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Approaching Charge Separation Efficiency to Unity without Charge Recombination
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Improving the efficiency of charge separation (CS) and charge transport (CT) is essential for almost all
optoelectronic applications, yet its maximization remains a big challenge. Here we propose a conceptual
strategy to achieve CS efficiency close to unity and simultaneously avoid charge recombination (CR)
during CT in a ferroelectric polar-discontinuity (PD) superlattice structure, as demonstrated in
(BaTi03),,/ (BiFeOs3),, which is fundamentally different from the existing mechanisms. The competition
of interfacial dipole and ferroelectric PD induces opposite band bending in BiFeO; and BaTiO; sublattices.
Consequently, the photoexcited electrons (e) and holes () in individual sublattices move forward to the
opposite interfaces forming electrically isolated e and & channels, leading to a CS efficiency close to unity.
Importantly, the spatial isolation of conduction channels in (BaTiO3),,/(BiFeO3),, enable suppression of
CR during CT, thus realizing a unique band diagram for spatially orthogonal CS and CT. Remarkably,
(BaTi0;),,/(BiFeO3),, can maintain a high photocurrent and large band gap simultaneously. Our results
provide a fascinating illumination for designing artificial heterostructures toward ideal CS and CT in

optoelectronic applications.
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Photoelectron conversion relies on efficient light-matter
interaction, including light absorption, charge separation
(CS), and charge transport (CT). This process is not only of
fundamental interest for condensed mater physics, but also
crucial for the performance of state-of-art optoelectronics,
photovoltaics (PVs), photodetectors, and artificial photo-
synthesis [1-5]. While light absorption depends strictly on
a macroscopic static band gap of semiconductors, CS and
CT are mostly sensitive to local electronic structure,
Coulomb correlation, and dynamics of photoexcited car-
riers [6,7]. Several types of CS with different mechanisms
have been proposed, i.e., traditional p-n junctions [8,9]
[Fig. 1(a)] or emergent van der Waals (vdW) heterojunc-
tions [10], and bulk photovoltaic (BPV) effects [Fig. 1(b) ]
[11-15]. However, the strong carrier recombination (CR)
exists in all the existing CS mechanisms. For example,
although the internal polarization of ferroelectrics facili-
tates CS, the large band gap and strong recombination limit
the device efficiency. While different approaches are being
explored to effectively reduce their band gap, i.e., epitaxial
strain [16,17], doping [18,19], or phase transition [20], CR
remains a problem.

Besides of the lack of ideal CS, another major obstacle is
the realization of ideal CT to effectively suppress CR
during the photoelectric conversion, which is restricted by
the intrinsic band diagrams of p-n junctions [Fig. 1(a)] and
BPV junctions [Fig. 1(b)]. For a p-n junction (or type-II
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vdW heterojunction), the effectively spatial separation of
electrons (e) and holes (%) is mainly realized during charge-
generation process under internal built-in potentials, occur-
ring in zone II (green color) with a weak recombination.
However, after charge generation and when carriers enter a
field-free transport zone (zones I and III), due to absence of
built-in potentials, recombination significantly increases,
resulting in coexistence of carrier generation and recombi-
nation (red-green mixed color). For a BPV junction,
differing from the p-n junction, carriers are generated
from the intrinsic topological Berry phase polarization,
i.e., ferroelectricity, inside the material. Similar to the p-n
junction, the e and & are always mixing, thus leading to
intrinsic (domain) and extrinsic (domain boundary) recom-
bination during both the generation and transport process
(zones I and III). As a result, CS and CT always coexist and
occur along the same direction in p-n and BPV junctions,
making CR intrinsically unavoidable.

Here we propose a conceptually new mechanism to
realize orthogonal charge separation and transport (OCST),
which can fundamentally eliminate CR during CT. The
basic idea is to realize a unique band diagram to maintain
the spatial separation of carriers not only during charge
generation, but also throughout the following transport
process. Figure 1(c) illustrates such an ideal band diagram,
exhibiting a peculiar potential gradient profile with
separated energy valleys in valence band maximum
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Schematic band diagrams for (a) conventional p-n junction model, (b) BPV model, and (c) OCST model. Charge generation

and recombination coexist in (I) and (IIT) zones (mixed red-green color), while zone (I) is free of recombination (green color). M, and
M, refer to two constituting materials of the interface or superlattice.

