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Power conversion efficiency exceeding the
Shockley-Queisser limit in a ferroelectric insulator

Jonathan E. Spanier'23*%, Vladimir M. Fridkin?>4?, Andrew M. Rappe5, Andrew R. AkbasheV',
Alessia Polemi', Yubo Qi°, Zongquan Gu3, Steve M. Young?, Christopher J. Hawley’,
Dominic Imbrenda3, Geoffrey Xiao', Andrew L. Bennett-Jackson' and Craig L. Johnson'

Ferroelectric absorbers, which promote carrier separation and exhibit above-gap photovoltages, are attractive candidates
for constructing efficient solar cells. Using the ferroelectric insulator BaTiO; we show how photogeneration and the
collection of hot, non-equilibrium electrons through the bulk photovoltaic effect (BPVE) yields a greater-than-unity
quantum efficiency. Despite absorbing less than a tenth of the solar spectrum, the power conversion efficiency of the
BPVE device under 1 sun illumination exceeds the Shockley-Queisser limit for a material of this bandgap. We present data
for devices that feature a single-tip electrode contact and an array with 24 tips (total planar area of 1% 1 um?) capable of
generating a current density of 177 mA cm™ under illumination of AM1.5 G. In summary, the BPVE at the nanoscale

provides an exciting new route for obtaining high-efficiency photovoltaic solar energy conversion.

of the bandgap limits the power conversion efficiency (PCE)!,
requiring semiconductor absorbers with longer visible-
wavelength bandgaps close to the peak in the solar spectrum where
the Shockley—Queisser (S-Q) efficiency is highest and with relatively
high carrier lifetime-mobility product. In classic solid-state photo-
voltaic (PV) devices photogenerated charges are separated by the
field developed at a p-n junction, a dye-sensitizer interface?, a
domain boundary or the field due to the Dember effect. All of these
PV effects have an inhomogeneous excitation or spatially inhomo-
geneous medium and a photovoltage in the unit element that does
not exceed the bandgap E,. The BPVE*™ in non-centrosymmetric
crystals is a striking physical phenomenon: the photovoltage generated
by the BPVE can greatly exceed Eg, but the direct conversion of light
energy (for example, solar) to electricity is extremely low. Over the
past decade, photovoltaic effects in polar materials have attracted
renewed attention-22
Also known as the anomalous photovoltaic effect, the BPVE can
be observed in crystals that belong to 20 point groups that lack a
centre of inversion symmetry (including ferro- and piezoelectrics).
There are two proposed mechanisms of BPVE: ballistic and shift.
The ballistic mechanism® is associated with the excitation of non-
thermalized (hot) carriers in a crystal and is caused by the asym-
metric distribution of their momenta. The internal photoeffect is
illustrated in Fig. 1 for centrosymmetric and non-centrosymmetric
crystals (Fig. 1a,b, respectively). Photoexcited non-thermalized car-
riers lose their energy and descend to the bottom of the band over
free path l,. The value of [, is material-dependent and is estimated
to be on the order of tens to hundreds of nanometres™. The
shift mechanism of the BPVE is quantum-mechanical in nature,
obtained by taking into account the non-diagonal elements of the
density matrix!®*%. The BPVE in this case is caused not by the
carrier movement in the band, but by the shift R in real space follow-
ing the carrier band-band transition.

l hermalization of photoexcited carriers with energies in excess

If a homogeneous medium of thickness d without a centre of
symmetry and possessing short-circuited electrodes is subjected to
a uniform illumination, it leads to the generation of a steady-state
current j,,, which depends on the intensity and polarization of
the light. If the electrodes are disconnected, that is, are in the
open-circuit condition, j,, generates the photovoltage

Jpvd
e == 1)
04+ 0y,
with the photovoltaic field
Epv :jpv/o'pv (2)

where 04 and oy, are the dark- and photoconductivity, respectively,
the latter being

0y, = elpa(h0) " (47, 3)

where I, is the light intensity, « is the absorption coefficient, ¢ is the
quantum yield, Aiw is the incident photon energy and y and 7 are the
mobility and lifetime of the carriers responsible for photoconductivity,
respectively. The tensor properties of the linear BVPE current are
described by

j;v = ag;e;el, 4)

where ¢; and e; are the components of the light polarization vector
and g;; is the corresponding third-rank piezoelectric tensor. For a
(001)-oriented BaTiO; (BTO) crystal we can assign g = g31. The
corresponding scalar relations are

jpv = agIO (5)
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(6)
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Figure 1| Schematic illustrations of the photoexcitation processes. a, Centrosymmetric crystal. b, Non-centrosymmetric crystal. ¢, The experimental
configuration, including the thermalization hemisphere of radius Iy as described in the text. E., conduction band minimum; E,, valence band minimum.

