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We show how finite-size scaling of a bulk photovoltaic effect-generated electric field in epitaxial
ferroelectric insulating BaTiO3ð001Þ films and a photo-Hall response involving the bulk photovoltaic
current reveal a large room-temperature mean free path of photogenerated nonthermalized electrons.
Experimental determination of mesoscopic ballistic optically generated carrier transport opens a new
paradigm for hot electron-based solar energy conversion, and for facile control of ballistic transport distinct
from existing low-dimensional semiconductor interfaces, surfaces, layers, or other structures.
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Ballistic transport of carriers is a celebrated feature of
selected two- and one-dimensional systems [1–6] in which
the mean free path is limited by scattering by other carriers,
defects, and phonons. In band insulators, however, such
transport is impossible within the material bulk, even in
crystals of exceptional quality. The bulk photovoltaic effect
(BPE) in crystals without a center of symmetry [7–11] is
caused by asymmetric distribution of nonthermalized
carrier momentum, a consequence of the violation of the
Boltzmann principle of detailed balance [10], and is
analogous to parity nonconservation in the weak interaction
[12]. Long after the discoveries of remarkably large photo-
voltages in SbSI [7] and LiNbO3 [8], photovoltaic effects in
ferroelectrics have attracted renewed attention [11,13–23].
While photovoltages in ferroelectrics can greatly exceed the
band gap, the direct conversion of light energy to electricity
has been extremely low until recently [14,22,23]. Carrier
separation and photogenerated current collection in ferro-
electrics can arise in principle from several effects, includ-
ing spatial variation in electrostatic potential due to
interfaces or interfacial regions, e.g., domain walls and/
or space charge at and near the ferroelectric-metal interface,
transient responses due to pyroelectric and depolarizing
field effects, and effects caused by inhomogeneous
illumination. In conventional solar cells the collection of
photogenerated carriers is bounded by their diffusion

length. In the bulk photovoltaic effect (BPE), however,
knowledge of the free path of hot electrons in such states is
paramount to understanding and improving conversion
efficiency.
The BPE involving spatially homogenous illumination in

crystals lacking center of inversion symmetry exists even in
the absence of these aforementioned effects. The BPE and
the resulting separation of photogenerated electrons and
holes have been explained by two possible mechanisms:
ballistic and shift. The ballistic mechanism is associated
with the excitation of nonthermalized (hot) carriers in a
noncentrosymmetric crystal, leading to an asymmetric
distribution of nonthermalized carrier momentum and a
violation of the Boltzmann principle of detailed balance
[10]. In the ballistic mechanism the photoexcited non-
thermalized carriers lose their energy and descend to the
bottom of the conduction band over a free path, i.e.,
thermalization length l0. Shift current, the alternative
mechanism for the BPE, is obtained by accounting for
the nondiagonal elements of the density matrix [9,24],
established within the framework of density functional
theory [11,25]. One interpretation of this shift mechanism
shows that, in spite of the coexistence of the two mech-
anisms, shift current evolution does not involve inertia [10].
On the contrary, the ballistic current is caused by free
carrier transport and contributes to the (photo-)Hall
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effect. Nevertheless, both mechanisms can contribute to
the BPE.
In the bulk crystal the power conversion efficiency via

the BPE is extremely small, i.e., 10−5–10−6. It was shown
that in nanoscale-thickness BaTiO3 films, the internal
power conversion efficiency (under monochromatic illumi-
nation, λ ¼ 360 nm) is enhanced by more than 4 orders of
magnitude, to ≲1% [23]. This finite-size effect can be
explained phenomenologically in terms of the ballistic
mechanism.
The tensor properties of the linear BPE current are

described [10] by

Ji ¼ GL
ijleje

�
l I þ iGC

il½ee��iI; ð1Þ
where ej and el are components of the light polarization
vector,GL

ijl is the corresponding third-rank tensor (for point
group C4v of BaTiO3), and I is the incident light intensity.
(GC

il is a second-rank tensor relevant for gyrotropic materi-
als.) For unpolarized radiation, the first term of Eq. (1) can
be written in its scalar form, jpv¼G31I¼ αg31I, where α is
the BaTiO3 film absorption coefficient (for ℏω ≈ 3 eV
α ≈ 150 cm−1).
The field Epv generated by the current j is given by

Epv ¼ j=σph, where σph ¼ eφαIðℏωÞ−1ðμτÞ is the photo-
conductivity. Here, e is the elementary charge, φ ≤ 1 is the
quantum yield, ℏω is the quantum of energy, and μ and τ
are the mobility and lifetime of nonequilibrium carriers,
respectively. Thus, the field generated by the BPE current is

Epv ¼
g31ℏω
eφðμτÞ : ð2Þ

It is seen from Eq. (2) that the finite-size effect on Epv
and on the internal power conversion efficiency
(¼g31Epv=4) [10,23] is caused by the thermalization.
Following thermalization the hot electrons become