(VBM) and conduction band minimum (CBM), leading to
the formation of spatially isolated channels for e (blue) and
h (red) in two sublattices. In this case, CS and CT will occur
in an orthogonal geometry, leading to substantially sup-
pressed CR during transport process. Meanwhile, if the
excited carriers can be confined in local regions, as shown
in Fig. 1(c), a strong enhancement of photocurrent might be
achieved simultaneously.

In this Letter, it is shown that the ideal OCST
model can be realized in a simple oxide super-
lattice with ferroelectric polar discontinuity (PD), as
demonstrated in (BaTiO3),,/(BiFeOs3), based on extensive
first-principles calculations (see details of methods in
Supplemental Material [21]). The interfacial PD in
(BaTi03),,/(BiFeO3), creates built-in potentials to sepa-
rate VBM and CBM in different sublattices. Driving by the
opposite band bending in different sublattices, the spatially
separated e and h, generated by photoexcitation, move
to opposite directions forming isolated conduction
channels. Importantly, the unique OCST band diagram
of (BaTiO;),,/(BiFeOs3), can greatly suppresses CR dur-
ing CT, leading to 2 orders of magnitude enhancement of
photocurrent compared to that of pure BiFeO; system.
Simultaneously, (BaTiOj;),,/(BiFeOs), can achieve both
high photocurrent and large band gap, fundamentally
differing from the traditional semiconductors and providing
a new diagram for broad optoelectronic applications, such
as PVs, photodetection, or photosensors near visible-
UV range.

Figure 2(a) shows a representative band structure for
(BaTiOs3),/(BiFe0;),, which is different from straightfor-
ward linear convolution of two bulk references
(Supplemental Material, Fig. S1 [21]). The conduction
band (CB) near Fermi level mainly comes from Fe and Bi
orbitals of BiFeO;, while the valence band (VB) is more

similar to that of BaTiOj3. Therefore, the VBM and CBM of
(BaTiO3),/(BiFe0;), locate in BaTiO; and BiFeO; sub-
lattices, respectively, which is a general feature for the
different choices of m and n (Fig. S2 [21]). The spatial
separation of holes and electrons is attributed to the
electronic reconstruction induced by interfacial PD, in
analogy to polar catastrophe in polar-nonpolar oxide
heterostructures [59,129-131]. In (BaTiO3),,/(BiFe0s),
superlattice, the mismatch of valence electrons for a B-site
cation (e.g., Ti** vs Fe’T) along the [001] direction results
in dipole mismatch between planes of BaO-TiO, and
BiO-FeO, (Fig. S3 [21]), leading to the presence of
built-in potential perpendicular to interface that can alter
interface band alignment. The built-in potential is demon-
strated by shift of VBM and CBM in Fig. 2(b) for a
representative (BaTiO;),/(BiFeOs),,. Significantly, the
band edges for BiFeO; and BaTiO; layers show opposite
energy moves, suggesting opposite built-in electric fields,
leading to the spatial separation of holes and electrons.
Furthermore, we notice that the CBM is not located at the
interface but within top layers in BiFeO; [Fig. 2(b)], thus
enabling spatially offset e conduction channel away from
interface [see further discussions in Figs. 2(d) and 3].
This unique electronic structure is the direct conse-
quence of multiple competing polarization mechanisms.
As illustrated in Fig. 2(c), ferroelectric-polarization-
induced electric field (P, ~142 and P, ~ 103 uC/cm?
for BiFeO5; and BaTiOj layers, respectively, in superlattice)
and PD-induced electric field E,; (equivalent to Pgipoe
~32 uC/cm? induced field) coexist in the superlattice.
Driven by interface boundary requirement and ferroelectric
domain wall energy minimization, the interfacial ferroelec-
tric polarization difference creates an extra electrostatic
field (AP = P,-P,) that favors an opposite direction with
existing E; (Fig. S4 [21]). Furthermore, there is
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FIG. 2.

