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correlation between ferroelectric behavior and carrier lifetimes 
in a well-established ferroelectric material, BaTiO 3 . 

 Ferroelectric materials exhibit a permanent spontaneous 
polarization ( P  s ) below a critical temperature known as the 
Curie temperature ( T  C ). In this temperature range the unit cell 
is not centrosymmetric. This leads to the generation of two or 
more discrete stable polarization states which generate electric 
fi elds, known as a spontaneous polarization or dipole. [ 16 ]  The 
resultant surface polarization causes band bending (upward 
where the polarization vector is negative, downward where the 
polarization is positive), and associated space charge regions. 
This ferroelectric band bending can exhibit magnitudes of sev-
eral hundred meV or greater, [ 17 ]  of similar scale to the band 
bending present at most p/n and semiconductor/electrolyte 
junctions employed for solar energy conversion. Indeed, a 
photo voltage exceeding 16 V has been reported in a photovoltaic 
device employing BiFeO 3 , attributed to additive band bending 
contributions from multiple ferroelectric domains. [ 18 ]  Band 
bending associated with the spontaneous polarization of a 
ferro electric material, therefore, has the potential to substan-
tially impact on the charge carrier lifetimes, and thus the effi -
ciency, of solar energy conversion devices. 

 Band bending resulting from the spontaneous polarization 
of a ferroelectric material has been shown to have signifi cant 
infl uence on surface photochemistry. Ferroelectric domain-
specifi c redox reactions have been reported to occur on the 
surfaces of BaTiO 3 , Pb(Zr,Ti)O 3 , and LiNbO 3  substrates, [ 19–21 ]  
indicating that the dipole drives electrons and holes to opposite 
surfaces determined by the direction of the spontaneous polari-
zation and resultant band bending. Recent studies comparing 
the photocatalytic reactivity of BaTiO 3  have shown that tetra-
gonal, ferroelectric BaTiO 3  nanoparticles exhibit signifi cantly 
higher activities than those observed when the dominant crystal 
phase is the non-ferroelectric cubic phase. [ 9,22 ]  

 Herein we report an investigation, using TAS, of charge car-
rier dynamics in a prototypical ferroelectric material: BaTiO 3 . 
The potential to modulate spontaneous polarization within 
BaTiO 3  through selection of both crystal structure [ 23 ]  and tem-
perature [ 24 ]  makes this material an ideal model system to study 
the impact of the internal fi elds upon charge carrier dynamics. 
In particular, we test the hypothesis that the presence of spon-
taneous polarization-induced band bending can indeed result in 
increased charge carrier lifetimes. We focus on the charge car-
rier dynamics on longer (μs–s) timescales as these correspond 
to carrier lifetimes necessary to drive most photocatalytic or 
artifi cial photosynthetic processes, such as water splitting. [ 25 ]  
We fi nd that the tetragonal phase of BaTiO 3  exhibits remark-
ably slow charge carrier recombination ( t  50%  = 0.12 s). Such 

    There is currently extensive interest in the development of new 
materials for solar energy utilization, with applications including 
photovoltaics, artifi cial photosynthesis, and photocatalysis. [ 1–3 ]  
A key challenge for such solar energy conversion strategies is 
the minimization of charge recombination losses following 
light absorption, typically by the use of heterojunctions, redox 
cascades or electric fi elds to drive the spatial separation of pho-
togenerated charge carriers. [ 2,4 ]  One strategy gaining interest to 
address this challenge is the use of piezoelectric and ferroelec-
tric materials, due to the potential for the internal electric fi elds 
present in such materials to aid the spatial separation of charge 
carriers. [ 5,6 ]  Enhancements in device effi ciency attributed to pie-
zoelectric or ferroelectric effects have been reported for a broad 
range of photovoltaic, photoelectrochemical, and photocatalytic 
devices. [ 7–9 ]  The organohalide lead perovskite materials cur-
rently yielding very promising photovoltaic device effi ciencies 
are also reported to be ferroelectric, although the importance of 
their ferroelectric properties in achieving such high effi ciencies 
is currently unclear. [ 10–13 ]  In almost all cases where enhanced 
solar conversion performance has been attributed to ferroelec-
tric materials properties, this enhancement has been assigned 
to reduced recombination losses. [ 11,14,15 ]  However to date, to the 
best of our knowledge, there are no reports directly probing the 
extent to which spontaneous polarization can indeed increase 
charge carrier lifetimes. Here, we address this issue, employing 
transient absorption spectroscopy (TAS) to directly probe the 
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long carrier lifetimes have not been reported previously for a 
metal oxide in the absence of chemical scavengers or applied 
electrical bias. Our results provide direct evidence that the 
dipoles present in tetragonal BaTiO 3  suppress electron/hole 
recombination. Additionally, we monitor the temperature 
dependence of charge carrier dynamics in BaTiO 3  above and 
below  T  C , and compare ferroelectric and non-ferroelectric 
phases of BaTiO 3  to quantify the infl uence of the internal 
dipole on charge carrier recombination. 

