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Van der Waals materials with narrow energy gaps and efficient response over a broadband optical spectral range are key to widen
the energy window of nanoscale optoelectronic devices. Here, we characterize FePS3z as an appealing narrow-gap p-type
semiconductor with an efficient broadband photo-response, a high refractive index, and a remarkable resilience against air and
light exposure. To enable fast prototyping, we provide a straightforward guideline to determine the thickness of few-layered FePS;
nanosheets extracted from the optical transmission characteristics of several flakes. The analysis of the electrical photo-response of
FePS; devices as a function of the excitation energy confirms a narrow gap suitable for near IR detection (1.23 eV) and, more
interestingly, reveals a broad spectral responsivity up to the ultraviolet region. The experimental estimate for the gap energy is
corroborated by ab-initio calculations. An analysis of photocurrent as a function of gate voltage and incident power reveals a
photo-response dominated by photogating effects. Finally, aging studies of FePS; nanosheets under ambient conditions show a
limited reactivity of the outermost layers of flakes in long exposures to air.
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INTRODUCTION

Two-dimensional crystals (2D materials), owning strong in-plane
covalent bonds and weak van der Waals interlayer interactions,
have attracted big attention since the isolation of graphene sheets
by exfoliation of bulk graphite'. The simplicity and rapid
prototyping provided by the Scotch tape technique together
with the wide range of properties covered by these materials has
opened an enormous research field with the potential to have an
impact on a diverse number of applications. Because of the lack of
bandgap in graphene, its direct application in digital electronics
and optoelectronics is limited. Beyond graphene, the family of
transition metal dichalcogenides (TMDCs) has been of great
interest for optoelectronic applications owing to their intrinsic
bandgap in the visible range and their strong luminescent
excitonic features®>™. However, the large bandgap of TMDCs (in
the 1.5-2eV range) limits their application exclusively to the
visible part of the electromagnetic spectrum. Finding materials
with a wider spectral sensitivity at the two-dimensional level could
expand the number of applications of van der Waals materials,
from solar photodetection at the ultraviolet-visible (UV-VIS)
spectral range to night imaging and remote sensing at the near-
infrared (NIR)>®.

Broadening the detection window at the 2D level requires the
study of van der Waals materials with smaller bandgap values, to
access the NIR part of the spectrum, and simultaneously keeping
enough photo-response over a wide range of energies above the
bandgap. Recently, transition metal chalcogenophosphates
(TMCPs), with general formula MPX; (with M a transition metal,
P phosphorus and X=S or Se chalcogens), have attracted great
attention from the 2D material science community since they are
easy to exfoliate, presenting cleavage energy even smaller than
graphite’. Although little is still known about the optoelectronic
properties of this emergent family of 2D materials, few works have

already proposed field-effect devices based on few-layered TMCPs
as UV photodetectors®'°. Whereas MnPS; is a wide gap
semiconductor with bandgap energy in the UV range in its bulk
form'", the large UV responsivity reported for NiPS;® and FePS;'°
is somehow unexpected since these are materials that, in bulk,
present a bandgap edge in the NIR region®. Since reports on the
photo-response of narrow gap TMCPs over a wide range of
wavelengths are scarce, a preliminary optoelectronic study of
these materials could pave the way toward new 2D broadband
optoelectronic devices. In addition to the promising properties for
broadband photodetection, FePS; and other magnetic TMCPs
exhibit antiferromagnetic order when cooled down below their
Néel temperatures, which are in the range 85-150K'?"'. The
intrinsic magnetic order of FePS; makes it an appealing material
for applications in magneto-optics and 2D spintronics'®™'8.

Here, we present a comprehensive characterization of optical,
optoelectronic, and stability properties of FePS; nanosheets. First,
we propose an optical microscopy-based method to identify the
thickness of few-layer FePSz sheets deposited onto transparent
polymeric stamps. The quantitative analysis of optical microscopy
images of FePS; flakes also allows us to estimate their refractive
index, a very important property to design future optical and
optoelectronic devices based on FePS; nanosheets. We also report
on the photo-response of a few-layer FePS; field-effect device in
the UV-VIS-NIR spectral range and we determine the bandgap of
this material toward the two-dimensional limit. Ab-initio calcula-
tions support the experimental findings and provide further
insight into the magnitude of electronic interactions on this
material. Finally, we study the environmental stability of FePSs
flakes under ambient conditions through optical, electrical, and
optoelectronic measurements over time. The properties of flakes
of FePS3 seem stable over time of hours but aging effects appear
over days exposure to air.

"Departamento de Fisica Aplicada, Universidad de Alicante, Alicante, Spain. Materials Science Factory, Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC), Madrid, Spain.
3Instituto de Ciencia Molecular (ICMol), Universitat de Valéncia, Paterna, Spain. “Instituto Universitario de Materiales de Alicante (IUMA), Universidad de Alicante, Alicante, Spain.

