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APPLIED SCIENCES AND ENGINEERING

Increasing bulk photovoltaic current by strain tuning

Shankari Nadupalli’, Jens Kreisel'?, Torsten Granzow'*

Photovoltaic phenomena are widely exploited not only for primary energy generation but also in photocatalytic,
photoelectrochemistry, or optoelectronic applications. In contrast to the interface-based photovoltaic effect of semi-
conductors, the anomalous or bulk photovoltaic effect in ferroelectrics is not bound by the Shockley-Queisser limit
and, thus, can potentially reach high efficiencies. Here, we observe in the example of an Fe-doped LiNbO; bulk single
crystal the existence of a purely intrinsic “piezophotovoltaic” effect that leads to a linear increase in photovoltaic cur-
rent density. The increase reaches 75% under a low uniaxial compressive stress of 10 MPa, corresponding to a strain of
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only 0.005%. The physical origin and symmetry properties of the effect are investigated, and its potential for strain-
tuned efficiency increase in nonconventional photovoltaic materials is presented.

INTRODUCTION: PHOTOFERROELECTRICS,
FLEXOPHOTOVOLTAIC, AND PIEZOPHOTOVOLTAIC EFFECT
With the discovery of photovoltaic (PV) energy conversion efficiencies
up to 10% in domain-engineered BiFeOj; ferroelectric films under
above-bandgap illumination (1, 2), research in photoferroelectric
phenomena has strongly intensified (3, 4). Because of their polar struc-
ture, ferroelectrics display unconventional PV phenomena such as the
bulk PV effect (BPVE) (5, 6). The BPVE does not rely on any interface
such as a p-n junction, is not bound by the Shockley-Queisser limit, and
therefore has the potential to drastically increase conversion efficiencies
of solar cells (7), particularly when combined with bandgap tuning of
the ferroelectric (8). Charge separation can be increased by ferroelectric
domain walls, either through their electric potential (2, 9, 10) or through
their increased carrier mobility (11, 12). Mechanical boundary condi-
tions play an important role for the PV effect in highly strained ferro-
electric films (13, 14). In this context, Yang et al. (15) recently found a
BPVE in nonpolar materials under a strain gradient. As the in-
homogeneous strain provides the symmetry breaking essential for
bulk PV phenomena, they called this effect “flexo-PV,” in analogy
to the “flexoelectric” effect.

Flexoelectricity creates electric polarization in any material under a
stress gradient, just as piezoelectricity creates or changes polarization
under homogeneous stress in a piezo- or ferroelectric material, respec-
tively (16). Likewise, the flexo-PV effect creates a bulk PV response in a
nonpolar material under a stress/strain gradient. Still, there is no report
on an analogous intrinsic “piezo-PV” (PPV) effect that creates or
changes the BPVE of noncentrosymmetric or ferroelectric materials
under homogeneous stress. This PPV effect could outperform the
flexo-PV effect in photoelectric applications, just as piezoelectricity is
typically more efficient than flexoelectricity in strain sensing or energy
harvesting. It has to be noted that an intrinsic PPV effect would be fun-
damentally different from extrinsic effects such as the so-called piezo-
phototronic effect that relies on a change of the Schottky barrier height
due to piezoelectric charges (17).

Here, we provide evidence for a purely intrinsic PPV effect in Fe-
doped LiNbO; (LN:Fe), a prototypical bulk PV material (18). It is quan-
tified by a PPV tensor and leads to an increase in the bulk PV current by
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as much as 75% under a homogeneous uniaxial compressive stress of
only 10 MPa. At a modulus of 200 GPa, this corresponds to a strain of
just 0.005%; much larger effects can be expected in thin films, where
strains on the order of 1% can be achieved (19). The effect is distinguished
from the piezophototronic effect. On the basis of the wavelength
dependence and symmetry properties of this new effect and a model of
ballistic charge transport (20) and polaron hopping (21), it is suggested
to arise from an increase in charge carrier mobility.

RESULTS

Direct measurements of bulk PV current density

A monodomain crystal of LINbO; doped with 0.03 mole percent
(mol %) Fe is homogeneously illuminated with linearly polarized
light of wavelength A at an intensity I under short-circuit conditions,
as shown in Fig. 1A. The orientation of the coordinate system in relation
to the sample edges and crystallographic structure is schematically de-
picted in Fig. 1 (B and C). The 3-direction coincides with the polar crys-
tallographic c axis, the 2-direction is the crystallographic a axis, and the
1-direction forms a right-handed Cartesian coordinate system with the
other two. The Fe dopant jons are incorporated on the Li site, forming
FeIzj/ 7 defects.