(a) Band structure for (BaTiOj3),/(BiFe0Os),. (b) Layer-resolved DOS for (BaTiO;),/(BiFeOs),o. (c) Schematic plot of

ferroelectric polarizations and dipole-induced electric field (left) and electrostatic potential (U) along the superlattice direction (right).
Hollow arrows are ferroelectric polarizations (P;, P,, and P), and pink arrow is electric field induced by dipolar polarization (E,).
Interface structural relaxation in BiFeO; leads to P} < P;. CBM in BiFeOj; are marked by pink circles. (d) Charge density distributions

at VBM (left) and CBM (right) for (BaTiO3),/(BiFeO3),.

spontaneous structural relaxations near BaTiO;/BiFeO;
interface (Figs. S5 and S6 [21]), leading to a reduced
ferroelectric polarization (P}) in BiFeO;. As shown in
Fig. 2(c), the interface relaxation effects can effectively
shift the CBM away from interface (see more discussions in
the Supplemental Material, Fig. S5 [21]). Similar potential
gradient profile with CBM can be observed in all
(BaTi03),,/(BiFeO;), systems (Figs. S7 and S13 [21]).
The superlattices can exhibit strongly anisotropic e/h
transport along the in-plane (IP) and out-of-plane (OOP)
directions. A closer inspection of the CBM and VBM
regions in Fig. 2(a) reveals bands are dispersive (i.e., small
effective masses) along the IP direction, while bands along
the OOP direction are very flat (i.e., huge effective masses)
in a large energy region, similar to the vdW systems [132],
which indicates e and A transport mainly occurs IP
reflecting quantum confinement [133,134]. Especially
compared with pure BiFeO; [Fig. Sl(e) [21]]], the
CBM of BiFeO; in superlattice shows much stronger
anisotropic IP electron conductivity due to this confine-
ment. It is emphasized that all superlattices with different m
and n exhibit similar band dispersions for CBM and VBM
(Fig. S2 [21]). Therefore, the interfacial built-in dipolar-
mismatch-induced net dipole field, along with intrinsic
ferroelectric polarization and spatially separated electronic
structure, can largely hinder CT in (BaTiOs),,/(BiFeO;),
along the OOP direction; e.g., the simulated IP photo-
current of (BaTiO3),/(BiFeOs), is at least 3 orders of
magnitude larger than that of the OOP one, based on the
first-principles photocurrent calculations (Fig. S8 [21]).

To visualize the spatial CS, taking (BaTiO;),/(BiFeOs),,
as a typical example, we present its partial charge density
distribution in real space in Fig. 2(d). It is seen that the
superlattice contains two types of interfaces, i.e., types A and
B. Meanwhile, the charge density of VBM and CBM states
are located in BaTiOj5 (red-colored region) and BiFeO; (blue-
colored region), respectively. Interestingly, only the BaTiO;
layer next to the type-B interface offers the most significant
contribution to the location of VBM charge density (Figs. S11
and S12 [21]). This interface-dominated VBM contribution is
a direct consequence of built-in potential, which is layer
dependent and only pushes the very interface layer (type-B
interface) to VBM, giving rise to the accumulation of
photoexcited # in this layer forming an A channel (light
red box). Meanwhile, the CBM of (BaTiO;),/(BiFeOs),, is
primarily localized near the type-A interface region with a
4 u.c. (unit cell) thickness, forming an e channel (light blue
box). While in between e and & channels, the field creates a
special region where both e and £ are electrically forbidden,
as the depletion channel, with thickness around 3-6 u.c.
[Fig. 2(d)]. A similar charge density distribution, is general,
found in other (BaTiO3),,/(BiFeOs), (Figs. S13-S15 [21]).
It is clear that different degrees of e-h spatial separation can be
tuned by the value of m (or n) in (BaTiO;),,/(BiFeO3),, (see
details in Supplemental Material [21]).

This peculiar distribution of e and % channels, along
with unique built-in potential profile across interfaces,
is expected to induce intriguing phenomena under photo-
excitation. Again, using (BaTiO;),/(BiFeOs),, as an
example, Fig. 3 presents its three-dimensional band
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FIG. 3. Three-dimensional band structure combining both
reciprocal energy space and real lattice space for

(BaTiO;),/(BiFe03),,. Under photoexcitation, both BaTiO;
and BiFeO; layers show intralayer excitation, then the built-in
potential drives the generated e or & to drift to its own energy
minima toward type-A or type-B interfaces. See text for more
explanation.