(thermalized) polarons, which do not contribute to the
BPE due to their symmetric momentum distribution. The
finite-size effect is related to ðμτÞnt ≪ ðμτÞt, where ðμτÞnt
and ðμτÞt are the mobility-lifetime products for nonther-
malized and thermalized electrons, respectively, and, cor-
respondingly, Et

pv ≪ Ent
pv. Simultaneously, internal power

conversion efficiency strongly decreases for l ≫ l0.
The ballistic theory of BPE for excitation from donors

within a dipole-impurity model yields for the ballistic
current [10,24] jbal ¼ eφαIðℏωÞ−1l0ξ, where l0 is the free
path of nonthermalized electrons [Fig. 1(a)] and ξ ¼ ξðℏωÞ
is a microscopic parameter that characterizes the asymme-
try of the photoexcited electron momentum distribution. A
dipole-impurity model for k0a≃ 1 suggests that ξ will not
exceed ξmax ¼ 0.1 [10,24], where k0 is momentum and a is
the lattice constant (for BaTiO3, a ≈ 0.4 nm).
The ballistic nature of photogenerated electrons in

ferroelectric BaTiO3 is confirmed by a Hall mobility
measurement of nonthermalized electrons in a single
crystal [Figs. 1(c) and 1(d)] under illumination along
[001] at 300 K. Photovoltaic current density jz was
collected along [001] at several values of applied electric
field E and no magnetic field (B ¼ 0) using semitranspar-
ent electrodes, yielding g31¼ 2×10−8 cm=V, in agreement
with earlier work [23], with short-circuit current density
jz0 ¼ 1.0 × 10−11 A=cm2. Application of the magnetic
field B ¼ 1.4 T along [010] produced a Hall component
jx ¼ 2.7 × 10−12 A=cm2. The mobility of nonthermalized
electrons in the BPE regime [10] is μnt ¼ ð1=BÞðjx=jzÞ ≈
1900 cm2 V−1 s−1 [14], 3 orders of magnitude larger than
that for thermalized carriers, demonstrating that the BPE in
BaTiO3 under 3 eV illumination is caused by ballistic
transport [26]. Significantly, this room-temperature value
for μnt is also 1–2 orders of magnitude higher than the
highest room-temperature carrier mobility reported for any
complex oxide interface [4], surface [27], or bulk [28]. This

FIG. 1. (a) Schematic band diagram illustrating the photoexcitation process in a noncentrosymmetric crystal depicting cooling of hot
photogenerated bulk photovoltaic effect carriers collected only within a thermalization length l0. Illustration of experimental geometry
of (b) epitaxial BaTiO3 (BTO) (001) film on a SrRuO3 (SRO) bottom electrode used to determine thermalization length l0, (c) photo-
Hall measurements carried out on a bulk single crystal under 3 eV illumination exhibiting ballistic conduction in the ferroelectric
insulator BaTiO3 crystal at 300 K, and (d) current and photo-Hall current densities under zero and B ¼ 1.4 T field.
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permits us to get a rough estimate of l0 for BaTiO3.
From the above, g31 ¼ eφðℏωÞ−1l0ξ. The values of the
tensor component G31ð¼ αg31Þ are known for many ferro-
and piezoelectrics [10]. Substituting for BaTiO3 g31 ≈
10−8 cmV−1 and ℏω¼3 eV, one obtains l0 ≈ 0.1ðφξÞ−1 ≈
10 − 100 nm.
Another estimate of l0 can be obtained from the non-

thermalized photo-Hall mobility of the ballistic electrons,

μnt ≃ e
m� τnt ≃

el0
k̄0

; ð3Þ

where k0a≃ 1. For μnt ≃ 1.9 × 103 cm2 V−1 sec−1 and
a≃ 0.4 nm,

l0 ≃ ℏ
ea

μnt ≃ 40 nm: ð4Þ

We next describe the finite-size evolution of the BPE in
single-domain BaTiO3ð001Þ epitaxial films ranging in
thickness as 8≲ l≲ 900 nm, synthesized by pulsed laser
deposition on SrRuO3=SrTiO3 (100) (see Supplemental
Material [29]). Using SrRuO3 and lithographically pat-
terned indium tin oxide (ITO) films as planar bottom and
top electrodes, respectively [Fig. 1(b)], BaTiO3 films
exhibited ferroelectric hysteresis (see Supplemental
Material [29]) and were subsequently electrically poled
along [001] with the SrRuO3 bottom electrode held at a
positive voltage with respect to the grounded ITO top
electrode (i.e., polarization oriented upward). In accordance
with tensor G at illumination along [001] for our geometry,
Epv is directed antiparallel to the direction of spontaneous
polarization P, and the photovoltaic current flows in the
same direction, [001]. Dependences of photovoltaic current
on bias voltage were collected in each thin film under
unpolarized monochromatic 3.06 eV illumination for a