For g,, > 04 the photovoltaic field E,,, does not vary with Iy, but jpy
scales linearly with I,.
As it is also the case that

Jpy = ealy(hw) ™ pE™T, (7)

where £ (= £%(k,)) is the photoexcitation asymmetry parameter®
Iy = ge ' ha($E™)™! (8)

For a bulk BTO crystal g;=3x10"cm V™, &*=107 at
hw =3.06 eV (ref. 5) and I, ~ 90 nm. Because apro ~ 5-10 cm™' at
hw =3.06eV (ref. 25), most of the light is absorbed in the crystal.
The power conversion efficiency #, which can be obtained from
equations (1)-(6), is given by # ~ gE,, (ref. 5). For a bulk BTO

illuminated in three ways: using a A =405 nm laser (Fig. 1c) with a
spot area of 2 x 4 mm” and spot area-averaged intensities I, between
100 and 470 mW cm™, under 1 sun (100 mW cm™) AML5 G illumi-
nation and under a tunable monochromatic light source (see Methods).

Time evolution of the short-circuit current I in BTO using the
25 nm-radius tip is shown in Fig. 2a: screening and pyroelectric
current response on illumination is followed by steady state photo-
voltaic current?®?”. Using the large-radius (5 um) probe and 405-nm
illumination, the response in BTO (Fig. 2b, blue) shows a photovoltage
Vo (%—8 V) that far exceeds the bandgap of BTO, with I ~ 0.2 nA.
In contrast, the response collected from the nearly isostructural,
paraelectric perovskite oxide SrTiO; (Egsro ~ 3.2 €V) exhibits no
detectable I or V,. (Fig. 2b, black). The observed values of V. in
BTO using the 5 ym and 25 nm radius tips are the same. V. is also
nearly independent of I, (Fig. 2¢), in accordance with equation (6).

crystal, E,, ~ 100-200 V cm-! and 7 ~ 10°-10"". In equations (3)
and (6), ¢ and 7 and are associated with thermalized non-
equilibrium carriers, which do not contribute to the BPVE.
However, if d = I, E,, can be increased significantly because all of
the photoexcited carriers contribute to the BPVE, significantly
raising # (ref. 20). This idea was realized in Pt/BTO/Pt heterostruc-
tures with BTO thicknesses of 20 and 40 nm and planar electrodes?.
The single-wavelength power conversion efficiency of BTO at the
nanoscale is # ~ 107, an increase of five orders of magnitude in

The electrode area (that is, the contact area of the tip) is normally
required for calculating current density and estimating the conver-
sion efficiency. However, I values for the 5 um and 25 nm radius
probe electrodes under comparable illumination intensity are
remarkably similar (x0.15-0.2 nA, Fig. 2b,c), despite the differences
in the probe sizes of more than two orders of magnitude. We also
find that after lowering the probes enough to observe the onset of
a stable current reading, I does not vary with loading and is repro-
ducible after repeatedly raising and lowering the probe, providing

comparison with bulk crystals.

A 10’-fold enhancement in apparent external quantum effi-
ciency #gop (to ~1) in BiFeO; using an electrically conductive
atomic force microscopy (AFM) probe was reported, but no expla-
nation of its origin or mechanism was provided®. It has been
assumed that efficient solar PV energy conversion requires a semi-
conductor with strong optical absorption, carrier separation invol-
ving an interface, a_reasonable yut product and a sizable length
over which photoexcited carriers diffuse to reach the contact.
Here we demonstrate how, using the BPVE in a nanoscale geometry,
extraordinarily high quantum efficiencies and practical power con-
version efficiencies can be attained in a polar insulator (BTO).
Significantly, we also describe how hot carriers are photogenerated,
travel ballistically in a locally intense electric field produced by
screening of the spontaneous polarization and are collected from

further confirmation that the current is independent of the contact
area in our experiments. Thus the actual value of j,, and 5 cannot
be obtained from the actual or effective contact radius of the probe®.