HMemail: mramos@ua.es; andres.castellanos@csic.es; reyes.calvo@ua.es

Published in partnership with FCT NOVA with the support of E-MRS

NP| nature partner
pJ journals


http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-021-00199-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-021-00199-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-021-00199-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-021-00199-z&domain=pdf
http://orcid.org/0000-0001-7701-5911
http://orcid.org/0000-0001-7701-5911
http://orcid.org/0000-0001-7701-5911
http://orcid.org/0000-0001-7701-5911
http://orcid.org/0000-0001-7701-5911
http://orcid.org/0000-0001-6319-9238
http://orcid.org/0000-0001-6319-9238
http://orcid.org/0000-0001-6319-9238
http://orcid.org/0000-0001-6319-9238
http://orcid.org/0000-0001-6319-9238
http://orcid.org/0000-0002-5430-3619
http://orcid.org/0000-0002-5430-3619
http://orcid.org/0000-0002-5430-3619
http://orcid.org/0000-0002-5430-3619
http://orcid.org/0000-0002-5430-3619
http://orcid.org/0000-0002-3384-3405
http://orcid.org/0000-0002-3384-3405
http://orcid.org/0000-0002-3384-3405
http://orcid.org/0000-0002-3384-3405
http://orcid.org/0000-0002-3384-3405
http://orcid.org/0000-0001-5991-2619
http://orcid.org/0000-0001-5991-2619
http://orcid.org/0000-0001-5991-2619
http://orcid.org/0000-0001-5991-2619
http://orcid.org/0000-0001-5991-2619
https://doi.org/10.1038/s41699-021-00199-z
mailto:mramos@ua.es
mailto:andres.castellanos@csic.es
mailto:reyes.calvo@ua.es
www.nature.com/npj2dmaterials

M. Ramos et al.

e 1.1 . : : ,
8 1
<]
S ]
E
Z 08 2
s g ]
- pet
& 0.6 g
Z ]
s
= 30 °
g 2 1
; 20 E
[}
g 10 2 1
L
<= 01
4 . ba - 0.5 . . . .
) E—— 0 5 10 0 20 40 60 80 100
Topography (nm) Distance (um) Thickness (nm)

Fig. 1 Transmittance and thickness characterization. a White-light optical transmission image of a FePS; flake deposited onto a transparent
polymeric substrate. The black scale bar represents 10 um. The flake appears quartered in stairs or terraces which correspond to different
material thicknesses and appear as different value steps in the b transmission intensity line profiles for the red, green, and blue channels of
the CMOS camera, normalized to the corresponding transmission intensities at the bare substrate (relative transmission) along the path
marked as a dark blue line in (a). ¢ AFM topography image of a small section of the flake shown in (a) after its deposition onto a SiO,/Si
substrate. The white scale bar indicates 5 pm. d Thickness profile along the path marked with a green line in (c). e Relative transmittance
versus thickness of FePS; nanosheets extracted from the comparison of optical and AFM characterization data for several flakes. The red,
green, and blue dots correspond to the experimental data points for the corresponding RGB channels, whereas the red, green, and blue line

curves are the simulated results from the transfer-matrix model (sketched in the inset).

RESULTS AND DISCUSSION
Thickness identification and refractive index estimation

Figure 1a shows a transmission mode optical microscopy image of
an exfoliated FePS; flake with a different number of layers
deposited onto a Gel-Film polymeric substrate. A very simple
method to estimate the thickness of layered material flakes
consists in the comparison of the relative transmittance images'®
through their comparison to atomic force microscopy (AFM)
topography maps. The transmittance variations in the optical
images associated with changes in material thickness can be
clearly identified in the intensity line profiles for the red, green,
and blue (RGB) channels of the digital camera. For example, from
the line profiles shown in Fig. 1b, three different levels of
transmission are identified for each RGB curve along the path
marked in Fig. 1a, corresponding to changes in material thickness
or number of layers. The transmittance data in the RGB curves are
normalized to the intensity of the transparent substrate at the
respective channel. Figure 1c illustrates an AFM image of a small
section of the FePS; flake shown in Fig. 1a (area delimited within
the black square) deposited onto a SiO,/Si substrate. The
comparison of transmittance and AFM topography data for
the same areas of given flakes allows the mapping between
relative transmittance and thickness data. As an example, this can
be observed in the line profile of Fig. 1d, extracted from the AFM
data (Fig. 1c) and crossing approximately the same area of flake
terraces explored in transmittance (Fig. 1b). Three different
heights are clearly observed from left to right in the AFM profile:
0 nm (the line is on the SiO,/Si substrate), 20 nm (the line is on the
FePSs nanosheet), and 35 nm (the line is on a thicker terrace of
the same FePS; flake). These values can be now associated with
the three optical transmission levels observed for each of the RGB
channels in the line profiles of Fig. 1b.