Figure 2A exemplarily depicts the short-circuit current density j§
when extraordinarily polarized light with wavelength A = 532 nm and
intensity I =98 W m ™ is switched on and off. At the start and stop of the
illumination, there are brief pyroelectric pulses before j5° stabilizes. In
general, the steady-state BPVE is described by the third-rank bulk PV
tensor B, relating the short-circuit current density 7 with the compo-
nents of the electric field of the incident light E: ji = (1/ Z)Bijk(E;Ek +
E;E;). Here, the “*” denotes the complex conjugate (22, 23). In Fig. 2B,
the measured intensity dependence of 5 is displayed for excitation
wavelengths of A = 450, 473, and 532 nm, corresponding to photon
energies of 2.76, 2.62, and 2.33 eV, respectively. As expected, f5° is prop-
ortional to I; the slope gives the wavelength-dependent component 353,
of the bulk PV tensor. Other components 3 with identical second and
third index can be measured by changing the crystal orientation and
light polarization. For symmetry reasons, only B33, B311 = P32z, and
B2z = —Bo11 have nonzero values. The measured values of all compo-
nents are comparable to those reported in literature under similar
measurement conditions (24). To correlate the BPVE with the optical
absorption, the inset of Fig. 2B shows the absorption coefficient o of the
Fe-doped crystal measured in transmission for 300 nm < A < 600 nm,
contrasted with that of undoped LiNbO3. The doped sample is transparent
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Fig. 1. Measurement setup and crystal structure. (A) Setup for bulk PV current measurement with a crosscut of the pressure cell. The lower part shows a photograph of
the doped sample and an undoped LiNbO; crystal for comparison. (B) Orientation of the coordinate system with respect to the crystallographic axes. (C) Structure of
LiNbO; with interatomic distances. Left: View perpendicular to the polar axis (with all 0%~ omitted). Right: View along the polar axis (with some 0%~ omitted). Crys-

tallographic data are taken from (27).

at high wavelengths, there is an absorption peak of the Fe donor centers
around A =460 nm, and o increases strongly as the bandgap of 3.15 eV,
corresponding to a wavelength of A = 395 nm, is approached.

To facilitate the analysis of the physical processes for bulk PV charge
transport, it is often described using the Glass coefficients G;j =
Biji/a (5, 25). Here, we observe values of G333 = 32 x 107'2,35 x 10714,
and 51 x 107> Am W™ for A = 532, 473, and 450 nm, respectively. Gs3;
is nearly identical for the two longer wavelengths. This indicates that
the bulk PV charge transport is based on the same mechanism of
photoexcitation exclusively from the Fe** donor centers. At the shortest
wavelength, corresponding to the highest excitation energy, Gss; is no-
tably larger. Here, band-band transitions start to become relevant for
the bulk PV charge transport.
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Stress dependence of bulk PV current

Applying a uniaxial compressive stress o33 to the sample notably in-
creases the saturation value of the short-circuit current, as documented
in Fig. 2A. The development of B335 with stress 633 is displayed in Fig. 3A
for three excitation wavelengths, showing a linear increase at all wave-
lengths. It is thus possible to quantify the effect by a fifth-rank tensor v,
defined by the equation By = B (6 = 0) + V;ikimOm and referred to as
PPV tensor in the following. The meaning of the indices of y is visualized
in Fig. 3B: The first index, i, denotes the direction of the current; the sec-
ond and third indices, j and k, respectively, refer to the orientation of the
light polarization, and the fourth and fifth indices, / and m, respectively,
indicate the direction of stress. For uniaxial stress, symmetry considera-
tions predict 38 nonzero components of v, of which 13 are independent.
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Fig. 2. BPVE in LN:Fe. (A) Current density j5° of LN:Fe (0.03 mol %) as a function of time, switching on/off light polarized in the 3-direction with wavelength A = 532 nm and
intensity /= 98 W m™2 with/without compressive stress 633 = 10 MPa. (B) Zero stress j5° as function of / for three different 2 values. The slope defines the component 333 of the bulk
PV tensor. The inset shows absorption spectra of LN:Fe and undoped LiNbOs. The Fe absorption band around A = 460 nm is visible for the doped sample.

It can be seen in Fig. 3A that while the highest zero-stress value of 333 =
3.03 nA W' is observed at A = 450 nm, the susceptibility to stress is
highest at A = 532 nm. Here, the value is y33333 = 78 nA W™ GPa™,
leading to an increase in the PV short-circuit current by nearly 75% un-
der a stress of 10 MPa.