 To investigate the effects of spontaneous polarization on charge 
carrier dynamics, we conducted experiments on BaTiO 3  in both 
ferro- and non-ferro-electric forms. Single crystal BaTiO 3 , SC-
BaTiO 3  (MTI Corporation, (100)-oriented, polarization along 
 c -axis), is tetragonal (ferroelectric) at room temperature and cubic 
(non-ferroelectric) above approximately 120 °C. Thick (≈4 μm) 
fi lms of BaTiO 3  (50 nm diameter nanoparticles), TF-BaTiO 3 , 
were deposited on fl uorine-doped tin oxide (FTO) conducting 
glass by screen-printing of BaTiO 3  paste (ncsmb000088, NCS 
Bank, see the Supporting Information for full details). The sup-
pression of ferroelectric behavior in BaTiO 3  nanoparticles is well 
documented in the literature. [ 9,26–29 ]  The TF-BaTiO 3  fi lms studied 
herein are in the cubic phase and are therefore non-ferroelectric 
at room temperature (see X-ray diffraction data in Figure S1 in 
the Supporting Information). Transient absorption measure-
ments were obtained on the μs–s timescale using band-gap 
excitation at 355 nm (≈150 μJ cm −2 , 0.33 Hz, Ar atmosphere), a 
wavelength at which both samples exhibited strong light absorp-
tion (we estimate that the absorption depth will be shorter than 
the width of the surface band bending, see Figure S2 in the Sup-
porting Information), and probed in the range 460–950 nm. 

 TAS was employed to monitor excited state absorption in 
single crystal and thick fi lm BaTiO 3 . By measuring the change in 
absorption as a function of both wavelength and time after exci-
tation, information about photoinduced processes such as elec-
tron/hole recombination and trapping–detrapping mechanisms 
can be obtained. The TA spectrum of BaTiO 3  under Ar atmos-
phere is characterized by a broad, featureless positive absorption 
in the visible range (see Figure S3 in the Supporting Informa-
tion). Signal intensity generally decreased with increasing probe 
length. This spectrum is assigned to long-lived photogenerated 
charge carriers. Such TA signals have been assigned to electron/
hole photoinduced absorption in other metal oxides. [ 30–32 ]  

 TA decays of ferroelectric SC-BaTiO 3  (see Figure S4 in the 
Supporting Information for room temperature polarization-
electric fi eld loops) and non-ferroelectric TF-BaTiO 3  samples 
are compared in  Figure    1  . Strikingly, at room temperature 
the tetragonal crystal exhibits a large and long lived transient 
absorption signal, with a  t  50%  value (the time taken for the trace 
to reduce to half of the initial amplitude) of ≈0.12 s. In contrast, 
the cubic fi lm exhibits a smaller and much shorter lived tran-
sient absorption signal, with a decay time at least three orders of 
magnitude shorter than that of the tetragonal SC-BaTiO 3  ( t  50%  < 
100 μs). The fast decay dynamics observed for the TF-BaTiO 3  
are typical of those observed for non-ferroelectric metal oxides, 
and assigned to rapid bulk recombination losses. [ 25,31,33 ]  Such 
rapid recombination losses have been reported for numerous 
non-ferroelectric metal oxides with a range of crystal phases, 
crystallinities, and morphologies. In contrast, lifetimes on the 
seconds timescale comparable to the SC-BaTiO 3  have only 

previously reported in metal oxide systems in the presence of 
strong electrical bias or sacrifi cial reagents to suppress recom-
bination of photogenerated electrons and holes. The observa-
tion of a 0.12 s decay time for SC-BaTiO 3  in the absence of any 
sacrifi cial species or applied electrical bias is remarkable, and 
strongly indicative of a process or fi eld in this material driving a 
very effective spatial separation of charge carriers.  