Following the sequence of measurements detailed above, the
acquisition of optical transmission images and AFM images for
several flakes with different thicknesses has allowed to build up a
straightforward guide for the identification of FePS; nanosheet
thicknesses (Fig. 1e). The feasibility of using this method is
determined by the horizontal/vertical error-bars accompanying
each data point, indicating the standard deviations for each
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thickness/transmission measurement, respectively (see Supple-
mentary Note 1 for more details). Even if non-monotonic,
transmittance curves for the three RGB channels present minima
at different thickness values, allowing for an unambiguous
estimation of flake thickness, with a maximum error of £10 nm,
by comparing the transmittance value of the three channels. The
thickness identification methodology proposed in Fig. 1Te permits
to skip time-consuming AFM measurements and to proceed right
away from a simple optical microscopy image to the deterministic
placement of the FePS; flake of interest onto the desired substrate
for the assembly of 2D FePS;z-based nanodevices.

The occurrence of a minimum of transmittance at about
40-60 nm thickness for the three channels hints at an oscillatory
behavior due to constructive interference of light within the
material, while the overall decay of transmitted intensity with
increasing thickness indicates light being absorbed as it travels
through the material. The experimental data points in Fig. 1e can
be simulated using the transfer matrix method to calculate the
Fresnel coefficients for absorption, reflection, and transmission of
light at each layer and optical interface, respectively®®. In our
model, we consider the case of normal light incidence to a layer of
FePS; sandwiched between two semi-infinite media: air and
Gel-Film, with real refractive indices of no=1 and n,; =143,
respectively, and constant for the range of wavelengths con-
sidered. Note that the refractive index value for the Gel-Film
substrate has been chosen as that of polydimethylsiloxane
(PDMS)?". FePS; is assumed to have both real and imaginary
contributions to the refractive index (n, = a + i-b). In the model,
the estimated transmittance for each channel is averaged over the
channel bandwidth, weighted to the quantum efficiency of the
CMOS sensor at the corresponding wavelength values. Fits of our
experimental data to the model yield estimated values of the real
part of the refractive index of FePS; equal to a ~2.45 for all RGB
channels and of the imaginary part (extinction coefficient) equal
to 0.06, 0.09, and 0.13 for the red, green and blue channel
datasets, respectively (See Supplementary Note 2 for a validation
test of this estimate). The estimated real refractive index value for
FePSs is in close similarity to the one reported for its alike TMCP
based on manganese, MnPSs, presenting a value of 2.41%
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Fig. 2 Electrical and photo-response characterization. a Optical image of device A (30-nm thick) transferred onto a SiO, (300 nm)/Si
substrate with pre-patterned Ti/Au (10 nm/40 nm) contacts (1-3). b Two-terminal source-drain /-V characteristics for different values of the
applied gate voltage (Vg = —10, 0, 10 V), measured between contacts labeled 1 and 2 in (a). The increase of current for negative values of V
shows the p-type nature of FePSs. ¢ Photocurrent versus time for different optical LED energies ranging from NIR (1.32 eV) to UV (3.40 eV). The
shaded area indicates the time when light is ON. The dark current has been subtracted to the values of the drain current during illumination
(loh = hight — l4ark) for each energy curve. The curves have been vertically offset for clarity. The responsivity of device A extracted from the
photocurrent data is represented in (d) as an experimental Tauc plot in blue dots, together with a higher resolution set of data (gray dots) and
with absorbance measurements of FePS; extracted from Brec et al. (red dots) for comparison''. The gap energy is determined by the crossing
of the linear fit to the responsivity data (black line) with the x-axis. e Rise time of the FePS; phototransistor as a function of different incident
energies. The inset compares the trend of the photocurrent over time at low (E=2.19 eV, in cyan), medium (E=2.95 eV, in purple) and high

energies (E=3.22 eV, in magenta).

Spectral photo-response and gap energy determination

Making use of the thickness identification guide provided in
Fig. 1e, new FePS; flakes were exfoliated and deposited on a Gel-
Film substrate to directly search for a flake with a homogeneous
thickness of ~30-50 nm and elongated geometry. The transpar-
ency of the Gel-Film substrate allowed for an accurate alignment
of the identified flakes in order to be transferred onto a SiO/Si
substrate with pre-patterned Ti/Au contacts. Figure 2a shows an
optical image of a field-effect device with a ~30-nm-thick FePS;
channel (device A). Source-drain /-V curves have been recorded
under different gate bias voltages. The application of negative
gate voltages results in an increase of the electrical current
passing through the FePS; flake (Fig. 2b), as expected from
the p-doped character reported for FePS; bulk crystals®® (see
Supplementary Note 3, where /;4—V,q4 curves for a larger range of
Vg values are presented in a similar device). The low abundance of
p-type layered semiconductors makes FePS; an attractive alter-
native for stacking in p-n heterojunctions and of particular
interest in this case for the study of magnetic proximity effects>”.

