6.11. Electrons above the conduction band recombine with the released holes 
from the deep acceptor levels.  Since the deep acceptor levels does not release holes 
easily, the generated carriers slowly decrease, causing the slowly decay of the dark
current in BSO. 
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that the generation rate and recombination rate become equal in a short time.  

Therefore, photocurrent in STO does not increase significantly.  When the 

illumination of UV light is removed, for the same reason, the  

 

 

Figure 6.12. Shallow acceptor levels trapping electrons released from oxygen vacancy 
before illumination of UV light. 

Figure 6.13. Excitation of electrons from shallow acceptor levels to conduction band
by absorbing photon when UV light is illuminated. 
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holes are easily released from the shallow acceptor levels.  The released holes 

recombine with the electrons in a short time.  Thus the dark current decrease rapidly 

and returns to its initial dark current level in a short time.   

Figure 6.14. When the illumination of UV light is removed, shallow acceptor levels
release trapped holes easily by thermally excited electrons from the valence band to 
the shallow acceptor level.   

Figure 6.15. Electrons above the conduction band recombine with the released holes 
from the shallow acceptor levels.  Since the shallow acceptor levels release holes 
easily, the generated carriers decrease rapidly, causing the fast decay of the dark 
current in STO. 
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7. Photoconductivity measurement of BaSnO3 with 

BaHfO3 buffer layer  
 

7.1. The epitaxial growth of BSO and BHO film on MgO substrate 

 

 BaHfO3 (BHO) has the same perovskite structure with BSO and high band gap size 

about 6.1 eV.41  Furthermore, the lattice constant of BHO is about 4.17 ~4.18 Å,42-44 

which is very similar value with that of BSO so that the lattice mismatch between 

BHO and BSO is about 1.5 %.  Thanks to these properties, BHO can be a excellent 

candidate to be used as a buffer layer of BSO film to reduce the density of threading 

dislocations.  The band gap size of BHO is about 6.1 eV which is high enough to 

exclude any conductance from buffer layer in our measurement range (2.4 eV~ 4.0 

eV).  The XRD θ-2θ data of BHO film deposited on MgO substrate shows no 

secondary peak, which confirms the epitaxial growth of BHO on MgO substrate as 

shown in Figure 7.1.1. (a).  The BSO film on BHO buffer layer on MgO also shows 

no secondary peak in XRD data as shown in Figure 7.1.1. (b).   

Figure 7.1.1. The θ-2θ data of (a) BHO and (b) BSO with BHO buffer layer on MgO substrates. 
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7.2. The threading dislocations in BSO with BHO buffer layer on 

MgO substrate 

 

The TEM images of BSO film with BHO buffer layer is presented in Figure 7.2.1. 

and 7.2.2.  On a large scale, the density of the threading dislocation in BSO with 

BHO buffer layer is not much different.  In order to measure the photoconductivity 

of BSO with BHO buffer layer, the BSO thin film with BHO buffer layer was made  

on MgO substrate by using pulsed laser deposition technique.  To compare the 

photoconductivity of BSO without BHO buffer layer and BSO with BHO buffer 

layer, I made the BSO film with BHO buffer layer of the same geometry with the 

previous BSO samples which was made for comparative study of photoconductivity 

with STO.  Because the density of the threading dislocation is not much different, 

the photoconductivity in BSO with BHO buffer layer seems to have little effect on 

the photoconductive behavior.  Other than that, the oxygen vacancy concentration 

can have bigger effect on the photoconductive behavior.  The effect of oxygen 

vacancy on the photoconductive behavior in BSO will be discussed in next chapter. 
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Figure 7.2.1. The TEM images of (a) BSO with BHO buffer layer and (b) BSO on
MgO substrates on a small scale 

Figure 7.2.2. The TEM images of (a) BSO with BHO buffer layer and (b) BSO on
MgO substrates on a large scale 
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8. Photoconductivity in BaSnO3 epitaxial film after 
annealing in O2 gas flow   
 

8.1. The time dependence of the photoconductivity in BaSnO3 

after annealing process 

  

 When I made the BSO film without buffer layer, after finishing the laser ablation, I 

switched off the heater and then backfilled the chamber with oxygen up to 600 torr.  

During the oxygen backfilling process, the temperature of the heater was dropped to 

around 500 C at 100 mTorr of low oxygen pressure, which makes oxygen vacancy 

in BSO film.  The oxygen vacancy will give free electrons so that it can influence 

on the photoconductive behavior in BSO.  In order to reduce the effect of oxygen 

vacancy, when I made the BSO with BHO film, I backfilled the chamber with 

oxygen with 600 torr and then switched off the heater.  The temperature of the heater 

was maintained at the growth temperature, 750 C during the oxygen backfilling so 

that the creation of oxygen vacancy can be suppressed.  After finishing the cooling, 

the sample was annealed in O2 gas flow of 1 atm at 750 C for 1 hour several time 

using tube furnace shown in figure 8.1.1..  The tube furnace was used for annealing 

the sample with continuous flow of oxygen gas through the tube furnace.  The 

measurements of the photoconductivity were done after each annealing process.  The 

dark current of the sample returned to its initial value after each annealing process.  