Our observed invariance in the measured photocurrent versus
the probe size indicates that the response is governed instead by
another length scale that is independent of the probe diameter.
We propose that the thermalization length [, dictates the effective
electrode area for current normalization, a hemispherical surface
of thermalization over which photogenerated carriers are collected
at the probe (that is, A ~ 2nl 2) and we take Iy ~ 100 nm (ref. 5) as
a conservative upper limit for hw = 3.06 V.

The short-circuit current densities for each intensity at
hw =3.06 eV are shown in Fig. 3a (left axis), obtained from the I
values in Fig. 2b divided by A. Values of the apparent external
quantum _efficiency®® #gop (Fig. 3a, right axis), expressed as the

an entire thermalization volume.

We confirmed the ballistic character of the photogenerated BPVE
electrons in BTO by measuring the Hall component of the bulk
photovoltaic current under illumination at 300 K in a BTO single
crystal, obtainin§ the mobility of the non-thermalized electrons of
~2,000 £ 200 cm” V! s7' (see Methods). Conductive AFM tips with
radii of 25 and 40 nm and a 5 pm radius conductive probe were
each placed in contact with the (100) surface of a monodomain BTO
crystal that possesses a bottom planar electrode. Samples were

612

ratio of the electron flux density through A to the photon flux
density, exceed unity and increase with I,. This is due to the increase
in the density of non-thermalized electrons due to impact ioniz-
ation”. The BPVE origin of the photoresponse is further confirmed
by measuring the variation of the photocurrent with incident
photon energy. The photocurrent density Ji. (Fig. 3b) is seen to be
non-zero for photon energies well below E, probably due to photo-
excitation of oxygen vacancy-bound electrons®>*°. Measured using a
tunable monochromatic source, J,. varies with photon energy, its
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Figure 2 | Bulk photovoltaic response at the nanoscale in bulk single-domain

ferroelectric BTO. a, Time evolution of the short-circuit photocurrent response

to monochromatic (4 = 405 nm) illumination, showing transient screening and pyroelectric components followed by steady-state photovoltaic components

using a 25-nm-radius probe. b, Dependence of the photovoltaic current on vol

tage for the BTO crystal (blue) under the same wavelength of monochromatic

illumination compared with that for an STO crystal (black), each using a probe of 5 pm in radius Ry,. The dark current in BTO was <1 pA (not shown).
¢, Dependence of the photovoltaic current in the BTO crystal on the intensity of the monochromatic illumination intensity using a 25-nm-radius tip.

magnitude peaking near the interband transition and changing sign
near 3.8 eV. Its spectral shape is in agreement with previously pub-
lished experimental and calculated currents for orthogonal optical
and ferroelectric polarizations!®3!. The apparent incident photon-
to-collected electron (IPCE) efficiency (Fig. 3c) exceeds unity even
for photon energies well below E,, providing further evidence of
the role of non-thermalized carriers in our BPVE device.

The tip regime of the BPVE in bulk BTO has two key features.
First, for excitations within [ of the nanoscaled absorber, all of the
photogenerated conduction electrons are non-thermalized and

contribute to the BPVE?. Second, an_intense field is concentrated
within the thermalization (and photogenerated collection) length [,
of the tip electrode, thereby enabling the quantum efficiency to
reach and exceed unity. It explains the difference in quantum effi-
ciency between the nanoscaled capacitor®® and the tip regime. For
the tip-electrode geometry, the relationship # ~ g5,E,,, (ref. 5) is not
valid due to the highly non-uniform field. In monodomain BTO,
the very high #gqe value from excitation by hw=3.06 < E,pro
arises from several sources: the excitation of oxygen vacancy-bound
donor electrons can yield hot carriers with kinetic energies of
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Figure 3 | Quantum efficiency, photocurrent spectrum and power
conversion efficiency in bulk single-domain ferroelectric BTO at the
nanoscale. a, Dependence of J. and neqe on the incident monochromatic
(A = 405 nm) light intensities ranging from 100 to 470 mW cm™2,

b, Variation in Js. with photon energy (left y axis) and the corresponding
incident optical intensity from monochromatically tuned illumination (right
y axis). ¢, Apparent IPCE efficiency obtained using the data shown in b.

d, Photovoltaic response under 1 sun AM1.5 G illumination. 7eqe , Jsc and
IPCE are calculated based on the effective area (surface of thermalization
hemisphere) as described in the text.
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nearly 2E, (~6.0 V) in addition to interband excitation, and the
several times higher value of ¢;; in BTO compared with BiFeOs.