The response to light of device A is characterized at different
energies ranging from the NIR (1.32 eV) to the UV (3.40 eV) region
of the electromagnetic spectrum using a selection of light-
emitting diodes (LEDs) (Fig. 2c). Here, photoexcited carriers
contribute to the electrical current in presence of an electric field
created by a constant source-drain voltage V4 =5V and zero gate
bias. During illumination at different energies, the light carries a
constant power density P gp =49.5 mW cm 2,

As it can be deducted from Fig. 2¢, the photocurrent, calculated
as lonh = hight — ldark, raises as we increase the energy up to 2eV,
stays roughly constant up to 3 eV, and, interestingly, increases
again for larger incident optical energies belonging to the UV
spectrum. Moreover, our device responds to light in the entire
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range of incident energies, evidencing that FePS; based
nanodevices can be operated from the NIR part of the spectrum
and going through the visible and UV spectral regions. The ultra-
broadband characteristic of FePSs is of great relevance since many
van der Waals materials present larger energy gaps and its use is
limited to a narrower part of the electromagnetic spectrum.
Recently, it has been also shown that a similar van der Waals
magnetic material, CrSiTes, presents ultrabroad wavelength
photo-response?”.

The responsivity of the device, calculated as the ratio of the
generated photocurrent and the effective incident optical power
(Pett = PLep“Adevice/Aspor), is enhanced for increased photon ener-
gies, with values up to 20.3 mAW™"' when illuminating at 3.22 eV
(385 nm) and corresponding to an external quantum efficiency of
~7%. Similar responsivity trends with incident optical energy are
obtained for other devices with slightly different thicknesses (see
Supplementary Note 4 for device B with 50 nm FePS; thickness).
The increase in responsivity at larger energies is in agreement with
the increase in optical absorption of FePS; flakes at shorter
wavelengths reported by Gao et al.'®, although our data yields a
lower responsivity in comparison to their results. The discrepancy
between results may arise from the use of different device
fabrication methods. On the one hand, the lithography process
might affect the intrinsic carrier density and therefore the
conductivity of the material. On the other hand, the choice of
electrode metal, Au in our case versus Ti or Cr in other works, may
increase the contact resistance and result in a lower two-terminal
current.

Since the reported electronic and optical bandgap values of
FePS; vary among different published works'®'", here we infer the
optical bandgap energy E; of the 30-nm thick FePS; nanosheet
from the cut-off energy obtained in a linear fit to the responsivity

npj 2D Materials and Applications (2021) 19
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Fig. 3 Calculated band structure and DOS. a Top view and b side view of the crystal structure of FePSs. Fe** ions form a honeycomb lattice,
enclosed by the (P,S¢)*~ bipyramids. The stacking of the layers of the monoclinic crystal structure is shown. Calculated GGA + D2 + U ¢ band
structure and d density of states: spin up (blue) and spin-down (red). The maximum and minimum of the valence and conduction bands

respectively are marked with red dots defining the indirect energy gap.

data in a Tauc plot representation. Assuming that our device
photocurrent arises from an indirect bandgap transition''?3, the
Tauc plot constructed with the dataset presented in Fig. 2c results
in the blue color markers of Fig. 2d. The point where a linear fit to
the experimental data cuts the zero responsivity yields an
estimate of Ej=1.23eV. Photocurrent measurements using a
Xenon white-light source integrated with a monochromator
(Bentham) provide an improved energy resolution within the
range of interest. The results, illustrated in the Tauc plot of Fig. 2d
and represented by gray color markers, confirm the optical
bandgap value previously obtained with the bench of LEDs. In
addition to our experimental data, bulk FePS; absorbance
measurements have been extracted from a work published by
Brec et al."" and integrated in our Tauc plot as red color markers. It
can be observed that our experimental results, based on the
photocurrent response of the device, are in good agreement with
the optical absorption measurements provided by Brec et al,
except for energies below ~1.32eV, where d-d transitions
dominate the absorption spectrum. These d-d transitions are
attributed to the presence of iron in the compound and, being
intra gap transitions, although contribute to the total absorption
they are not expected to contribute to the photocurrent
generation.