The photoconductive behavior of the sample is almost the same after each annealing 

process.  That is, the photoconductive behavior is fixed after removing the oxygen 
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vacancy.  This fixed photoconductive behavior will be presented in Appendix.  The 

result of the time dependence of the photoconductivity is presented in figure 8.1.2.. 

   

!

  

 The photo current of the sample increased up to about 5.6 nA.  The fast increasing 

component within 60 ms increased about 300 times.  The increased fast increased 

component might be resulted from the increased crystallinity after annealing.  After 

turning off the light, the current decreased slowly.  But even after about 36 hours, 

the dark current did not return to its initial dark current level.  The dark current seems 

to remain at about 2 pA.  Furthermore, the decay curve seems to decompose into two 

different exponential function like following equation. 

 

                                 8 9 ' :%<F$?@$@A LMBK N :&<F$?@$@A LOBK                                      (3) 
 

Figure 8.1.1. The tube furnace used in annealing BSO sample in O2 gas flow. 
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 One with the short time constant and the other with the long time constant.  The 

time constants of the two exponential functions are PQ*P.4/  and Q*,1(),2  s 

respectively.  This is different behavior of decay curve from previous sample.  

Before annealing, the decay curve of BSO was fitted with stretched exponential 

function which is integral of exponential function with continuously varying time 

constant.  The change of the decay curve reflects the change of the trap properties of 

Figure 8.1.2. The photoconductivity of BSO with BHO buffer layer after annealing in 
O2 gas flow at 750 C for 1 hours several times. 
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threading dislocation.  This will be discussed in chapter 10 after presenting the result 

of photoconductivity of BLSO film.   

 
8.2 The spectral response of BaSnO3 after annealing process  
 
The spectral response of BaSnO3 after annealing process was measured using 

monochromator.  The result is shown in figure 8.2.1..  The arrows in the figure 

indicate the scanning direction of wavelength during measurement.  In order to 

measure the wavelength at which the photocurrent starts to arise, the measurement 

was done by scanning from light with low energy to light with high energy (red 

arrow).  Then, the measurement was done by scanning in opposite direction in order 

to consider the effect of persistent photoconductivity (blue arrow).  The range of the 

energy of the incident light is from 1.2 eV to 4 eV.  The dark current of the sample 

starts to increase from the 1.2 eV as shown in the inset of the figure 8.2.1.  This 

shows that the existence of trapped electron at deep acceptor level.  The trapped 

electrons at deep acceptor states play important role in persistent photoconductivity 

by making hole trap at deep level.  This process will be discussed in detail in chapter 

10. 
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Figure 8.2.1. The spectral reponse of BSO/BHO/MgO film after several
annealing process in O2 gas flow at 750 C.  
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9. The photoconductivity in 0.011% La doped BaSnO3 

epitaxial film 
 

9.1 The time dependence of the photoconductivity in 0.011% La 

doped BaSnO3 

 

 

 

 

Figure 9.1.1. The photoconductivity of 0.011 % BLSO after annealing in 
O2 gas flow at 750 C for 1 hours several times. 
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 In order to investigate the photoconductive behavior of la doping in BSO, slightly 

doped BLSO film with the same geometry was made.  The doping rate of the sample 

is 0.011 %.  To reduce th effect of oxygen vacancy on the photoconductivity, the 

samples was also annealed in O2 in 750 C several times.  The photoconductivity of 

0.011 % BLSO went to up to about 2.2 µA after illumination of 3 hours.  This is 

about 400 times higher than that of BSO after annealing.  The dark current of 0.011 % 

BLSO dropped slowly but did not return to its initial dark current level even after 38 

hours.  The decay curve of the BLSO seems to have continuously varying time 

constant.  Thus, the decay curve of the BLSO can be fitted with stretched exponential 

function.  However, the fitting was done well only when a constant value is added 

to the stretched exponential function as shown in the following equation. 

 8 9 ' :%<F$??@$@ABRLMBBSK N :6 

 

 As shown in chapter 5, the stretched exponential function can be seen as the integral 

of the exponential function with continuously varying time component and the 

probability function in the integral can be calculated numerically.  The plot of the 

probability function is represented in figure 9.1.2.  The curve has one maximum 

point.  From the point, the most probable time component of the fitting curve can be 

calculated and the value is )*)+(),-./. 