The high value of #rqg (>1) in the tip geometry has not been
explained. It has been proposed® that photogenerated carriers may
be collected efficiently at some distance away from the contact
area of the tip and the scale over which the electric field decays by
an order of magnitude was thought to be roughly three times the
radius of the tip. We cannot rule out a possible contribution from
photoexcited carriers away from the tip, however we propose here
two possible mechanisms for high #pqg values (>1) in perovskite
ferroelectrics in the tip regime at the surface of ferroelectric
oxides. A Debye length Lpeyye is caused by the screening of the
spontaneous polarization by the volume charge®’. In a BTO
crystal Lpepye # 50-100 nm. In the tip regime the screening charge
is concentrated within a hemisphere of radius Lpepye, Which is com-
parable to k. It creates high electric field around the tip and can result
in impact ionization caused by the non-thermalized high-energy car-
riers, leading to #gog > 1. For planar electrodes the screening field is
much lower. Additionally, if the concentration of surface states is not
too high (<10"° cm™ eV™") (ref. 33) the screening of spontaneous
polarization in a BTO crystal leads to strong band bending near the
surface and impact ionization?. For example, a photon with energy
3.06 eV excites electron e; from an impurity band to the conduction
band. The relaxation of e; towards the neutral part of the BTO crystal
creates a second electron-hole pair e,, h,, by impact-ionized electrons
from the impurity band. Thus screening in a ferroelectric semicon-
ductor can lead to multiplication without violating the conservation
of either energy or momentum.

A proof of the origin of our mechanism involves similar exper-
iments with GaP under planar and tip electrodes. Although GaP
is piezoelectric and exhibits the BPVE, GaP is not ferroelectric—
that is, it does not possess spontaneous polarization and therefore
does not produce the screening field at the tip. The photocurrent
measured on a GaP(100) single crystal exhibits the BPVE, but no
enhancement in the photoresponse using the tip is found. This
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Table1 | Non-thermalized carrier BPVE device
characteristics in the BTO(001) crystal.

lllumination Intensity Isc (PA) o neqe  PCE
(mW cm™) (mA cm™) (%)

405 nm 100 22.8 36.3 m

405 nm 160 47.6 75.8 1.45

405 nm 275 69.8 ma 124

405 nm 470 178.7 284.4 1.85

AM15 G 100 12 19.1 4.8

validates that the BPVE and screening in the tip regime enabled by
ferroelectricity is the operative mechanism (see Methods and
Supplementary Information).

Unlike in conventional devices that are constrained by the S-Q
limit, the ability to collect non-thermalized photogenerated carriers
should enable a high power conversion efficiency. The J-V response
of this nanoscale tip-electroded monodomain bulk BTO crystal under
1 sun (100 mW cm2) AM1.5 G illumination (see Methods) is shown
in Fig. 3d. With Jic am15 6 # 19 mA cm 2V, ~ 1.2 V and a fill factor
of ~0.21, the power conversion efficiency (PCE) is 4.8%, the largest so
far reported for any single-layer oxide perovskite or simple ternary
(ABOj;-type) oxide perovskite. Significantly, the PCE for our BTO
hot-carrier BPVE device exceeds the S-Q limit for a material with
a 3.2 eV bandgap by ~50%. Table 1 lists the values of J,. and #gqg
for monochromatic illumination of different intensities and PCE
under 1 sun AM 1.5 G illumination, as indicated.

To provide further experimental verification of the large PCE
observed in the single-tip device we produced a hexagonal array
of 24 indium tin oxide (ITO) electrodes on the poled, single
domain-state, bulk crystal BaTiO; (001) spaced equally over a
planar area of ~1 x 1 Em (Fig. 4 and Methods). Collection of the
photocurrent voltage was carried out by probing the 1 um* area
device under 1 sun, AM 1.5G illumination. Here we include the
influence of the low-temperature ITO (see Methods) to understand
the fraction and frequency distribution of the AM1.5 G light that
actually reaches the BaTiO; layer. Physical vapour-deposited ITO
at low temperatures (<150 °C) produces films with poor optical
transmittance in the near ultraviolet’!. Measurements of the trans-
mlsswlty for ITO layers deposited with a very similar protocol to
ours™ show a strong reduction in transmissivity with decreasing
light wavelength, from 60% at 500 nm to 47% at 450 nm, 20% at
375 nm and 5% at 350 nm. Below 350 nm the transmissivity falls
even farther®, dropping below 1% at 330 nm. This strongly

frequency-dependent transmissivity means that the light fluence
reaching the ITO is strongly attenuated and red-shifted.

