Downloaded viaUNIV DEL PAIS VASCO on November 20, 2024 at 15:54:54 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

Unveiling Intrinsic Bulk Photovoltaic Effect in Atomically Thin ReS,

Maria Ramos,™ Tanweer Ahmed, Bao Q. Tu, Eleni Chatzikyriakou, Lucia Olano-Vegas,
Beatriz Martin-Garcia, M. Reyes Calvo, Stepan S. Tsirkin, Ivo Souza, Félix Casanova, Fernando de Juan,

Marco Gobbi,* and Luis E. Hueso*

Cite This: Nano Lett. 2024, 24, 14728-14735

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

Q Supporting Information

ABSTRACT: The bulk photovoltaic effect (BPVE) offers a promising _
avenue to surpass the efficiency limitations of current solar cell E Re 3
technology. However, disentangling intrinsic and extrinsic contribu-
tions to photocurrent remains a significant challenge. Here, we
fabricate high-quality, lateral devices based on atomically thin ReS,
with minimal contact resistance, providing an optimal platform for
distinguishing intrinsic bulk photovoltaic signals from other extrinsic
photocurrent contributions originating from interfacial effects. Our
devices exhibit large bulk photovoltaic performance with intrinsic
responsivities of ~1 mA/W in the visible range, without the need for
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external tuning knobs such as strain engineering. Our experimental
findings are supported by theoretical calculations. Furthermore, our approach can be extrapolated to investigate the intrinsic BPVE
in other noncentrosymmetric van der Waals materials, paving the way for a new generation of efficient light-harvesting devices.
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he exploitation of high-order, nonlinear photocurrents

could potentially overcome the fundamental efficiency
limit of current solar cells based on p-n junctions.' > This
limit, known as the Shockley-Queisser limit, is directly related
to the active material's bandgap. It dictates a maximum
theoretical efficiency of about 33.7% for a single junction under
standard conditions.”> While multijunction solar cells can
achieve higher efficiencies, they remain restricted by the
bandgaps of their constituent materials, limiting the utilization
of lower-energy parts of the spectrum. Nonlinear photo-
currents, unconstrained by bandgap limitations, present a
feasible alternative to unlock the full potential of the solar
spectrum and surpass the efficiency limit, extending light
utilization into the infrared and beyond.®™”

The proportionality relation between second-order photo-
currents and an applied electric field (or light polarization) in a
material is dictated by the nonlinear conductivity tensor 6%,
which is determined by the material’s symmetry. Breaking
inversion symmetry is essential for the emergence of second-
order photocurrents, leading to what is commonly referred to
as “bulk” photovoltaic effect (BPVE). These terms reflect the
characteristics of this phenomenon: the generation of a net DC
photocurrent upon illumination of a single, homogeneous
material at zero applied bias.

While the discovery of the BPVE originated from research
on ferroelectric perovskite oxides,'’”"” these materials have
not been considered a viable solution against traditional solar
cell technology due to their low light-to-electrical power
conversion efficiency. Alternatively, van der Waals (vdW)

© 2024 American Chemical Society

7 ACS Publications

materials present straightforward strategies for breaking
inversion symmetry, offering a new and exciting avenue for
BPVE research.'*™*® Especially, vdW polar materials have
demonstrated large responsivities on the order of 1-10 mA/W
when implemented in vertical device architectures.”” ™
Among various promising vdW materials, ReS, emerges as a
particularly attractive candidate for BPVE exploration. While
bulk ReS, is centrosymmetric,””** numerous studies high-
lighted the polytypism in the material.*>*” Different stacking
orders of the distorted 1T crystal structure (known as 1T”) can
lead to broken symmetries, particularly in the few-layer limit of
ReS, where stacking energetics can differ from that of bulk
samples. This broken symmetry is crucial for the emergence of
several nonlinear phenomena such as second harmonic
generation (SHG), as demonstrated by Song et al,*® and
ferroelectricity, as confirmed by Wan et al.*” in few-layer ReS,.
These findings suggest the potential for a significant BPVE in
few-layer ReS,. Earlier reports on BPVE in ReS, have observed
photocurrents at zero applied bias only at grain boundaries in
polycrystalline flakes,"” or solely at the crystalline edge of
heterostructures formed by two ReS, flakes.*’ Furthermore,
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Figure 1. Simplified three-dimensional (a) and cross-sectional (b) device schemes showing the different vdW layers composing the system. The
color coding chosen for each material layer in panel b is the same as for panel a. In panel a, a CW (continuous wave) laser is used to illuminate the
device, while a current meter reads the photogenerated current. (c) Top-view atomic configuration of a monolayer ReS, with 1T’ structure. (d)
Raman spectrum of a bilayer ReS,, where the first five vibrational modes can be clearly identified. (e) Polar plot of the A-like active Raman mode
at ~212 cm™" (mode V in panel d). The orientation of the Re—Re bonds (b-axis) is identified along the maximum intensity. (f) Back- and forth-
transfer curves of one of the fabricated devices, upon back-gate voltage (see sketch in the inset) and in dark conditions for Vg = 0.2 V. (g)
Arrhenius plot for the conductance, where a linear fit to the data yields an activation energy of 33 meV.