 



! '*!

!

 

 
9.2 The spectral response of 0.011% La doped BaSnO3 

 

 The spectral response of 0.011% La doped BaSnO3 after annealing process was 

measured using monochromator.  The result is shown in figure 9.2.1..  The arrows 

in the figure indicate the scanning direction of wavelength during measurement as 

explained in the chapter 8.2.  The range of the energy of the incident light is from 

1.2 eV to 4 eV.  The dark current of the sample starts to increase below 1.2 eV as 

shown in the inset of the figure 9.2.1.  This shows that the existence of trapped 

electron at deep acceptor level.  Because of the very long time component of the 

Figure 9.1.2. The probability distribution function of the decay curve of the 
photocurrent in BLSO 0.011% film. 
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photoconductivity in 0.011% La doped BaSnO3, the spectral response increased 

significantly in second scan (blue arrow).  The role of the trapped electrons at deep 

acceptor states will be discussed in detail in chapter 10. 

 

 

 

 

9.3 The comparison of photoconductivity data 

 

 The fast increasing component of the photoconductivity in BSO and BLSO 0.011% 

after samples after annealing process is presented in figure 9.3.1..  The amount of 

photocurrent that increases at the moment of illumination in BLSO 0.011% film after 

annealing process is about three orders of magnitude lower than the maximum 

Figure 9.2.1. The spectral reponse of BLSO 0.011%/MgO film after several 
annealing process in O2 at 750 C. 
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photocurrent after illumination for 3 hours.  That is, the photocurrent of the sample 

is mostly slow component.  In the case of BSO film, the slow and fast components 

of photoconductivity are in the same order. That is, the slow component is not so 

large. I have plotted the photoconductivity of previous three samples in a figure 9.3.2. 

for easy viewing.  

!

 
Figure 9.3.1. The fast increasing component of photoconductivity in BSO 
and BLSO 0.011% after annealing process. 
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Figure 9.3.2. The time dependence of the photoconductivity in BSO samples. 
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10. The origin of different photoconductive behavior 
in BSO samples 
  
 The persistent component of the photoconductivity can be understood as deterred 

recombination due to electron trap and hole trap.  In BSO system, as we have seen 

before, the threading dislocation in BSO thin film acts acceptor state.  The threading 

dislocation traps significant number of electrons.  So, there are many electron trap 

states in BSO thin film system.  This electron trap states traps electrons when the 

electron-hole pairs are created by incident light.  When the electron state is 

preoccupied by excessive electron released from oxygen vacancy or La doping, the 

electron can be excited by incident light and recombine with a hole of generated 

electron-hole pair, which leaves hole trap in the preoccupied state.  Overall, the BSO 

film has many electron trap states, and the hole trap can be possible by preoccupied 

electron trap states.  The trapped hole at shallow acceptor level can easily release by 

thermal excitation of electron to the shallow acceptor level, so that the shallow 

acceptor level cannot contribute to the persistent photoconductivity that much.  In 

BSO samples, almost all electron from oxygen vacancy are trapped because of the 

large number of electron trap states.  The trapped electrons are excited to the 

conduction band by incident light and then fall to a defect state where the energy 

level is higher and the potential barrier is lower.  The electron trapped at defect state 

with higher energy level will excite to the conduction band again, making trapped 

hole at the deep acceptor level.  The excited electrons are not easy to recombine into 

the original defect state, because the trapped holes at the defect state is localized so 

that the capture cross section of the electrons and the holes are small.  Unlike the 

hole trapped at shallow acceptor level, the hole trapped at deep acceptor level is not 
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easy to release thermal excitation.  Thus the hole trapped at deep acceptor level 

mainly contribute to the persistent photoconductivity.  The change of magnitude of 

photoconductivity after the annealing BSO film in O2 at 750 C several times can be 

explained by change of the defect state in BSO.  The annealing process might 

increase crystallinity of the BSO sample so that the electron mobility will increase.  

The increased mobility will be responsible for the increased photoconductivity.  As 

the crystallinity is improved, the defect state concentration is reduced as a whole.  

This increase the number of electrons trapped at deep acceptor level close to the mid-

gap level by reducing the trap state of deep acceptor level close to the valence-band 

edge, even though the electron concentration due to oxygen vacancy is reduced by 

annealing process in O2.  As mentioned before, the trapped electron at deep acceptor 

level contribute to the persistent photoconductivity.  Thus BSO after the annealing 

process becomes have the more persistent photoconductivity.  In the case of BLSO 

0.011 % film, the electron density becomes large and the density of the electrons 

trapped at the defect state also increases.  As the trapped defect state increases, the 

electron mobility in BLSO increases.  Additionally, the trapped electrons will excite 

to the conduction band.  As the electron mobility and the electron density both 

increase, the magnitude of the photoconductivity increases.  Because the electron 

concentration is increased, the trapped electrons at deep acceptor level close to the 

mid-gap is increased as well.  Thus the BLSO film have more persistent 

photoconductivity.  The change of defect states in band diagram according to the 

state of BSO film is presented in figure 10.2.1 . 
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Figure 10.1. The defect states in BSO films according to the state of BSO film. 