Next we use the known wavelength-dependent BaTiO; absorp-
tion coefficient a(A) (ref. 25) and the AMI1.5 G irradiance profile
Io(A) of our solar simulator® to determine the integrated effect of
the ITO transmissivity on the light absorption of BaTiO;. Total
light absorption can be calculated by integrating the product of
absorption coefficient and irradiance I(A):

A= [ a(VIM)d) 9)
First we adapt this expression to the experimental conditions.
Irradiance is that of the solar simulator Iy(A), reduced by the trans-
missivity of ITO T(A):

A= 7 aMI,(A)T(A)dA

expt— JA (10)
We expect that the future deposition of higher-quality transparent
electrodes should provide near-unity transmissivity, in an otherwise
similar experimental geometry:

At dectrode= 11> eI, (M)dA (11)
Performing these light absorption calculations numerically for
known Iy, «, and T yields

Aideal electrode / Aexpt =30 (12)

Thus, the experimental set-up allows 1/30 of the light absorption
that full AM1.5 G would provide (Fig. 4b).

On the basis of our experimental set-up, with reduced photocur-
rent and photovoltage due to ITO attenuating and red-shifting the
light reaching the BaTiO;, we can deduce the benchmark PCE
that would be observed under full AM1.5G illumination. The
quantum efficiency observed for the single tip is above unity
(Fig. 3). Therefore, presuming that photocurrent increases linearly
with light absorption is a conservative approximation, such that
the photocurrent under the full AM1.5 G would be 30 times the
experimentally observed photocurrent. Also, the photovoltage is
largely independent of incident fluence (Fig. 2¢), but it is highly sen-
sitive to the frequency distribution of the light. We assume that the
lower photovoltage is due to this redshift, and that a highly transpar-
ent electrode would restore the photovoltage to near 1.1 V. Taking
into account these considerations, the array of 24 tips with an ideal
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Figure 4 | Photovoltaic device consisting of an array of nanoscale tips. a, Plan-view scanning electron micrograph of an array of 24 focused ion beam-
milled holes through an SiO, layer into a BaTiO3 (001) crystal before ITO deposition. Scale bar, 200 nm. b, The effect of ITO deposited at low temperature
on the fraction and frequency distribution of the AM1.5 G light that reaches the BaTiO5 crystal, showing that our experimental set-up allows 1/30 the light
absorption that full AM1.5 G would provide. ¢, The effective current density-voltage response of the 24-electrode array under AM1.5 G (100 mW) as
described in the text. The electrode area for the array is the planar area encompassing the nanoscale electrodes (1 um?).
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electrode would yield a photocurrent of 170 pA and a photovoltage of
1.1 V. For the array of 1 x 1 um?, this system will give a photocurrent
density of 17.0 mA cm~2, yielding a PCE of 3.9% (Fig. 4c).

Thus, under full AM1.5 G illumination, 24 closely spaced tips
yield many times the one-tip current. This invalidates the notion
that the one-tip result could be explained by collection of carriers
over a wide area. If this were true, then the 24 tips would draw
from each others’ areas, giving no more current than the single
tip. The current scaling with the number of tips (maintaining
similar current density) confirms that our assumed value for the
thermalization length I, of 100 nm is reasonable.

