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1. Introduction

Bolometers have been widely adopted 
for detecting infrared (IR) radiation for a 
variety of applications including thermal 
imaging, astronomy, health care, and secu-
rity. A key advantage of the bolometers is 
that they can work at room temperature 
without cooling,[1–7] which has been a 
major limitation for cooled photodetectors 
based on low bandgap semiconductors 
such as HgCdTe,[8–11] II–VI and III–V 
semiconducting superlattices,[12–17] and 
quantum wells,[18–24] to reduce the dark 
current and enhance the signal-to-noise 
ratio. As bolometers measure the resist-
ance change (ΔR) caused by temperature 
variation (ΔT) under the infrared illumi-
nation, high temperature coefficient of 

The semiconducting metal phosphorus trichalcogenides (MPX3, X = S, Se), a 
new family of layered atomic materials similar to the transition-metal dichal-
cogenides, have recently attracted great attention owing to their 2D magnetic 
properties as well as their wide range of tunable bandgaps, which can lead 
to promising applications in spintronic and optoelectronic devices. Herein, 
an uncooled bolometer based on FePSe3 atomic layers is reported, on which 
a competitive temperature coefficient of resistance (TCR) of ≈−2.96% K−1 at 
room temperature is observed. In detecting infrared radiation (980–1550 nm) 
at room temperature using the FePSe3 bolometer, high responsivity exceeding 
108 V W−1 and specific detectivity up to 109 Jones are achieved, which can 
be attributed to the combined advantages of the competitive room-temper-
ature TCR and natural thermal isolation between the inner layers of FePSe3

and the environment. This result reveals a remarkable property of FePSe3

atomic layers and paves the way toward new types of bolometers with high 
sensitivities.
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resistance (TCR) of the bolometer materials is critical. The com-
mercially adopted materials have TCR values typically in the 
range of a few percent. For example, metallic Ti, Ni, or Pt have 
TCR <  1% K−1,[25–28] semiconducting amorphous silicon[6,29,30] 
and vanadium oxide (VOx)[28,31,32] have TCR in the range of 2–4 
and −2% K−1, respectively. In addition, recently reported poly-
crystalline ceramic composites with large room-temperature 
TCR also show a promise for applications.[33,34] Since ΔR  =  
TCR × ΔT, the bolometer detectivity may be limited under low 
infrared light intensity[35,36] and/or poor thermal isolation of 
the bolometer. Therefore, a major challenge in the field is to 
explore new materials which can further improve the detectivity 
of bolometers and work under uncooled conditions.[3–5,37,38]

The metal phosphorus trichalcogenides (MPX3, X = S, Se) 
are a family of 2D layered atomic materials, similar to the 
transition-metal dichalcogenides, with high chemical diver-
sity and wide range of tunable bandgaps where the band-
gaps in MPS3 (M = Mn, Fe, Ni, Zn, Cd, and In2/3) and MPSe3  
(M = Mn, Fe, and In2/3) range from 1.3 to 3.5 eV.[39–43] Although 
the optical bandgap of FePSe3 is ≈1.3 eV, it is worth noting that 
the Fe2+ ions are nearly octahedrally coordinated in the FePSe3 
crystal and the electronic configuration of the Fe2+ is 3d6(5D) in 
an octahedral ligand field. In a crystal field, the 5D state splits 
into a 5T2g orbital triplet (ground state) and a 5Eg orbital doublet 
(excited state) when Fe2+ in the high spin state. The 5T2g → 5Eg 
transition energy in FePSe3 is located near 0.81 eV (≈1550 nm) 
at 300 K, which corresponds to an absorption band ranging 
from 0.75 (1650  nm) to 0.89  eV (1400  nm).[44] This suggests 
that the FePSe3 could be a promising material for near-infrared 
(NIR) and short-wave infrared (SWIR) detection. In particular, 
the conventional semiconductor bolometers must be sus-
pended to reduce their thermal link to the surrounding for high 
signal-to-noise ratios. In contrast, the FePSe3 atomic-layer stack 

with the weak van der Waals (vdW) interlayer force inherits a 
naturally suspended structure that can reduce effectively the 
thermal link to the supporting substrate. Motivated by this, 
we present the first systematic study of the FePSe3 bolometers 
with thicknesses ranging from 6 layers (6 L) to 74 L using the 
mechanical exfoliation and dry transfer method. A competitive 
room-temperature TCR of ≈−(2–3)% K−1 has been obtained, 
which is comparable to that for the current state-of-the-art com-
mercial VOx bolometers. Remarkably, high responsivity (Rv) 
exceeding 108 V W−1 and specific detectivity (D*) up to 109 Jones 
(1 Jones = 1  cm Hz1/2 W−1) under 1550  nm light illumination 
have been obtained on uncooled FePSe3 bolometers, suggesting 
2D atomic layer materials are promising candidates for high 
sensitivity IR detection.