Wang et al.** reported BPVE in single-crystalline ReS, flakes
using a vertical device geometry.

Nonetheless, vertical geometries face challenges in the
identification of the intrinsic BPVE. A key challenge in BPVE
research lies in distinguishing nonlinear photocurrents from
those generated at Schottky barriers within a device. This
differentiation is crucial, as the Schottky barrier photovoltaic
effect can dominate the overall photocurrent, questioning
whether the responsivity has an intrinsic origin. Lateral
geometries with a focused incoming beam enable spatial
separation of intrinsic and extrinsic effects, facilitating
detection of photocurrents from the pristine, active material
without ambiguity. However, sizable BPVE signals under
normal incidence excitation in lateral devices using non-
centrosymmetric transition metal dichalcogenides usually
require the application of external tuning knobs, such as
strain.">**

In this work, we overcome the limitations found across the
literature by employing an optimal device engineering
technique, which enables to clearly identify the BPVE in
thin, single-crystalline ReS, flakes without the need of external
tuning knobs or vertical device architectures. Our approach
utilizes a lateral device geometry where the ReS, layer is in
contact with graphite electrodes and encapsulated between
hexagonal boron nitride (hBN). This yields devices with
minimal contact resistance, reducing electrode-interface photo-
currents and providing an optimal platform for sensitive
detection of intrinsic nonlinear photocurrents. We demon-
strate the BPVE in ReS, by studying the dependence of the
observed photocurrent on the incoming light polarization and
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its spatial distribution across the device. Remarkably, our
approach enables the detection of a large BPVE response in
ReS,, with intrinsic responsivities of ~ I1mA/W. These
experimental values are seconded by our calculated photo-
current response based on a noncentrosymmetric bilayer
structure. Additionally, our fabrication approach can poten-
tially be extrapolated to the study of the BPVE in other
noncentrosymmetric vdW materials with no perpendicular 2-
fold rotational axis, where in-plane photocurrents are
generically allowed even at normal incidence.

A critical aspect of successfully measuring a BPVE signal is
employing a device design that minimizes unwanted effects
and maximizes the contribution of the “intrinsic”, active
material. To achieve this, we employ a device fabrication with
the following considerations: First, a lateral device geometry is
chosen to separate the BPVE from other potential photovoltaic
effects originating at interface between different materials,
which are typically present in devices with vertical geometries.
Second, the ReS, active layer is sandwiched in between two
thin hBN flakes to minimize surface defects and prevent any
influence from the substrate. Third, few-layer graphite flakes
are used as electrodes in contact with ReS, to minimize contact
resistance. Fourth, a pick-up technique is employed during the
device assembly to ensure clean interfaces between all
materials. Further details about device fabrication are provided
in Section S1.

Figure la-b summarizes the different vdW layers present in
the devices through simplified sketches from both 3D and
cross-sectional viewpoints, respectively. A bilayer-thick ReS,
flake serves as the active channel, contacted by two thin
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Figure 2. (a) Ipg—Vpg characteristics of the ReS, device in the dark and upon illumination powers from 30 to 300 W at 633 nm wavelength. (b)
Short-circuit current extracted from panel a. (c) Open-circuit voltage obtained from panel a. (d) Angular dependence of the short-circuit current
measured along the b-axis as a function of the linear polarization of the incoming light. The top right inset indicates the relative angle 6 between the
crystallographic b-axis of ReS, and the linear polarization of light (LP). Here, the b-axis is aligned with the x-coordinate (this happens at 6 = 0°,
180°, 360°). Measurements are carried out with an excitation wavelength of 633 nm for an optical power of 120 uW.

graphite electrodes and encapsulated between top and bottom
hBN flakes (see Section S2 for ReS, thickness estimation). The
vdW stack illustrated in Figure la-b is placed onto a SiO,/Si**
substrate.