High-efficiency conventional solar cells rely on the strong
absorption of visible light, the judicious selection of barrier-free
electrical contacts, effective separation and the collection of photo-
generated carriers within a minimal carrier diffusion length associ-
ated with a relatively high carrier lifetime-mobility product and a high
ideality factor in pursuit of the S-Q limit. Hot-carrier extraction®,
multiple exciton generation in semiconductor nanocrystals®”-
and photon management, that is, solar concentration using an
individual nanowire as an optical cavity?, have been proposed
and pursued as strategies for overcoming the S-Q limit. By contrast,
the BPVE at the nanoscale opens new possibilities using hot-carrier
management and carrier multiplication. The transport and collection
of photogenerated hot non-equilibrium carriers over I, in the BPVE
is not impeded by the electrode barrier height. Considerable work
lies ahead in attaining deeper understanding of the microscopic
mechanism(s) and in identifying novel ferroelectric absorbers.
Nevertheless the tip electrode-enabled BPVE can now be considered
as a promising new paradigm for overcoming conventional power
conversion efficiency limits, and optoelectronics in general. With
emerging single-phase semiconducting ferroelectrics exhibiting solar
spectrum-relevant absorption!'>!%, the nanoscale BPVE may provide
a fundamentally new route for third-generation***! photovoltaic
solar energy conversion.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Materials, probes, ferroelectric poling and illumination and geometry. BaTiO;
(001), SrTiO; (100) and GaP(100) crystals (MTI, CA) of 1.0, 0.5 and 0.5 mm in
thickness, respectively, and each 5 x 5 mm? in area were used. Silver paste was
introduced to one face of each crystal as the bottom contact, and the BaTiOj; crystal
was poled along [001] at 300 K at >750 V for 100 s following the collection of
ferroelectric hysteresis loops in an atmosphere (Precision LC ferroelectric tester
interfaced with a high-voltage source and amplifier, Radiant Technologies, Inc.,
New Mexico). Following poling of the BaTiO; crystal, both crystals were placed in an
optically accessible vacuum probe station (Lakeshore TTP4). Electrical contact with
the top of each crystal was attained by using probes of several different radii,
specifically 5 pm tungsten-coated probes, an AFM probe (Nanoworld Pointprobe,
<25 nm radius, including an electrically conductive layer of Ptlrs) or ~40 nm radius
Pt-coated tips (MikroMasch DPE-XSC11) mounted onto the end of the tungsten
probe using Ag paste. Current-voltage data were collected under dark conditions
and under monochromatic (A = 405 nm) illumination over an elliptical area of

~8 mm? with selected intensities ranging from 100-470 mW cm-2, under tunable
monochromatic illumination (Horiba PowerArc 75W Xe lamp and 0.2 m f/4
monochromator) from 200 nm < A < 600 nm producing a 20 nm spectral
bandwidth, with light routed to the sample through a quartz fibre and optical
collimator producing a spot of 6.4 mm in diameter with intensities ranging from
0.8-3.3 mW cm > The samples were illuminated from the top of the tip, and within
~5° of the normal to the sample plane. In all cases, the incident optical polarization
was lying in the (001) plane, perpendicular to the direction of ferroelectric
polarization. Data were collected for the 40 nm radius probe using a A = 405 nm
laser, producing an elliptical spot area of ~8 mm? and spot area-averaged intensity of
675 mW cm 2. Measured photocurrents were normalized to reference intensities at
each wavelength using a calibrated optical power meter (Gentec Maestro). The
monodomain state was verified systematically following poling under this field using
crossed linear optical polarizers and after measurements, confirming that our
experiments were conducted in the monodomain state at all times. Current-voltage
data were also collected under 1 sun AM1.5 G illumination (100 mW cm™2, Newport
LCS-100) where a reference cell-calibrated ORIEL/Newport model LCS-100 94011A
class A AM1.5 G solar simulator was used following certification under IEC 60904-9
Ed.2, ASTM E927-05 and JIS C8912 standards, including spectral match.

A 1 inch x 1 inch mask/aperture was used for measurements, and no change in the
short-circuit current density was observed with the removal of the mask.

Experimental procedures. Data were conducted both under vacuum (107 torr) and
under an atmosphere, all at 300 K. Positive voltage refers to the positive voltage
applied to the tip with respect to the bottom electrode. A positive bias was applied to
the tip of the top contact while it was held above the surface and not in contact. The
current was then monitored while the tip was lowered slowly until a steady current
was observed. Current-voltage sweeps were collected (Keithley SCS-4200) starting
from zero bias, proceeding to positive bias to the maximum voltage of +10 V,
returning to zero and proceeding without interruption to negative bias voltage, then
returning to zero. The voltage sweep rate was ~0.2 V s™', and dwell times per point
ranged from 0.12 to 1 s. Several traces were collected successively in the same
location as well as in different locations on the crystal using multiple tips of the same
and different types. Forces ranging from 5-500 nN were applied during contact of
the AFM tip producing no discernible change in short-circuit current with change in
loading. Several AFM tips were imaged using high-resolution scanning electron
microscopy (Zeiss VP50) to confirm that the tip radius did not become fractured or
significantly blunted after probing. Eighteen probing locations were tested using one
substrate and nine using another substrate. Observed variations in the short-circuit
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current and photovoltage did not exceed ~15%. PV responses under monochromatic
(405 nm) illumination were collected on the same day as sample poling and on the
2nd and 19th days after sample poling. Comparing the set of initial responses with
those obtained after 19 days of shelf-life stored in a dessicator under room lighting,
the differences between the average values of short-circuit current and photovoltage
were found to be ~5.4% and ~2.9%, respectively. The PV response was measured
45 days later after storing the sample at room temperature in ambient, and the
measured photovoltage and photocurrent values were found to be consistent with
the initial results. Under continuous monochromatic (405 nm) irradiation, short-
circuit currents reached steady-state values after several tens of seconds or less in all
cases, after which variations were observed to be within 1% of the mean. No decrease
was observed over 10 min. of testing under continuous illumination.