 In order to further investigate the origin of the markedly long 
carrier lifetimes observed in our SC-BaTiO 3  sample, we repeated 
our transient absorption studies upon this sample heated to 152 °C, 
as shown in Figure  1 , red trace. This temperature is above 
BaTiO 3 ’s Curie temperature  T  C , causing the material to undergo 
a phase transition to the non-ferroelectric cubic phase. [ 34 ]  It is 
apparent that this heat treatment results in a pronounced accel-
eration of the charge carrier decay dynamics. Indeed, the 152 °C 
SC-BaTiO 3  decay dynamics are equivalent, apart from being 
larger in amplitude, to those of the room temperature non-fer-
roelectric TF-BaTiO 3 . This result confi rms that the longer carrier 
lifetimes observed at room temperature for SC-BaTiO 3  do not 
result from the single crystal form of this sample. Rather our data 
strongly suggest that the ferroelectric properties of the tetragonal 
BaTiO 3  dipole are responsible for the long-lived transient absorp-
tion signals observed below  T  C  for our SC-BaTiO 3  sample. They 
indicate a “switching off” of the internal electric fi eld above  T  C  
which results in a faster recombination rate that is similar to the 
cubic phase at room temperature. The change in recombination 
dynamics between room temperature and 152 °C was observed 
to be reversible, consistent with the previously reported revers-
ible switching of BaTiO 3  between tetragonal ferroelectric and 
cubic non-ferroelectric phases above and below  T  C . [ 35 ]  

 We now turn to a more quantitative analysis of the charge 
carrier lifetimes in SC-BaTiO 3  as a function of temperature 
and therefore ferroelectric polarization. Variable-temperature 
(25 to 152 °C) transient absorption decays of SC-BaTiO 3  using 
excitation and probe wavelengths of 355 and 550 nm, respec-
tively, are shown in  Figure    2  . It is apparent that the decays are 
biphasic. They can be fi tted to a sum of a stretched exponential 

Adv. Mater. 2016, 28, 7123–7128

www.advmat.de
www.MaterialsViews.com

1E-5 1E-4 1E-3 0.01 0.1 1
1E-3

0.01

0.1

1

m
ΔO

D

Time [s]

 SC-BaTiO
3
 25 °C

 SC-BaTiO3 152 °C

 TF-BaTiO3 25 °C

 Figure 1.    Transient absorption decays (355 nm, ≈150 µJ cm −2  excitation; 
probed at 550 nm under an argon atmosphere) of ferroelectric single 
crystal BaTiO 3  (SC-BaTiO 3 ) at 25 and 152 °C, and non-ferroelectric thick 
fi lm BaTiO 3  (TF-BaTiO 3 ) at 25 °C. At room temperature, SC-BaTiO 3  
exhibits very long lived charges, but at 152 °C exhibits decay kinetics com-
parable to those of TF-BaTiO 3 , consistent with a loss of ferroelectricity 
above the Curie temperature.
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(where  β  = 1 corresponds to a monoexponential decay) and log-
arithmic decays according to the equation:

 OD log10t Ae B
C

t

t

( )Δ = + ⎛
⎝
⎜ ⎞

⎠
⎟τ

−⎛
⎝
⎜ ⎞

⎠
⎟

β

    ( 1)     

 Full details of the fi tting parameters as a function of tempera-
ture are included in the Supporting Information. The stretched 
exponential component, which dominates the decay dynamics 
at all temperatures, shows a strong temperature dependence 
in lifetime,  τ , while the stretch exponent,  β , remains approxi-
mately constant (0.58 ± 0.03) across the temperature range. 
As the strength of the dipole associated with the ferroelectric 
nature of the sample decreases with increasing temperature 
below  T  C , the strong temperature dependence of this decay 
phase suggests it is related to the temperature dependence of 
the dipolar crystal structure, as we discuss further below. 