The top-view atomic configuration of a monolayer ReS, with
1T’ structure is shown in Figure 1c, where Re-Re bonds form
chains along the b-axis. The unit cell of ReS, contains four
rhenium atoms and eight sulfur atoms, with the a and b axes
forming an angle of 118°.”**> As indicated in panels a and b of
Figure 1, current detection is carried out along the b-axis of the
ReS, flakes, as the crystals are naturally cleaved along this
crystallographic direction. This is also confirmed through
polarization-resolved Raman spectroscopy of the vibrational
mode V (~212 cm™). As mode V involves out-of-plane
vibrations of S atoms coupled with in-plane vibrations of Re
atoms along the b-axis, a beam polarized along the direction of
the Re atomic chain optimally couples with the in-plane
vibrational component of the V mode. Consequently, the
polarization at which the intensity of mode V is maximum
indicates the orientation of the b-axis (see Figure 1d-e).

To ensure the quality and functionality of the fabricated
devices, we check the transfer characteristics of a representative
device (see Figure 1f). These measurements reveal a well-
defined on/off switching ratio of ~ 10 and a field-effect
mobility of 12 cm?/(Vs), indicating good quality and efficient
carrier transport in agreement with previous reports.45 In
addition, the transfer curves exhibit very small hysteresis,
suggesting minimal charge trapping effects within the device.

Low contact resistance is essential for detecting second-
order photocurrents. Our graphite electrodes minimize
Schottky barriers, enabling efficient carrier extraction. This is
confirmed by the low activation energy of our device, E, = 33
meV (see Figure lg), significantly lower than ReS, devices
contacted to traditional metals.***’

With the optimized ReS, devices in hand, we next
investigate their intrinsic photovoltaic response. To do this,
different Ipg-Vpg curves in dark conditions and under
illumination are studied. During the measurement, a linearly
polarized laser emitting at 633 nm is used to illuminate the
ReS, channel at different excitation powers. To avoid any
photocurrent contribution from the ReS,/graphite interface,
the laser beam is tightly focused to a ~ 1 pm spot size onto the
center of the ReS, channel, whose length exceeds 5 pm.

The current—voltage characteristics shown in Figure 2a
under dark conditions follow a linear trend, evidencing low
contact resistance (see Section S3 for larger applied voltages).
Upon illumination, the Ipg-Vpg curves exhibit a significant
displacement that increases with the optical excitation power.
This displacement indicates the generation of photocurrent at
zero applied bias (short-circuit current, Igc) and a nonzero
voltage at zero current (open-circuit voltage, Vo). These
parameters define the operating regime of the device under
illumination, where light-to-electrical power conversion occurs.

The values of the short-circuit current and the open-circuit
voltage from Figure 2a are shown respectively in Figure 2b-c as
a function of the excitation power. Both I and V¢ exhibit a
linear dependence on the excitation power (Popt). This is
indicative of a second-order photocurrent generation process,
since power scales proportionally to the square of the electric
field (P, o IEP).

A characteristic feature of a BPVE current is its sensitivity to
the linear polarization of the incident light, whose response can
be understood from the nonlinear conductivity 6> describing
the material’s response. To investigate this, we measured the
short-circuit current at different angles of the linearly polarized
light with respect to the b-axis of ReS,. The results are shown
in Figure 2d, where the green dots represent the experimental
data and the error bars indicate the standard deviation for each
measurement. The results confirm a strong correlation
between the short-circuit current and the light polarization,
with a photocurrent approximately 2X larger when the light
polarization aligns with the b-axis of ReS,.

Interestingly, while the photocurrent exhibits a clear periodic
modulation with light polarization, it remains nonzero for any
polarization orientation. This agrees with previous observa-
tions of nonvanishing SHG for all polarization angles in ReS,**
since these two effects are determined by the inherent crystal
symmetry of ReS,. Moreover, the nonzero mean photocurrent
reveals a polar nature for ReS, crystals.

The results in Figure 2d can be described by an equation
capturing the relationship between a second-order photo-
current density along a given i-direction and the nonlinear
conductivity tensor as a quadratic electric field response:

.BPVE 2
jo = O-i](k)EjEk (1)
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Figure 3. (a) Optical microscope image of a ReS, device. (b, ¢) Scanning photocurrent maps of the device shown in panel a for excitation
wavelengths of 633 and 532 nm at excitation powers of 30 W and 400 yW, respectively. The color scale represents the photocurrent intensity,
with red and blue colors indicating positive and negative photocurrents, respectively. The black, double arrows at the top, right-hand side indicate
the orientation of the linear polarization of light. (d, e) Transverse line profiles obtained from the photocurrent maps shown in panels b and c,
respectively. (f, g) Longitudinal line profiles extracted from the photocurrent maps in panels b and c, respectively, where the reddish and bluish
areas indicate positive and negative photocurrents built at the lateral Schottky barriers between the active channel and the graphite contacts.

where ai(}»i) is the second-order conductivity and E;, E, are the
components of the applied electric field along j and k, which in
our case correspond to the electric field direction of the
incoming light wave (or light polarization).