Quantum efficiency. An apparent 7o is the magnitude of J..e™ (in electrons per
second per area) divided by the number of photons incident per second per area, that
is Iy (1.6 x 107/ w) (in photons per second per area)®?%. An apparent IPCE is
presented as the value of #pqE for each photon energy measured. For the calculation
of PCE, the fill factor was obtained in the usual manner, by dividing the power at its
peak magnitude Py,.(= (d(IV)/dV)) by that for the theoretical maximum for the
cell, that is, the power that is the product of V. and I.

Photo-Hall measurement. The Hall component of the bulk photovoltaic current
was measured along [100] at 300 K in a monodomain BaTiO; (001) single

crystal (5 x 5 mm? 2 mm in thickness) under steady-state unpolarized optical
illumination (405-500 nm, 500 mW, in the [001] direction incident over an

area of 3 x 3 mm?, from a bandpass-filtered Hg vapour lamp) through a
semitransparent Al contact evaporated on the (001) surface. A magnetic field (2 T)
was applied along [010]. The experimental geometry is presented in the
Supplementary Information.

Preparation of the nanoscale tip array device. The hexagonal array of tips was
produced using a series of steps. First, a 50 nm-thick layer of SiO, was sputtered onto
the entire (001) surface of the crystal. A thin carbon coating was deposited to
mitigate electron- and ion-beam charging effects, and focused ion beam milling (FEI
Strata DB235) was used to prepare an array of 24 hexagonally arranged column-like
holes through the SiO,, extending ~10 nm into the BaTiOj; crystal. The focused ion
beam process followed a series of test milling runs to optimize the accelerating
voltage, beam current and exposure time to produce discrete holes of sufficient
depth and lateral fidelity. Following this, the carbon coating was removed and SEM
and topographic height AFM were carried out to verify that the milling process
resulted in holes that extend into the BaTiO; surface. Next, an ITO coating was
deposited through a shadow mask via pulsed laser deposition at <100 °C under

30 x 107 torr and 1.1 sccm of O,, filling the holes with ITO and adding a planar
layer. This results in a large ~85 x 85 um? electrode on top of the SiO, layer that
connects to the 24 nanoscale electrodes. For current to flow it must cross from the
BaTiO; to the ITO nanoscale electrodes to the large top ITO electrode. ITO
deposition was carried out well below the ferroelectric phase transition temperature
T to avoid thermal overshoot and de-poling and/or destruction of the single
ferroelectric domain state of the BaTiOj; crystal. This low-temperature growth
produced material with low transparency, as discussed in the main text. The holes
are tapered near the bottom: each ITO electrode radius in the SiO, layer is ~50 nm,
and the radius at the base of the electrode where it connects to the BaTiOj is
estimated to be ~25 nm, based on the milling profile. The electrode spacings (edge to
edge) at the surface are estimated to be ~200 nm at the surface and ~250 nm at the
base of the electrode.
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Erratum: Power conversion efficiency exceeding the Shockley-Queisser limit in a
ferroelectric insulator

Jonathan E. Spanier, Vladimir M. Fridkin, Andrew M. Rappe, Andrew R. Akbashev, Alessia Polemi, Yubo Qi,
Zongquan Gu, Steve M. Young, Christopher J. Hawley, Dominic Imbrenda, Geoffrey Xiao, Andrew L. Bennett-Jackson

and Craig L. Johnson
Nature Photonics 10, 611-616 (2016); published online 8 August 2016; corrected after print 31 August 2016.

In the version of this Article originally published, in Fig. 3a, the units on the left-hand y axis were incorrect; they should have read
‘(A cm™2)’ This has now been corrected in the online versions of the Article.
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