Upon LED modulation, the response speed of the device to the
incident excitation has been calculated by following the 10-90%
rise time for each illumination energy. To do so, the maximum
photocurrent value has been chosen within the first 1.5s after
switching the LED ON, in order to discard the slower contributions
to the photocurrent. Figure 2e shows the response time of the
device as a function of the excitation energy. An average response
time of ~440ms for all the energies has been measured.
The photodetector responds faster for higher photon energies,

npj 2D Materials and Applications (2021) 19

with a minimum rise time of 260 ms at 3.22 eV (385 nm). This
response time is about two times slower than the rise times
previously reported for field-effect devices based on FePSs
nanosheets'%?%. This could be also related to the effect of having
different metal-semiconductor junctions. The photocurrent
dynamics upon switching off the LEDs reveal longer relaxation
tails for higher excitation energies, possibly originated from the
detrapping of hot carriers traps and surface defects (see
Supplementary Note 5).

The trend of the photocurrent upon illumination changes both
in magnitude (Fig. 2d) and in time response (Fig. 2e) above 3 eV.
The response of the device in the UV range is stronger and faster
than for the IR and visible regimes. This could be related to the
activation of hot carrier traps and defects proposed in the work of
Ou et al.%5, although further studies would be needed to fully
understand this behavior. Zoom into the data is presented in the
inset of Fig. 2e, revealing that the evolution of the photocurrent
with time differs from a common case. Below 3 eV, photocurrent
increases most of its value over the rise time and then slowly
saturates toward a maximum value. Above 3 eV, after a more
sudden and larger increase, the photocurrent slowly decreases
with time. This could be related to a combination of positive and
negative photoconductivity phenomena, such as those previously
reported'%2°,

In order to contrast and rationalize our experimental findings,
we performed spin-polarized first-principles calculations based on
density functional theory (DFT) as implemented in the Quantum
Espresso code?®” (see “Methods”). Bulk FePS; presents a monoclinic
unit cell with space group C2/m (a=5.947A, b=10.300A,
c=6.722 A, and B =107.16°). In each layer of this van der Waals
material, the Fe?" ions form a honeycomb that is surrounded by
covalent (P,Se)*~ bipyramids (Fig. 3a, b). We have investigated the
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Fig.4 Power and gate dependence of photocurrent. a Photocurrent versus effective incident power for excitation energies of 1.98 eV (color
gradient in red tone), 2.33 eV (color gradient in green tone), and 3.22 eV (color gradient in magenta tone). The dashed lines are obtained from
a linear fit to each data set by following the power-law I, « P%;. b Drain current as a function of time under illumination modulated at a
frequency of 10 Hz and excitation energy of 2.33 eV and a power density of 480 upW/cm?. The horizontal dashed line indicates the amount of
drain current in the dark. The inset shows the same drain current on a longer time scale, with a black dashed rectangle indicating the main
plot zone. Measurements in (a, b) have been performed at V,q =5V and V; =0V for device C (~40 nm thick). ¢ Transfer curves under dark and
illumination (2.33 eV) conditions at Vsq=>5V. The dashed black line is a linear fit to the dark transfer curve, obtaining a Vy=36.9V. The
calculated shift in threshold voltage when illuminating (AV; = 32.1 V) is indicated by a dashed gray line. d Device photocurrent (blue line) and
transconductance (green dots) obtained from the plot in panel (c). Results in (c, d) have been performed for device D (~40 nm thick).

structural and electronic properties of FePS; as a function of the
effective U. The effective U was applied to the Fe d orbitals and
varied between 0 and 5eV. The calculated total energy and
energy bandgap for each configuration are reported in Supple-
mentary Note 6. As we may observe, both a metallic and an
insulating phase could be energetically stabilized, as a conse-
quence of the fascinating correlated electron physics of the
system. Indeed, recent works have demonstrated the possibility
of driving an insulator-to-metal transition by applying external
pressure’®, For an effective U value of 22eV, the calculated
bandgap matches 1.23eV, in excellent agreement with our
experiments. The corresponding band structure and density of
states are reported in Fig. 3¢, d. From the orbital projected density
of states (see Supplementary Note 6) we can evidence that the
electronic states below the Fermi energy correspond to Fe 3d and
S 3p orbitals, whereas the ones above Er are principally derived
from Fe 3d orbitals.

Analysis of the photo-response mechanisms in FePS3
The origin of the photo-response in layered materials is often due
to a variety of mechanisms that take place simultaneously, being
these the photoconductive effect, photovoltaic effect and thermal
mechanisms, such as photo-thermoelectric and bolometric
effects®. In our experiments, the devices are illuminated as a
whole with light spots much larger than their size, where thermal
contributions to the photocurrent are expected to cancel®®.