range of different incident intensities up to ≈ 0.18 W=cm2,
examples of which are shown in Fig. 2. The short-
circuit current jsc is linear with intensity (Fig. 3), yielding
g31 ≈ 10−8 cmV−1.
From the linear current density-voltage characteristic

j ¼ jðVÞ, thickness-dependent values of the photovoltaic
field EpvðlÞð¼V=lÞ were obtained, showing a finite-size
effect of Epv ¼ EpvðlÞ [Fig. 4(a)]. Epv increases from
≈170 Vcm−1 in the 0.4-cm-thick crystal, which corre-
sponds to the bulk value [10], approaching 105 Vcm−1 for
the 8-, 14-, 42-, and 88-nm-thick films. Concomitantly, the

FIG. 2. Representative bulk photovoltaic responses in epitaxial BaTiO3ð001Þ films of thickness denoted in each panel. Films were
deposited on SrRuO3 film bottom electrodes on SrTiO3ð100Þ and responses measured under a range of intensities. The intensities in (a)
and (b) are 0.182 (black circles), 0.145 (red squares), 0.101 (green triangles), 0.078 (blue triangles), and 0.067 (magenta diamonds)
W=cm2, and the intensities in (c) are 0.142 (black circles), 0.113 (red squares), 0.076 (green triangles), 0.060 (blue triangles), and 0.051
(magenta diamonds) W=cm2 of monochromatic 3.06 eV (405 nm) illumination.

FIG. 3. Linear dependence of short-circuit current jsc on
incident light intensity enabling determination of values of
photovoltaic tensor component g31. Plotted in the inset is an
expanded range of current, showing data for the two thinnest
films.

PRL 118, 096601 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 MARCH 2017

096601-3



internal power conversion efficiency increases by 3 orders
of magnitude. It is seen from Fig. 4(a) that for l≲ 100 nm,
Epv ≲ 105 Vcm−1, i.e., less than the Landau-Ginzburg
intrinsic coercive field for BaTiO3ð≈108 Vcm−1Þ, account-
ing for the absence of switching in the nanoscale films by
the BPE field. From the saturation value Epv ≃ 105 Vcm−1
and the above calculations, one can evaluate the lifetime
of nonthermalized electrons τnt. Substituting g31 ≃
10−8 cmV−1, μnt ≃ 103 cm2V−1 sec−1, and ℏω≃ 3 eV
gives τnt ≃ 3 × 10−13φ−1 sec, which is in reasonable
agreement with the typical relaxation time of nearly free
electrons: τnt ¼ μntm=e ≈ 10−12 − 10−14 sec [32].
Interestingly, jsc and g for the thinnest films drop 2

orders of magnitude within a single decade of thickness
reduction [Fig. 4(b)]. Simultaneously, Eoc remains essen-
tially unchanged. Band bending in the thinnest films is
likely present and is caused by the screening of sponta-
neous polarization. It is determined by the Debye screening
length, which is on the order of LD ≈ 10 nm for insulating
BaTiO3 with a low concentration of carriers [33]. This
bending at the surface leads to a decrease of g (or of jsc), as
seen in Fig. 4(b). But the generated field Eoc ¼ Epv ≈
ðjsc=σphÞ remains essentially unchanged because the photo-
conductivity σph is also decreased due to the volume
screening charge and possible decrease of the lifetime.
Our observation is presently limited by two experimental
points in this thickness range, and it does not permit us to
claim this conclusively. Nevertheless, the data in Fig. 4(a)
indicate good agreement with the theoretically predicted
value of the nonthermalized electron free path l0 ≈ 100 nm
for 3 eVexcitation. Clearly, for the shift current the induced
field Epv must also reveal the finite-size effect caused by

thermalization of electrons which are responsible for
photoconductivity. But the shift current itself does not
involve carrier transport, and for films with thicknesses
comparable with the shift vector magnitude [11], the finite-
size effect can be different.
In conclusion, we have shown how the free path of

photogenerated nonthermalized electrons can be determined
experimentally, remarkably yielding a mesoscopic value
that is in good agreementwith theoretically predicted values,
for 3 eV. The nonequilibrium carriers, which are responsible
for the ballistic photovoltaic current, have extremely high
mobility. A new strategy for efficient photovoltaic solar
energy conversion relies on hot carriers photogenerated
within and collected from colocating volumes of thermal-
ization and screening in nanoscale electrode-interfaced
ferroelectrics [13,14]. An experimental prescription
revealing an unexpectedly long room-temperature mean
free path of photogenerated carriers in a ferroelectric
insulator is key to advancing the promise of efficient bulk
photovoltaic effect-based solar energy conversion.
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