To test the symmetry properties of the PPV effect, the stress de-
pendence of B,33 is of particular interest. It is shown at A = 532 nm
in Fig. 3C, with mechanical stress applied parallel and perpendicular
to the polar axis, i.e., under 633 and 6,,, respectively. Without stress, 3,33
should be zero for symmetry reasons, yet a finite value of 0.139 nA W'
is observed at zero stress. It is most likely due to a photocurrent driven
by the interface between the metal electrode and the crystal. B,33 re-
mains unchanged under o33 within the measurement error, and ;3333
is nonzero only because of statistical effects in the linear fit. §,33 increases
drastically under o,,. Because of the low zero-stress value, the relative
increase reaches more than 500% at 10 MPa. The reason lies in the
symmetry of the arrangement. A schematic representation of the stress
with respect to the crystal structure is shown in Fig. 3D: 633 parallel to the
polar axis leaves the symmetry of the system unchanged. It remains in
the point group 3m of the LINbO; crystal structure. In contrast, 6,, per-
pendicular to the polar axis breaks the symmetry, lowering it to the
monoclinic point group m in which a nonzero B,3; exists.

It could be argued that the observed changes in the PV short-circuit
current are not an intrinsic property of the crystal but an interface effect:
As the sample is piezoelectric, putting it under stress can generate
charges at the electroded interfaces, which, in turn, will modify the
Schottky barrier and, thereby, the photocurrent. This coupling between
piezoelectricity and semiconductor properties is known as the “piezo-
tronic” effect or, when photoexcited electrons are added to the picture,
the piezophototronic effect (17, 26). This interplay between piezoelectric
and PV properties has been described before (27, 28). However, in the
present case, the measurements did not show a systematic dependence
on the electrode material, which should be expected if the effect was
based on a variation of Schottky barrier height. To further test the po-
tential influence of piezoelectric surface charges, Fig. 3E compares two
pairs of PPV tensor components: the pair 33333 = 78 nA W GPa™
and Y32233 = 19 nA W7l GP371 with the pair Y23322 = 53 nA W7l GPa71
and Y2202 = 5.3 nA W' GPa™". Within each pair, only the direction of
light polarization changes. The first pair is measured under stress in
the 3-direction, so any piezoelectric response can be based only on the
piezoelectric coefficient ds33 =~ 6.0 pC/N. For the second pair, the stress
is in the 2-direction. A piezoelectric response would be based on d,,, ~
20.8 pC/N. Consequently, if the PPV effect depended on piezoelectricity,
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then y should be approximately equal within each pair, and it should be
substantially larger for the second pair than for the first pair. This is
shown in Fig. 3F, which schematically depicts the development of the bar-
rier height for both stress conditions. Since this is not the case, the PPV
effect is an intrinsic bulk phenomenon and distinguished from the
interface-based piezotronic or piezophototronic effect.

To make sure that the observed effects were not specific to one type
of crystal or one wavelength, the main components of ;. were addi-
tionally measured in LiNbO; doped with 0.1 mol % Fe at A = 450, 473,
and 532 nm, i..,, the three wavelengths already used for the measure-
ments in Figs. 2B and 3A. These measurements support the results
presented above (see the Supplementary Materials).

DISCUSSION

Origin of bulk PV current

The PPV behavior can be explained on the basis of a charge transport
model proposed by Schirmer et al. (21). It emphasizes the critical role
played by polarons in LiNbO;: Illumination in the blue-green range
photoexcites electrons in LN:Fe from an Fe?; donor center into a
Nby; large polaronic state (29, 30). The excitation probability from
the Fe{; to each of the eight surrounding Nby;i ions depends on the
interatomic distances (21), which are not equal due to the polar struc-
ture of the ferroelectric as depicted in Fig. 1C. Using the notation of Fig.
1C, more electrons are excited to the Nb; (i.e., along the direction of the
polar axis) than to the Nbg (i.e., antiparallel to the polar axis); similar
statements can be made for the other Nb positions. The asymmetry in
the excitation direction is the basis for the observed macroscopic net
current. Once excited and before thermalization, which typically happens
within 10735 (31), the polarons travel in the direction of excitation by
ballistic hopping. After thermalization, the electrons continue to move
by thermally activated hopping, but this undirected movement does
not constructively contribute to macroscopic charge transport. The BPVE
in LINbO; is, thus, not a consequence of the existence of a spontaneous
polarization but arises directly from the noncentrosymmetric structure.