On the one hand, the photoconductive effect is mediated by
extra free carriers generated from photon absorption, creating free

Published in partnership with FCT NOVA with the support of E-MRS

electrons and holes that drift in opposite directions toward the
metallic contacts under the application of an external V4 and thus
leading to a net increase of the drain current. A special case of
photoconductivity is the photogating effect, where photoexcited
charge carriers are trapped in localized states. These trapped
states are frequently located in defects that are present in the
semiconducting material as well as in its surface, and they act as a
local gate modulating the material’s resistance. On the other hand,
in the photovoltaic effect, photocurrent originates from a built-in
potential, typically arising in PN junctions and/or Schottky barriers,
which drives photogenerated electrons and holes in opposite
directions even without an externally applied bias voltage. A
signature of both the photoconductive (/pc) and photovoltaic (lpy)
effects is their linear growth with the incident optical power (Ipc,
lpv & P%;, a=1), whereas photogating (lpg) increases sub-linearly
with the excitation power due to its dependence on a limited
number of traps (lpg o P, a<1)>".

To discern the origin of the photocurrent in FePS; based
devices, power dependence of the photogenerated current at a
fixed Vsq =5V and at zero gate bias has been collected for three
different illumination energies: 1.98 eV (625 nm), 2.33 eV (530 nm)
and 3.22 eV (385 nm) (Fig. 4a). Here, a similar device to the one
analyzed in Fig. 2 has been fabricated (device C). A linear fit of the
experimental data to a power law (o « Pg) yields values of a
which are below the unit for the full range of energies studied. The
sublinear increase of the photocurrent with the effective incident
power reveals a dominantly photogating contribution to the total
photocurrent generation in our devices.

npj 2D Materials and Applications (2021) 19
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This assumption is also supported by the trend of the
photocurrent upon modulation of a LED excitation (Fig. 4b).
Here, we observe a strong, slow response as part of a
background photocurrent and, overlapping, a faster photo-
response that oscillates with the modulation frequency. We
attribute the slow photo-response contribution to the photogat-
ing effect, limited by the recombination lifetime of long-lived
trapped states, while the faster photo-response is due to an
intrinsic photoconductive effect. The ratio of the two signals
(Rsiow/Rsast = 2.8) highlights the prevalence of the slow photo-
gating response over the faster photoconductive contribution.
The lack of any significant contribution to the photocurrent at
zero applied source-drain voltage in both scanning photocurrent
maps (Supplementary Note 7) and /;4-V,q measurements under
illumination (Supplementary Note 8) discards a photovoltaic
origin of the fast component of the photo-response.

The predominantly photogating effect of the photocurrent is
also confirmed by the dependence on applied back-gate voltage
to a similar device (device D, Fig. 4c). The device threshold voltage
(Vr=36.9V) has been extracted from a linear fit to the central
region of the transfer curve under dark conditions. Under
illumination, Vg shifts to a larger voltage (Vr+ AVy=69V). This
change in threshold voltage under optical illumination induces an
increase in drain current which is directly related to the
photogating effect: lpy = g-AVr, where g is the transconductance®?.,
A qualitative comparison between the total device photocurrent,
obtained by subtracting the dark curve to the illuminated one,
and the device transconductance, obtained as dl,y/dV,, shows
that the trend followed by the transconductance and the total
photocurrent are similar (Fig. 4d). The shift between the two
signals could be related to the hysteretical behavior of devices
with gate voltage application (see Supplementary Note 9). With all
together, we conclude that the origin of the photocurrent in the
devices is a combination of photogating and photoconductive
effects, where photogating prevails over the intrinsic photocon-
ductive mechanism.

To put into context the performance of our FePS; based
devices, a comparative table with the most critical parameters of
2D photodetectors based on other TMCPs is shown (Table 1). The
experimental conditions are also included for a fair comparison.
Compared to other devices based on other TMCPs such as MnPS;
and NiPSs, our FePS; based devices offer fewer limitations in the
detection range, being a narrow bandgap semiconductor and
exhibiting a large cut-off wavelength (1008 nm) with a broader
spectral response from UV to NIR. The response time of FePS;
devices presents similar order of magnitude as other typical 2D
photodetectors>. All the features displayed by FePS; nanosheets
make it a good candidate for broadband electrical detection of
optical excitations at the nanoscale, offering sensitivity at spectral
ranges that are unattainable with devices based on TMDCs as
active materials®33*,

Stability of FePS; under ambient conditions
After a complete optical, electrical, and optoelectronic character-
ization of the FePS; sheets, the stability of the flakes under
ambient conditions has been studied. During the experiments
carried out in this work, we observed a small decrease of the
optoelectronic response over weeks for devices exposed to air.
This, together with the lack of conduction of devices prepared out
of flakes thinner than 20 nm and the surface spots visible in the
AFM images (Fig. 1¢), points toward degradation of the outermost
layers of the material when exposed to air, that eventually results
in the change of appearance of bulk crystals after long exposures
(Supplementary Note 10).