2. Results and Discussion

In the monolayer structure of FePSe3, (P2Se6)4− bipyramids are 
arranged in a triangular lattice and wrapped in a six-Fe ring 
(Figure 1a). The point symmetry group for monolayer structure 
is D3d when the bulk is in space group R-3 (No. 148). The bulk 
crystals consist of ABC-stacked monolayer assemblies that are 
held together by van der Waals forces. Thus, the bilayer and 
trilayer structures are AB and ABC stacking, respectively. In 
the electronic band structure without spin polarization, all four 
modalities have an indirect bandgap, as shown in Figure 1b−e. 
In the few-layer form (monolayer, bilayer, and trilayer), the 
valence band maximum (VBM) is around Γ point and the con-
duction band minimum (CBM) is at K point. As the number 
of layers increases, the bandgap narrows down from 2.05  eV 
(monolayer) to 1.78  eV (trilayer). For the bulk structure, the 
indirect bandgap of 1.73  eV is the energy difference between 

Figure 1.  a) Layered structure (side view) of bulk FePSe3 (upper) and in-plane lattice structure (top view) of a monolayer FePSe3 (lower). The electronic 
band structures of the FePSe3 material with b) monolayer, c) bilayer, d) trilayer, and e) bulk structures.
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VBM along B-Z line and CBM around B point. In addition, 
note that we use the in-plane lattice constant (6.17 Å) from the 
experimental data and do not consider spin–orbit coupling and 
the Hubbard U correction, which may lead to that the calcu-
lated bandgap (1.73 eV) is larger than the experimental optical 
bandgap (1.30 eV) of bulk FePSe3.[45] The corresponding cutoff 
wavelength of FePSe3 lies in the range from 605 to 717  nm 
based on the calculated bandgap values from 2.05 to 1.73  eV 
depending on the thickness. However, the particularity of the 
FePSe3 crystal is that Fe2+ has a nearly octahedrally coordi-
nated structure. The ground state and excited state of the Fe2+ 
in a crystal field are 5T2g orbital triplet and 5Eg orbital doublet, 
respectively. To quantify the energy difference between Fe-d-
t2g (low-lying) and eg (high-lying) states in FePSe3, we estimate 
the relative on-site energy of each Fe-d orbital with maximally 
localized Wannier functions (MLWFs) obtained with the Wan-
nier90 package.[46] The Fe-d orbital is adopted as projections 
to construct WFs. Appropriate inner and outer energy win-
dows are used during the disentanglement procedure. The 
calculated split value of the t2g and eg in FePSe3 is ≈0.70  eV, 
which is consistent with the experimental room-temperature 
optical absorption for the 5T2g → 5Eg transitions, i.e., actually is 
ascribed to the t2g → eg excitations that is a wide band ranging 
from 1400  nm (0.89  eV) to 1650  nm (0.75  eV).[44] This means 
the optical absorption of FePSe3 can extend to the NIR-SWIR 
spectra. A similar IR absorption has been reported on MoS2 
atomic layers taking advantages of the IR absorption of MoS2 at 
6–9 µm wavelengths.[47]

The structures, quality, and average stoichiometry of FePSe3 
bulk single crystals were characterized by X-ray diffraction 
(XRD) patterns and energy-dispersive X-ray (EDX) spectros-
copy (Figure S1, Supporting Information). The crucial peak of 
FePSe3 single crystal is the XRD (003) diffraction peak located 
at 2θ ≈ 13.3°. In addition, the XRD pattern of the single crystal 
is exactly corresponding to the (00l) diffraction peaks of the 
FePSe3, and no peaks of other impurity phases were observed 
(Figure S1a, Supporting Information). The EDX spectroscopy 
shows that the average atomic ratio of FePSe3 single crystal is 
Fe:P:Se = 0.1977:0.2005:0.6019 ≈ 1:1:3 (Figure S1b, Supporting 
Information), which is consistent with the expected stoichio-
metric ratio of the FePSe3 crystals. These results indicate that 
no significant vacancies were observed in FePSe3 crystals as 
well as no traces of impurity were detected on the cleaved sur-
faces. Figure 2a shows the schematic of a multilayer-FePSe3 
bolometer device consisting of a FePSe3 flake with two Cr/Au 
electrodes. The naturally suspended atomic layer structure of 
the FePSe3 is illustrated schematically, which is desirable for 
bolometer applications. The thicknesses of the FePSe3 flakes 
were measured using atomic force microscopy (AFM). Specifi-
cally, the thickness of a single-layer (1 L) FePSe3 is ≈0.80  nm, 
which is consistent with literature.[45] The AFM images and line 
scans taken on six FePSe3 flakes with thicknesses of 5.04  nm 
(6 L), 7.85 nm (10 L), 13.73 nm (17 L), 25.72 nm (32 L), 43.87 nm 
(55 L), and 59.12  nm (74 L) are illustrated in Figure S2a–f 
and their insets, respectively (Supporting Information). The 
Raman spectra of these FePSe3 flakes are exhibited in Figure 2b 
(43.87  nm in thickness) and Figure S4 (Supporting Informa-
tion) (with flake layer numbers range of 6−74 L) in the Sup-
porting Information. There are five characteristic Raman peaks 