Influence of stress

Two aspects of the charge transport can be influenced by stress: the ini-
tial excitation step and the subsequent nonthermalized hopping. It is
unlikely that changes in the initial excitation play an important role:
Measurements of the absorption coefficient under stress revealed an in-
crease of only about 1% under 10 MPa at A = 532 nm (see the Sup-
plementary Materials). The number of photoexcited charge carriers
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Fig. 3. Properties of the PPV effect. (A) Development of B333 with stress o33 at three wavelengths. The slope defines the PPV tensor element y33333. (B) Definition of
Yijim: INdex i denotes current direction, j and k denote light polarization, and / and m denote stress direction. (C) B,33 under stress 633 and 65, defining 23333 and Y332,
respectively. (D) Symmetry under stress: 633 along the polar axis does not change the symmetry (point group 3m), and o, perpendicular to the polar axis lowers the
symmetry to point group m. (E) Comparison of two pairs of components of the PPV tensor. 33333 and ys»»33 differ only in light polarization direction, as does the pair

Wpiezo+

Y23322 and ¥2222,. (F) The piezotronic change of energy barriers at the metal electrodes is larger for 6,, owing to the larger piezoelectric coefficient d,5,.
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therefore does not change notably with stress and cannot account for
the large increase in current. In addition, the asymmetry that is the
basis for the BPVE is decreased under a compressive stress o33, which
should result in negative values for y. This is not observed. Therefore, it
is reasonable to ascribe the PPV effect to increased nonthermalized po-
laron hopping. The energy of phonons involved in polaron forma-
tion decreases under stress, making hopping between neighboring Nb
sites easier.

The findings prove the existence of an intrinsic PPV effect that
can drastically increase light-induced current by about 75% even at
moderate stress levels of 10 MPa. As the elastic modulus of LiNbO;
is around 200 GPa, this corresponds to a strain of about 50 parts
per million. It is difficult to achieve much higher strain in macro-
scopic samples, but in a thin film, a strain that is higher by several
orders of magnitude can be easily generated (19). It is, of course, dif-
ficult to extrapolate the results presented here to such high levels of
strain, but the PPV effect holds promise to substantially increase PV
charge transport in thin-film applications as well. The basic material
need not even have bulk PV properties: As demonstrated in Fig. 3 (C
and D), a homogeneous stress can reduce the symmetry of the system to
create finite values for a bulk PV tensor component that, without stress,
vanishes for symmetry reasons. The search for efficient bulk PV charge
transport is thus no more limited to pyro- or ferroelectric materials but
can be extended to any noncentrosymmetric structure. In addition,
higher conversion efficiencies have been predicted by Young et al.
(32) for LiNbOs-like structures with a smaller bandgap. Following this
path of materials design further may open a path to PV energy gen-
eration with efficiencies surpassing the Shockley-Queisser limit even
at longer light wavelengths.

MATERIALS AND METHODS
The main measurements were performed using Czochralski-grown
LiNbOj single crystals doped with 0.03 mol % Fe (Deltronic Crystal
Industries, Dover, NJ, USA), with supporting measurements on sam-
ples doped with 0.1 mol % Fe from the same source. The samples were
cubes with an edge length of 10 mm, with one edge parallel to the crys-
tallographic ¢ direction, i.e., the polar axis, and one edge parallel to the
crystallographic a direction. For the measurements of the short-circuit
current, a pneumatic stress cell capable of providing a compressive load
of up to 8 kN and allowing illumination of the sample in the direction
perpendicular to the uniaxial compressive stress was used. A schematic
of the setup and the samples are depicted in Fig. 1A. To check the
homogeneity of the stress state in the crystal, a finite element model
of the sample was created (see the Supplementary Materials). It showed
that stress distribution in the sample does not deviate more than 5%
from the expected value in more than 95% of the sample volume.
When the current was measured in the direction parallel to the
stress, the brass dies of the cell acted as electrodes. For current measure-
ments perpendicular to the stress direction, silver paint electrodes were
applied to the nonilluminated crystal faces. Other electrode materials
such as sputtered gold or platinum were also investigated; it was ob-
served that the choice of electrode material did not influence the ob-
served effects. Current was measured using a Keithley 6514 electrometer.
Ilumination was achieved using diode lasers (Changchun New Industries
Optoelectronics Technology Co., PR China) with wavelengths of 450,
473, and 532 nm, corresponding to photon energies of 2.76, 2.62, and
2.33 eV, respectively. Light intensity and polarization direction were
controlled using a half-wave plate and a Glan-Thompson polarizer,
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and beam expansion was achieved by concave lenses (Thorlabs GmbH,
Dachau, Germany). Absorption spectra were measured on a Lambda
950 UV/Vis/IR spectrometer (PerkinElmer, Zaventem, Belgium).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaau9199/DC1

Supplementary Text

Fig. S1. PPV tensor components in LN:Fe (0.03 mol %).

Fig. S2. PPV tensor components in LN:Fe (0.1 mol %).

Fig. S3. Stress distribution under uniaxial load.

Fig. S4. Stress dependence of absorption and bulk PV increase.
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