diagram, combining both reciprocal energy space and real
lattice space, to elucidate the fascinating mechanisms of
charge excitation, separation, and transport in superlattice.
We reiterate the photoexcitation discussed here is not the
typical intermaterial electronic transition between VBM
(BTO) and CBM (BFO) as reported in other oxides
[57,135], because the spatial isolation of e and & channels
in (BaTiO;),/(BiFeOs),, results in extremely weak over-
lap of electron wave functions between the band edge
states. Under photoexcitation, first, the sublattices of
BaTiO; and BiFeO; undergo their respective band edge
transitions, i.e., VBMgrg = CBMggo and VBMgpo —
CBMpo (Fig. 3 and Fig. S16 [21]). Second, the intrinsic

built-in potential drives the photoexcited ¢ and & diffusing
into their respective energy minima. For example, after
photoexcitation in BiFeOj; sublattice, the built-in potential
drives e toward type-A interface and accumulates there,
forming the e channel (blue) in BiFeOs side; it also drives &
to move in an opposite direction, i.e., toward type-B
interface, then across this BaTiO;/BiFeOj; interface enter-
ing the VB of BaTiO;, and finally accumulates there,
forming the & channel (red) in the BaTiO; side. A similar
charge transport mechanism occurs in the BaTiO; side after
photoexcitation. As a result, the e and & channels are
spatially isolated in BiFeO5 and BaTiOj; respectively, while
areas in between form a depletion channel that prohibits the
presence of e or & (Fig. S14 [21]). Importantly, both e and &
channels are parallel to interfaces (IP direction), resulting in
CT orthogonal to charge-generation direction perpendicular
to CS direction (z axis). Therefore, the CR during CT can
be significantly suppressed, which is fundamentally differ-
ent from both the conventional p-n [Fig. 1(a)] and BPV
junctions [Fig. 1(b)].

Furthermore, this peculiar band alignment not only
suppresses CR during transport, but also helps to maximize
CS efficiency during charge generation. Driven by large
interfacial band offsets, after forming a superlattice, the
VBM and CBM of both BiFeO; and BaTiOj; layers are
significantly shifted at the band edges [Fig. 2(a) and
Supplemental Material, Fig. S18(a) [21]]. The CS can
be quantified by geometric DOS distribution of VBM and
CBM near Fermi level, as illustrated in the inset of
Fig. 4(a). Here we define the degree of e-h separation
by estimating a DOS-related geometric factor [57],
R=73{1~[M~-M)/M+ Mgy x (M~ M)/
(M + M')]ygm}, where M and M’ are integrated DOS of
materials 1 and 2, respectively. The integration starts from
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FIG. 4.

(a) Calculated charge separation efficiency (R value) as a function of energy integration area for (BaTiOs),/(BiFeOs3),

(n =4, 6, 8, 10). R values of MoSe,/MoS, [136] and WS,/MoS, [137] are also included for direct comparison. Inset: illustrates
definition of R value to estimate the charge separation by DOS [57], where M and M’ are integrated DOS near the VBM or CBM for
materials 1 and 2, respectively, and the integration begins from the VBM (CBM) to a lower (higher)-energy position within an energy
range of OE. The dashed line is Fermi level. (b) Comparison of calculated various photocurrents J (Jgc, Jg.Jg) for
(BaTiO;),/(BiFeOs), superlattice and reference single BiFeO; based on macroscopic device simulations, along with experimental