Figure 10.2. The density of state in (a) BSO before annealing (b) BSO after annealing in 
O2 gas flow at 750 C (c) BLSO 0.011% after annealing in O2 at 750 C. 
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Appendix A.  

The effect of oxygen vacancy on the photoconductivity in BSO   

 

 

 The photoconductivity in undoped BSO after annealing in Ar at 200 C for 5 hours 

increased more than 100 times than that of the as-grown sample.  This is because the 

electron concentration is increased by the increased oxygen vacancy so that the 

concentration of the trapped deep acceptor level is increased.  After the following 

 Figure (a). The time dependence of the photoconductivity in BSO/BHO(40nm)/MgO 
after annealing in Ar/O2 gas flow for 5 hour at different temperatures 
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annealing in the sample in O2 at 300 C and 400 C for 5 hours, the photoconductivity 

of undoped BSO decreased by reduced oxygen vacancy. 
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Appendix B.  

The returning of the dark current to its initial level and fixed 

photoconductive behavior 

 

 
 The photoconductive behavior in BSO does not change after annealing in O2 at 750 

C for 1 hours several times.  After annealing in O2 at 750 C, BSO sample was 

annealed in Ar at various temperature to investigate the effect of oxygen vacancy.  

After annealing in Ar, the photoconductivity in BSO increased overall.  After 

annealing in Ar, the BSO sample was annealed in O2 to reduce the oxygen vacancy.  

 Figure (b). The time dependence of the photoconductivity in BSO/BHO(120nm)/MgO 
after annealing in Ar/O2 gas flow for 1 hour at different conditions 
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Then, the photoconductivity returned to its typical shape.  The annealing temperature 

in Ar increased by 100 C.  The photoconductivity in BSO did not change that much 

even after annealing in O2.  This might be resulted from the excellent oxygen 

stability of BSO.   
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Appendix C.  

Comparison of the photoconductivity in BSO without BHO buffer 

layer before and after annealing  

 

 

 

 

  In order to investigate the effect of annealing in O2 gas flow on the photo-

conductivity in BSO without buffer layer, I annealed the BSO sample which was 

used for the previous comparison study on photoconductivity with STO in 750 C for 

12 hours.  This sample is indicated as ‘old sample’ in Figure (c).  The 

photoconductivity after annealing in O2 increased nearly 2 order of magnitude and 

 Figure (c). The comparison of time dependence of the photoconductivity in BSO /MgO 
after annealing in O2 gas flow for 1 hour at different conditions 
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the decay curve becomes to have more long time component.  I have also made new 

BSO sample with the same geometry on MgO substrate and the sample is indicated 

as ‘new sample’ in Figure (c).  The difference between old and new BSO sample is 

the post-cooling process after the growth of the films.  The old BSO sample was 

cooled down before backfill the chamber with oxygen up to 600 Torr.  That is, the 

heater was turn off first and then the oxygen valve was open to fill the chamber so 

that the temperature of the heater dropped to about 500 C when the oxygen was filled 

up to 600 Torr.  This procedure may make oxygen vacancy in BSO film.  On the 

other hand, the new BSO sample was cooled down after backfill the chamber with 

oxygen up to 600 Torr.  Therefore, there is lower oxygen vacancy in the new BSO 

sample.  Because of the difference of the oxygen vacancy concentration in samples, 

the photoconductivity in old and new BSO as-grown sample shows different 

behavior.  The new BSO shows little persistent photoconductivity compared to old 

BSO.  After annealing new BSO in O2 at 750 C for 1 hour, the photoconductivity of 

new BSO increased less than that of old BSO.  The little persistent photoconductivity 

in new BSO can be explained as the decreased oxygen vacancy concentration in the 

film.  After annealing in O2, the photoconductivity of both old and new BSO 

increased.  This can be explained by the increased mobility due to improved 

crystallinity of the sample by the annealing. The very long time component in the 

decay curve, which seems to be constant value in both old and new BSO, indicate 

the formation of deep acceptor level close to the mid-gap energy.  It is certain that 

the use of BHO buffer layer has reduced the long time component of the BSO.  

Although, the use of the BHO buffer layer is not effective in reducing the density of 

the threading dislocation, it seems to be effective in improving photoconductive 

behavior. 
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