In order to carefully characterize this possible aging of the
material, thin FePS; flakes have been mechanically exfoliated and
deposited onto a transparent Gel-Film substrate. We tracked the
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Fig. 5 Time evolution of the optoelectronic properties. a Transmission optical microscope image of FePS; exfoliated flake onto a Gel-Film
polymeric substrate. The white scale bar represents 10 um. Three zones (A-C) with an estimated thickness of 15, 30, and 85 nm, respectively,
are selected for transmission measurements over time. b Flake transmission relative to the substrate at the A-C zones labeled in panel (a) for
the R, G, and B CMOS channels. ¢ I-V characteristics of the same 30-nm thick FePS; flake presented in Fig. 2 as a function of time. Two-terminal
measurements were performed between contacts 1-2, as labeled in the flake image in the inset. d Time evolution of the device responsivity

as a function of energy.

Table 2. Transmission reduction of FePS; flakes preserved under
ambient conditions for each RGB channel and measured at “day 3"
relative to “day 0"

Red (%) Green (%) Blue (%)
Zone A 4 5 10
Zone B 4
Zone C 6 8

evolution of the relative transmittance over time for flakes of
different thickness exposed to ambient conditions. Typical aging
mechanisms, such as oxidation, etching, or change in chemical
composition are expected to sensibly modify the transmission of
the flakes. Microscope inspection of the flakes exposed to air after
several hours does not reveal any preliminary sign of material
degradation since the flakes preserve the transmittance even for
the case of ultrathin material (<10 nm). In Fig. 5a, b, we present
the data for three different areas of a flake (A-C) of approximately
15, 30, and 85nm thickness, respectively. Except for minor
fluctuations, the relative transmittance remains constant through-
out the two first days from the flake's exfoliation for the three
zones selected. The first change in flake’s transmission occurs
three days after preparation when a noticeable reduction of about
5-10% in the relative transmittance is observed for all zones of the
flake. These results are summarized in Table 2.

We attribute the reduction in transmission of FePS; flakes with a
loss in the transparency of the most external layers of material,
where the nanosheet surface can react with air and consequently
resulting in a gain of material's opacity with time (see
Supplementary Note 10). The flakes have also been exposed to
white light and UV illumination during two days from the
exfoliation day. No variations in the relative transmittance of the
nanosheets with respect to the aging experiments performed in
dark are observed, concluding that the aging of the flakes is not
due to any photo-induced mechanism. This is in contrast with
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other 2D materials, such as Crls; which represents a strong
degradation under optical illumination®.

Possible changes in the electronic and optoelectronic properties
of FePS; nanosheets over time have been also studied under
ambient atmosphere. In this case, the 30-nm thick device
characterized in Fig. 2 has been used to study the electrical as
well as the optoelectronic aging of the material. Figure 5¢c shows
an -V curve at zero gate bias conducted at three different
moments in time: right after the device was fabricated, 3 days later
and 2 months from its fabrication. The device was kept in the air
during the time interval between consecutive measurements. The
Isq—Vsq plot reveals a decrease in the electrical conductivity of the
FePS; flake along time, reaching half of the original value after a
period of 2 months. We attribute this reduction in flake
conductivity to possible oxidation of the outermost layers that
are in contact with air. This hypothesis is supported by the lack of
conductivity in a device made from a 10-nm thick FePS; flake
exfoliated in the air.

The evolution in time of the photo-response of the same 30-nm
thick FePSs; device is summarized in Fig. 5d. Similar to optical
transmittance and electronic transport measurements, the optoe-
lectronic features of the FePS; device are also affected over time,
resulting in a notable decrease of more than 50% of the original
responsivity after two months from the fabrication of the device.
Nevertheless, compared to phosphorene and other 2D materials,
which show a high reactivity with oxygen and water and suffer a
fast degradation under ambient conditions in just a few hours*®,
FePSs nanosheets exhibit fairly high stability in air. This peculiarity
contributes to the development of future long-lasting broadband
photodetectors with FePS; as a very promising material.