 The second, logarithmic, decay phase appears to be relatively 
temperature independent, and is most apparent as weak tails in 
the transient decays in the higher temperature data. This loga-
rithmic decay phase also was observed to be more prominent 
at longer probe wavelengths (see Figure S5 in the Supporting 
Information). This phase is tentatively assigned to tunneling 
recombination from deeply trapped carriers. In any case, its 
temperature independence indicates that this decay phase is 
not related to ferroelectricity, and is therefore not considered 
further herein. 

 The magnitude of the temperature dependence of the car-
rier lifetime apparent from Figure  2  is remarkably high, cor-
responding to a four orders of magnitude acceleration of the 
dominant, stretched exponential phase for a temperature 
increase from 298 to 425 K. This temperature dependence can 
be most conveniently quantifi ed by an Arrhenius type analysis, 
as illustrated in  Figure    3  . This fi gure shows that  t  50%  values of 
the stretched exponential decay phase in SC-BaTiO 3  displays an 
exponential dependence on temperature ( 50%

/A Bt e E k T∝ − ) with an 
apparent activation energy  E  A  of 0.85 eV. For comparison we 
include analogous temperature dependent data for another, 
non-ferroelectric metal oxide, α-Fe 2 O 3  (hematite), which 

exhibits much more limited temperature dependence and a 
correspondingly smaller value for  E  A  of 0.30 eV. This smaller 
apparent activation energy is consistent with detrapping-limited 
charge recombination, with a trap state depth of a few hundred 
meV, typical for such oxide materials. [ 25 ]  We attribute the much 
stronger temperature dependence of the charge carrier life-
time in SC-BaTiO 3  to the temperature dependent ferroelectric 
dipole-induced band bending in this material.  

 In order to address more quantitatively the origin of the 
strong temperature dependence of the TA decays shown in 
Figure  2 , we consider further the temperature dependence of 
the spontaneous polarization ( P  S ). BaTiO 3  has been reported 
to show a progressive reduction in  P  S  as the temperature 
is increased toward  T  C , at which point  P  S  drops to zero. [ 36 ]  
Changes in the crystal structure of a ferroelectric material 
with temperature are well known and infl uence the strength 
of  P  S . [ 37 ]  As BaTiO 3  moves from a tetragonal system to a cubic 
one the non-centrosymmetric nature of the crystal is progres-
sively reduced before making the transition to the fully cubic 
phase above  T  C . Thus, the extent of band bending driven by the 
depolarization fi eld (and consequently the height of resultant 
energetic barriers to charge recombination) will decrease 
with increasing temperature, even for temperatures below  T  C . 
Accepted values for BaTiO 3  give  P  S  reducing approximately 
linearly from 26 μC cm −2  at 30 °C to 20 μC cm −2  at 100 °C, 
a drop of ≈25%. [ 38,39 ]  Above  T  C  (≈120 °C for BaTiO 3 )  P  S  drops 
to 0 μC cm −2 . Analogous changes in surface potentials have 
been measured using scanning surface potential microscopy, [ 24 ]  
reporting a reduction in surface potential by 10–20% during 
heating, before collapsing to approximately zero above  T  C . 
Photo electron emission spectroscopy studies have indicated 
a 30% loss of band bending of BaTiO 3  during heating in the 
tetragonal phase below  T  C . [ 40 ]  Such dependencies of  P  S  and 
surface potential upon temperature have also been supported 
by theoretical modeling based on treating the ferroelectric 
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 Figure 2.    Biphasic transient absorption decays of SC-BaTiO 3  as a function 
of temperature, excited using 355 nm laser light (150 µJ cm −2 , 0.33 Hz) 
and probed at 550 nm, measured from 25 to 152 °C under Ar atmos-
phere. Raw data are shown in gray for each temperature. Overlaid are 
the fi tted data (a combination of stretched exponential and logarithmic 
decay phases).
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medium as a polar semiconductor. [ 41 ]  Regarding the absolute 
magnitude of the band bending in BaTiO 3  resulting from  P  S , 
reported values at room temperature measured under vacuum 
conditions are of the order of 1.3 V in total or 0.65 V at each 
interface. [ 40 ]  We note that band bending is typically reduced 
under atmospheric conditions, such as those employed herein, 
by external screening due to molecular chemisorption to the 
BaTiO 3  surface. [ 42 ]  In our case, the illumination of the sur-
face of the ferroelectric is likely to reduce such screening. It is 
known that BaTiO 3  is a photocatalyst [ 9 ]  and as such illumina-
tion of the sample will cause photocatalytic removal of surface 
contaminants. Thus the surface band bending for the samples 
studied herein is likely to lie between that measured for sam-
ples under atmospheric conditions and those under vacuum. 
The previous data available from the literature indicates an 
approximately linear change of between 10% and 30% of the 
surface band bending for a BaTiO 3  sample over the range ≈30 to 
≈100 °C. [ 24,36,39 ]  Therefore it seems likely that our surface band 
bending at ≈30 °C will be of the order ≈0.3–0.5 V, reducing by 