Since photocurrent is directly measured during experiments,
from here onward we provide the equations in terms of total
photocurrent (I) and not photocurrent density (j). In our
experiments, both the electric field (or light polarization) and
the photocurrent detection are restricted to an in-plane
configuration. Consequently, tensor components like those
describing current flow along the z-axis can be disregarded.
Also, since the photocurrent detection takes place along the b-
axis of ReS,, we adopt a convention where the b-axis aligns
with the x-coordinate direction of our experimental setup.
Therefore, the equation describing the photocurrent simplifies
to:

I, = tr(cXE? + oﬁ}EyZ + 20‘,52ExEy) )
where t is the ReS, thickness and r is the beam radius.
Considering an electric field amplitude E, forming an angle 6
with respect to the x-axis, the electric field components can be
written as E, = E; cos § and E, = E, sin 0. For a Gaussian
beam, the electric field amplitude can be written in terms of
optical power as E§ = 4P,/ (ncey wr*), where n is the refractive
index of ReS,, ¢ is the speed of light and &, is the vacuum
permittivity. Substituting these expressions into eq. 2, the
photocurrent as a function of the polarization angle becomes:
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t-P,
I = 4—Pt(0'95;'2 cos 0% + agy) sin 6% + 20,52 cos Osin 0)
nITce
(3)

A fit of the polarization dependent photocurrent in Figure
2d using eq. 3 yields nonlinear conductivity values of o) =
(5.51 % 0.07) uA/V?, 613 = (3.06 + 0.07) uA/V? and o) =
(=0.05 + 0.06) uA/V* within a 95% confidence interval.
Further details on the fitting parameters used in this analysis
are provided in Section S4 of the Supporting Information.

To compare with other works, the responsivity of the device
can be obtained from Figure 2d. Since the responsivity is
directly influenced by the sample dimension, a normalization
based on sample size is needed for accurate comparisons across
different studies. The “intrinsic” responsivity of our device is
calculated from Figure 2d as the ratio of the photocurrent
density to the laser power density: k = (j* VE/Iopt) , where jBPVE
= < Iyc>/(rt) and I, = Popt/(iwz) being < Isc> the mean
photocurrent, r the laser beam radius, ¢ the ReS, thickness and
P, the optical power. For our bilayer device, this yields a
BPVE intrinsic responsivity of 1.3 mA/W.

We employed scanning photocurrent microscopy (SPCM)
to detect variations in the device’s photovoltaic response across
different regions. Figure 3a shows an optical microscope image
of a representative device with a four-layer ReS, active channel.
The corresponding SPCM maps are shown in Figure 3b-c,
obtained under different illumination wavelengths and
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Figure 4. (a) Lattice structure of noncentrosymmetric ReS, bilayer. (b) Computed band structure comparing ab initio and Wannierized bands. (c)
Nonlinear conductivity as a function of energy for all in-plane components. The dashed line corresponds to a laser wavelength of 633 nm (~1.95
eV) for comparison with experiment. (d) Angle of maximum photocurrent as a function of energy, which is within the range of [—12°, +2°] relative

to the b-axis for all the calculated energies.

excitation powers, with zero applied bias. Both SPCM maps
exhibit a remarkable similarity in the spatial distribution of the
photogenerated current across the ReS, device for the two
excitation wavelengths. The SPCM maps show a photocurrent
with opposite sign at the lateral contact regions, located at both
ends of the ReS, channel. The dominant mechanism of this
photocurrent is a photovoltaic effect due to a built-in electric
field at the graphite/ReS, interface. Here, the source (drain)
barrier drives photogenerated electrons (holes) toward the
semimetal contact, resulting in a positive (negative) photo-
current. Furthermore, the SPCM maps also reveal a photo-
current generated within the ReS, channel.

The corresponding transverse profiles are respectively
depicted in Figure 3d-e, displaying a distinct and sharp
increase in current when the ReS, active channel is illuminated.
This rise indicates efficient photocurrent generation within the
ReS, channel itself and its magnitude exhibits a direct
proportionality to the illumination power used for excitation.