In summary, we have investigated aspects of the optical and
optoelectronic properties of few-layered FePS; which remained,
to our knowledge, partially or fully unexplored. From a
meticulous study at room temperature of the optical transmit-
tance of the material as a function of thickness we first provide a
reference guideline for thickness identification of FePS;
nanosheets by means of simple optical transmission microscopy
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imaging. These results allow us also to estimate the refractive
index of the material, a parameter that plays an important role in
the design of future optical and optoelectronic nanostructures
integrating FePS; nanosheets. Also, being a p-type semiconductor
—a fact that we confirm in the electrical characterization of FePS;
field-effect devices—makes FePS; an interesting material for the
study of proximity effects in stacked p—n heterostructures. From
the photo-response of the FePS; devices, we determine the
bandgap energy of the material, and more importantly, we
demonstrate a wide spectral response to optical excitation for
FePSs, ranging from the near IR up to the UV energy regions.
Hubbard-corrected ab-initio DFT + U calculations corroborate our
experimental results. The trend of photocurrent with incident
power and applied gate voltage suggests a scenario dominated by
photogating effects. To reinforce the device’s suitability for
optoelectronic applications we show that it suffers minimal
deterioration over long time exposure to ambient conditions.
Our results indicate that FePSs is a good candidate material for
applications in optoelectronics, owing to a narrow gap and a
broad photo-response, in contrast with TMDC materials that can
be exclusively used within the visible spectral region; in addition, it
offers better environmental stability than other 2D materials with
a similar spectral response. Finally, a fundamental understanding
of the photoconductive properties of FePS; paves the way toward
exploring exciting magneto-optical tunability or spintronic effects
in its magnetic phase at low temperatures. The peculiarity of its
resilience under exposure to light and environmental conditions
brings FePS; to the spotlight of 2D intrinsic magnetic materials;
when compared to the renowned Crl;, which exhibits extreme
instability under similar conditions, FePS; becomes an advanta-
geous material for fast and simple testing.

METHODS

Material synthesis

FePS; crystals were grown by chemical vapor transport, using iodine as a
transport agent, and characterized by powder X-ray diffraction and ICP-
OES (Inductively Coupled Plasma-Optical Emission Spectrometry), as
previously reported™’.

The build-up of the material thickness identification guideline
The FePSs; nanosheets were isolated through mechanical exfoliation of the
synthesized FePS; bulk crystal with Nitto SPV 224 tape and deposited onto
transparent Gel-Film (Gel-Pak, WF x4 6.0 mil) substrate for inspection under
an optical microscope. Transmission mode optical images of the flakes on
Gel-Film were recorded with a metallurgical microscope (Motic BA310 Met-T)
equipped with a digital CMOS Camera (AMScope MU1803 with sensor Aptina
AR1820). Right after the transmittance characterization, the transparency of
the Gel-Film substrate allowed for a deterministic dry transfer®® of the
optically characterized FePS3 nanosheets onto a SiO,/Si substrate, where AFM
was employed to identify the thickness of the flakes. Note that AFM imaging
on the surface of Gel-Film results is challenging because of its high
compliance. Following this methodology, the acquisition of optical transmis-
sion images and AFM maps of several flakes with a thickness in the range of
4-100 nm allowed the build-up of the thickness identification guide.

Optoelectronic characterization

The bench of fiber-coupled LEDs used to characterize the response to light
of the nanodevices was selected from Thorlabs, offering different photon
energies from NIR (1.32eV) up to UV (3.40 eV) with emission bandwidths
around 10-20nm and reaching maximum optical powers at about
10-15mW at the output of a coupled 400 um-core fiber. The use of a
focusing lens after the fiber output enabled to focus the LED light down to
a 600 um-diameter spot onto the device. A smaller spectral range but
higher resolution was achieved at energies near the optical gap of FePS;
using a high power tuneable light source (TLS120Xe, Bentham) offering
0.0035 nm of wavelength resolution.
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Frequency modulation of the illumination source during electrical
current measurements was performed with an external function generator
(FG420, Yokogawa) connected to a LED driver (LEDD1B, Thorlabs).

Electronic structure calculations

The generalized gradient approximation (GGA) and the Perdew-
Burke—Ernzerhof functional®® were used to describe the exchange-
correlation energy. Standard solid state pseudopotentials precision
pseudopotentials from the Materials Cloud database®® were selected
and the electronic wave functions were expanded with well-converged
kinetic energy cut-offs of 90 and 1080 Ry for the wave functions and
charge density, respectively. All the structures were fully optimized
without constraints until the forces on each atom were smaller than
10 *Ry/au and the energy difference between two consecutive
relaxation steps was less than 2x10*Ry. The Brillouin zone was
sampled by a very fine (0.15 A~ k-points distance) I centered 8 x 5 x 7 k-
point Monkhorst-Pack mesh*' for all calculations. In order to describe
the strong correlation of the electrons in Mott-Hubbard physics, we
adopted a DFT + U approach, where U is the on-site Coulomb repulsion,
using the simplified version proposed by Dudarev et al.*>. Spin-orbit
coupling effects were also taken into account using fully relativistic
norm-conserving pseudopotentials from Pseudo Dojo*?, showing no
significant variations (Supplementary Note 6). Dispersion corrections to
account for van der Waals interactions between the FePS; layers were
considered by applying semi-empirical Grimme-D2 corrections*.
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