data obtained from Refs. [12,72,76-81,138-140].
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the VBM (CBM) to a lower (higher) energy level within an
energy range of SE (0 < OFE < 1.5 eV). Therefore, R
reflects the CS efficiency and R — 1 indicates the CS
efficiency approaching 100% with no recombination; i.e.,
material 1 (material 2) occupies 100% (0%) in VBM but
0% (100%) in CBM (VBM). Obviously, a more asym-
metric occupation of DOS distribution in VBM and CBM
leads to a larger R value, indicating more efficient CS.
Figure 4(a) shows the calculated R values for different
superlattices by varying energy integration range.
Remarkably, the R values are close to unity for a very
wide energy range up to 1.0 eV (Figs. S18 and S19 [21]),
among the highest numbers in reported literatures
[57,136,137] and significantly higher than that of vdW
heterostructures of WS,/MoS, and MoSe,/MoS,
[136,137]. Moreover, both ¢ and & still coexist at band
edges near the interface of MoSe,/MoS,, leading to
unavoidable interlayer CR during CT. Therefore, we
reiterate that the (BaTiO;),,/(BiFeOs), superlattices can
achieve both ideal CS and CT without CR [Fig. 1(c)].
To clearly demonstrate the effect of CR suppression on
the PV properties, we perform the macroscopic simulations
using an equivalent ideal diode model illuminated under the
solar radiation. The short-circuit current density (Jgc) of
the system is defined as Jgc = J5 — Jg [34,35], where J;
is the overall photocurrent generation upon on incident
photon excitation and Jy is the dark current loss due to
carrier recombination. Particularly, J involves the con-
tributions from both nonradiative (J%) and radiative (J%)
processes. For the indirect-gap materials such as BiFeOs,
nonradiative recombination is usually a dominated loss
mechanism and we also consider the radiative recombina-
tion by using a detailed-balance principle, assuming the
emission rate and absorption rate through surface of cell are
equal [43-45] (see Supplemental Material for simulation
details for Jgc, Jg, J%, and J%). As summarized in
Fig. 4(b), for pure BiFeO;, due to the significant non-
radiative recombination, the obtained J is comparable to
the magnitude order of photocurrent generation (Jg),
resulting in a small Jgc (red curve), typically below
0.1 mA/cm?. Importantly, our simulated Jgc values for
BiFeO; as a function of absorber thickness are generally
consistent with the experimentally measured ones for
epitaxial films. The deviation between simulation and
experimental values might reflect the extra recombination
contribution from domain walls, which is not considered in
our model but existed in the real BiFeO; systems. These
results further suggest that, in pure BiFeOs;, strong carrier
recombination is the limiting factor that restricts its
potential for PV applications, which is confirmed by the
prior experiments [52,138,141]. In contrast, the special
electronic structure of (BaTiO3),/(BiFeOs), superlattice
quenches the CR, mainly because of spatial separation of
carrier transport channels and the completely forbidden
optical transitions around the superlattice band edges.

The stronger optical transitions in BaTiO; sublayers (see
Fig. S16 and related discussion in [21]) and the eliminated
CR can eventually result in an observed 2 orders of
magnitude increase in Jgc (blue curve) for superlattice
compared to that of BiFeO5. Overall, the obtained Jgc for
BaTiO;/BiFeO; superlattice is on the order of a few
mA /cm?, which is still around one order of magnitude
lower than mainstream semiconductors with narrower band
gaps, e.g., compared to that of CdTe [9,44]. However, this
level of photocurrent is one of the largest values among all
the similar band gap materials, as shown in Fig. S20 in the
Supplemental Material [21]. In addition, we also perform
the first-principles photocurrent calculations to confirm our
above simplified model calculations. As shown in Fig. S21
[21], the (BaTiOs),/(BiFeO3), ultrathin film (in an ultra-
thin supercell) generally shows a significant enhancement
of photocurrent than that of pure BiFeO;, one qualitatively
consistent with the macroscopic simulation results.

From practical device perspective, we note that the geo-
metry of IP CT demonstrated in our (BaTiO;),,/(BiFeO3),
shows an advantage in device setting, which has
been achieved experimentally in epitaxial BiFeO; films
[12,142,143]. For IP charge transport, electrodes can be
fabricated at the edges of the device, i.e., left-right geometry,
by routine lithography technique instead of traditional top-
down electrodes. In this case, a top transparent conducting
electrode is not a necessity, which can greatly help to simplify
the device structure and associated efficiency loss.

Before concluding, we want to emphasize that
the OCST band diagram we proposed is universal in
many ferroelectric PD superlattices. For example, the
(SrTiO3),,/ (BiFeOs), and (BaSnOs),,/(BiFeO;), [see
Fig. S22 [21]] can also exhibit a similar feature of
built-in potential profile and CS phenomena to
(BaTi03),,/(BiFe03),,, indicating that ideal CS and CT
behaviors could also exist.

In summary, we propose a critical strategy to achieve
superior CS efficiencies to maximum, which may
potentially overcome the fundamental limitations in
traditional p-n and BPV junctions. The OCST model,
demonstrated in (BaTiO;),,/(BiFeOs), systems, can
also achieve simultaneous high photocurrent with large
band gap, suggesting more promising PV efficiencies
than existing materials. Our work demonstrates a new
idea to realize high-performance photon-to-electron
conversions from a materials design perspective via
artificial heterostructure engineering.
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