While the transverse profiles focus on current fluctuations
across the ReS, channel, the longitudinal profiles track the
current along the ReS, active layer. The data obtained from the
longitudinal line profiles in Figure 3f-g provides valuable
insights into the different contributions to the overall
photocurrent signal. A constant dark current or noise level
can be identified when the device is illuminated in non-
photoresponsive regions. The photocurrent built at the lateral
semimetal/semiconductor interface appears at the edges of the
ReS, channel with opposite sign contributions, with an
extension of ~ 2-ym. Finally, in the central area of the device,

14732

the bulk photovoltaic current generated along the ReS,
channel can be distinguished.

Significantly, the longitudinal line profiles reveal a disparity
in the scaling behavior between the photovoltaic current built
at the lateral semimetal/semiconductor interface and that
originating from the pristine ReS, flake, supporting the distinct
origins of the two signals. Moreover, the magnitude of the
photocurrent originated along the pristine ReS, flake in the
longitudinal line profiles is consistent with the photocurrent
intensity observed in the transverse line profiles. The
uniformity of this signal across the SPCM maps and its
sharp rise in the line profiles further support the dominance of
the BPVE as the mechanism for photocurrent generation in
our device.

Interestingly, we are not able to discern any BPVE signal in
lateral ReS, devices fabricated with traditional metal contacts,
such as prepatterned Ti/Au electrodes, as confirmed by the
absence of any photocurrent at zero bias originated at the
pristine ReS, channel through SPCM maps. Moreover, the
Schottky barrier photocurrent is an order of magnitude greater
than that observed in our graphite-contacted devices (see
Section SS of the Supporting Information).

The device characterized in Figure 3 exhibits intrinsic
responsivities of 1.6 and 1.0 mA/W at wavelengths of 633 and
532 nm, respectively, for a ReS, channel containing four layers.
Our low-contact-resistance devices outperform similar lateral
devices characterized under analogous experimental condi-
tions, where unstrained noncentrosymmetric 3R- and 2H-
MoS, exhibited negligible BPVE currents.*>**
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While bulk ReS, is centrosymmetric,””*> different stacking
orders of the 1T crystal structure can lead to broken
symmetries in the few-layer limit. Recent works have pointed
out the existence of a bilayer stacking different from the bulk
one, where the top monolayer is rotated by 180° with respect
to the bottom one. This generically leads to a non-
centrosymmetric structure which is ferroelectric” and displays
SHG," being also expected to generate a BPVE current.

We have performed an ab initio calculation of the nonlinear
conductivity in the noncentrosymmetric state defined in ref,,*
using Wannier functions derived from first principles
simulations®® (see Section S1 for details).

The response tensor 6-(-]2() was calculated from:

me /[dk] anm (Iabc I;ff

[6(w,, — ®) + 8w, — )] (4)

where I{% is the product of the interband dipole matrix and its
generalized derivative with respect to the crystal momentum,
fum = fu fm are Fermi occupation factors and Aw,,, = E,, - E, is
the difference between the energies of bands n and m.

The results are depicted in Figure 4, where the x coordinate
corresponds to the b-axis of the ReS, crystal and to the
direction of current flow in our experiments. At 633 nm
wavelength, we obtained the components chizc = 2.68, Gg) =
—1.03 and 0' = —3.71 uA/V* (Figure 4c). Our model
predicts a photocurrent with the same order of magnitude as
the one observed experimentally, something noteworthy in this
field.

We obtained the angle 6, at which photocurrent should be

maximum from eq. 3 as: 6, = 7arctan26£§y)/ ( x(iz 95;/))

0}1(13)(0; w, _w) =

These results predict a maximum photocurrent at angles
falling within the range of [-12°, + 2°] with respect to the b-
axis of ReS, for all the energies computed. These angles fall
within an acceptable range of + 10° angular error for our
experimental setup, due to inherent limitations associated with
aligning the polarization relative to the b-axis of the ReS,
crystal.

In summary, our work unveils intrinsic BPVE in atomically
thin ReS, through lateral device engineering. Scanning
photocurrent microscopy and polarization-dependent photo-
current measurements provide compelling ev1dence for
intrinsic photocurrent generation mechanisms. The 6® values
extracted from experimental data are in the same order of
magnitude as those obtained from theoretical calculations
based on a noncentrosymmetric ReS, bilayer. Our device
engineering strategy, combined with advanced characterization
and theoretical calculations could be extended to study the
intrinsic BPVE response in a broad range of noncentrosym-
metric vdW materials.
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