≈20% upon heating to ≈100 °C. Above  T  C  it will collapse to ≈0 V 
as illustrated in  Figure    4  a.  

 We turn now to the likely impact of this temperature 
dependent band bending on charge carrier recombination. 
Such band bending can be expected to result in a thermal bar-
rier  E  b  to charge recombination, as illustrated in Figure  4 b, 
with the recombination time constant therefore expected to 
show an exponential dependence upon the barrier height. In 
our case, we assume  E  b  is decreasing approximately linearly 
with increasing temperature between 30 and 100 °C such 
that, E T E E T( ) (30 C) ( 30)/70b b b= ° − Δ −  where Δ E  b  is the 
reduction in  E  b  between 30 and 100 °C. Applying this tem-
perature dependent barrier energy to an Arrhenius type activa-
tion energy analysis, we obtain an effective activation energy 
E E E(30 C) 4.3A

eff
b b= ° + Δ . In other words, in the presence of a 

linearly decreasing thermal barrier to charge recombination, 
we still expect Arrhenius type behavior, but with an increased 
apparent activation energy A

effE . Using the values for  E  b  and Δ E  b  
obtained from ferroelectric literature ( E  b (30 °C) ≈ 0.4 eV and 
Δ E  b  ≈ 0.1 eV), we obtain a value for A

effE  of the order of 0.83 eV, 
in good agreement with the value of  E  A  = 0.85 eV measured 
by our transient absorption data, thus supporting the simple 
model we employ herein. As such, we conclude that the strong 
temperature dependence of our observed charge carrier life-
times in SC-BaTiO 3  is in good agreement with the expected 
temperature dependence of the ferroelectric band bending pre-
sent in this material. 

 As further support to this simple model, we note that the 
magnitudes of the spontaneous polarization-induced band 
bending used in this model are of similar size to the magni-
tudes of the electrical bias-induced band bending required in 
non-ferroelectric photoelectrodes such as Fe 2 O 3  to achieve 
similar carrier lifetimes (0.1–1 s) to those reported herein for 
BaTiO 3 . [ 25 ]  We also note that the absence of a further sharp 
reduction in carrier lifetime as the temperature is increased 
above  T  C  is most probably due to charge trapping effects 
becoming the dominant limitation on charge carrier recom-
bination on these timescales, as has been reported for other 
metal oxides. 

 This study demonstrates that the use of materials with spon-
taneous polarization-induced band bending, i.e., ferroelec-
trics, in solar energy systems could signifi cantly increase solar 
conversion effi ciencies in devices which would otherwise be lim-
ited by electron/hole recombination. Spontaneous polarization-
induced band bending of several hundred meV in the ferro-
electric material studied herein is of similar magnitude to the 
band bending achieved by p/n junctions and semiconductor–
electrolyte junctions in solar energy conversion devices, and 
results in a 10 4  increase in charge carrier lifetimes compared 
to the non-ferroelectric material. Our studies thus demonstrate 
that internal fi elds can indeed result in a spatial separation of 
charge carriers, and thereby a reduction in charge recombina-
tion losses, potentially enhancing solar conversion device per-
formance. For example, the lifetimes observed here match the 
rate constants of photoelectrochemical water oxidation reported 
in the literature, [ 25,43 ]  indicating that ferroelectrics could have a 
particularly high impact in solar water splitting systems. Fur-
ther, we have previously shown that even an order of magni-
tude increase carrier lifetime can result in 100 mV increase in 
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 Figure 4.    a) Temperature dependence of spontaneous polarization (left 
axis) and consequent band bending (right axis) in BaTiO 3 . For this simple 
model for  E  b ( T ), the relationship has been approximated as a linear cor-
relation below the Curie temperature ( T  C ) with an abrupt drop to zero 
at  T  C  (consistent with a fi rst order phase transition). b–d) Schematic 
representations of polarization-induced band bending changing with 
temperature. Above  T  C  (b) there is no polarization and thus no band 
bending (for clarity, band bending due to atmospheric effects is omitted 
here, although it is likely that some upward band bending exists above 
 T  C ). Below  T  C  (c,d), the polarization induces surface band bending which 
acts as a thermal barrier to electron/hole recombination. Dashed arrows 
indicate a possible thermally activated recombination pathway of photo-
generated electrons in the conduction band ( E  C ) with photogenerated 
holes in the valence band ( E  V ).
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voltage output of organic solar cells. [ 44 ]  The magnitude of the 
effects reported herein also suggest that the presence of ferroe-
lectric domains in organohalide lead perovskites may indeed be 
suffi cient to explain the remarkably long charge carrier lifetimes 
(corresponding to strongly “non-Langevin” recombination) 
observed in these materials. [ 15,45 ]  These long carrier lifetimes 
have been suggested to be a key factor behind the high effi cien-
cies of perovskite based solar cells. 

 Our studies furthermore show that optical techniques such 
as the transient absorption studies employed herein can be used 
to probe the magnitude of polarization-induced band bending at 
free ferroelectric surfaces. Despite the extensive body of research 
on these materials, reports of barrier heights in ferroelectrics 
associated with this band bending are not well documented in the 
literature. By employing the simple model described herein, we 
have shown that it is possible to use variable-temperature tran-
sient absorption studies to obtain a band bending value for single 
crystal BaTiO 3  in good agreement with literature-reported values. 

 In summary, we have shown directly, for the fi rst time, 
that the internal fi elds in ferroelectric single crystal BaTiO 3  
inhibit electron/hole recombination, resulting in long-lived 
( t  50%  = 0.12 s) carriers in the absence of externally applied elec-
trical potential or sacrifi cial reagents. Switching off the ferroelec-
tric dipole results in rapidly accelerated charge carrier recombi-
nation, attributed to a decrease in band bending associated with 
loss of ferroelectric polarization. By using variable-temperature 
TAS we have measured an effective activation barrier to elec-
tron/hole recombination in single crystal BaTiO 3 , which relates 
to the polarization-induced surface band bending. A simple 
thermodynamic model capable of estimating the magnitude of 
band bending is proposed. We envisage that this model can be 
applied to other ferroelectric materials. This study clearly dem-
onstrates the potential for ferroelectrics to signifi cantly increase 
the effi ciency of both solar photovoltaic and solar fuels devices.  

  Experimental Section 
 Full experimental details are given in the Supporting Information. Briefl y, 
a BaTiO 3  single crystal of dimensions 10 mm × 10 mm × 1 mm and 
crystallographic orientation (100) (± 0.5°) was studied as received 
(MTI Corporation, BTOa101010S2), along with BaTiO 3  thick (≈4 µm) 
fi lms (ncsmb00084, Noncentrosymmetric Materials Bank (NCS Bank) 
prepared by screen printing of a paste of cubic-phase nanoparticles 
(≈50 nm diameter, ncsmb000080, NCS Bank) onto FTO conducting 
glass (TEC 8, Pilkington). Transient absorption measurements were 
obtained using bandgap excitation at 355 nm (0.33 Hz, ≈150 µJ cm −2 ) 
and monochromatic probe beam at 550 nm, as described in detail in the 
Supporting Information and elsewhere. [ 32 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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