indexed to the FePSe3 associated with the metal atom vibra-
tions and the P2Se6 unit vibrations of D3d symmetry group.[45,48] 
The highest intensity peak at 210.2 cm−1 is associated with the 
A1g(ν1) mode (the symmetric stretching vibration of the PSe 
bonds). The other stretching vibration of the PSe bonds is the 
A1g(ν2) mode at 163.6 cm–1. The peaks at 143.5 and 176.5 cm−1 
are attributed to the Eg(ν12) and the Eg(ν11) modes, respectively, 
which do not involve any PSe bond stretching. The peak at 
110.3 cm−1 is derived from the metal atom vibrations in the 
FePSe3 crystals. With decreasing the number of layers of the 
FePSe3, the Raman signal gradually weakens to the point that 
it is almost impossible to distinguish the signal from the noise 
due to the decreased amount of material (<9 L) (Figure S4, Sup-
porting Information). On the other hand, the peak at 299.9 cm−1 
originated from SiO2 becomes more prominent with decreasing 
FePSe3 flake thickness due to decreasing signals from thinner 
FePSe3 and increasing signal from the substrate.

The results from transport R−T curves reveal the semicon-
ducting nature of FePSe3 flakes (Figure  2c). The TCR of the  
55 L (or 43.87 nm in thickness) FePSe3 flake can be calculated 
by TCR = (1/R0) · (dR/dT), and the result of TCR as a func-
tion of temperature is shown in the inset of Figure  2c. With 
increasing temperature, the absolute value of the decreases 
monotonically, which is similar to conventional bolometer 
materials.[5,49] The TCR value of the 55 L (or 43.87 nm in thick-
ness) FePSe3 flake is as high as −12.89% K−1 at low temperature 
of 123 K, and it can still reach a competitive value of −2.63% K−1 
at room temperature. To determine the relationship between 
the room-temperature TCR and the number of layers, we have 
prepared several samples with different thicknesses (6, 9, 19, 35 
and 67 L) and measured their R−T curves in the temperature 
range of 295–353 K. The result is summarized in Figure  2d 
and Figure S3 (Supporting Information). Specifically, the TCR 
values obtained are in the range from −2.74 to −2.96% K−1  
at room temperature. This result, in combination with that 
on the two previously measured samples (35 and 55 L),  
indicates that the intrinsic TCR of the FePSe3 around −2.9% K−1  
is nearly independent of the sample thickness. This is expected 
from the very weak interlayer interactions in 2D FePSe3 
atomic layers. It is worth noting that the TCR value of FePSe3 
is slightly larger than that of the commercial VOx bolometer 
(typical about −2% K−1).[5] This implies that the ternary FePSe3 
atomic layers is a promising candidate material for a bolo
meter-type uncooled infrared detector. Based on the TCR and 
bandgap results described above, we can propose the operating 
principle of the FePSe3 detector under the illumination of dif-
ferent wavelengths (Figure 2e). When the photon energy hv is 
greater than the bandgap of FePSe3, the FePSe3 layers could 
absorb photons to generate the excitons (photogenerated car-
riers) through interband Ev→Ec transitions, and the excitons 
can dissociate into free holes and electrons by the applied 
bias voltage between the two electrodes. Therefore, the device 
behaves like a photoconductor and the changes the conductivity 
of the FePSe3 semiconductor channel is regarded as the photo-
conductive response. It should be noted that lower energy pho-
tons beyond the optical cutoff of the FePSe3 can be absorbed via 
the 5T2g→5Eg transitions, resulting in the resistance decrease of 
the FePSe3 channel due to the excitons dissociation to phonons 
(or lattice vibration) or heat (bolometric effect).

Adv. Mater. Interfaces 2021, 8, 2100491
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The obtained photoresponse characteristics of the FePSe3 
devices with various layer numbers (6−74 L) are illustrated in 
Figure 3a as well as Figure S5 (Supporting Information) at 
various excitation wavelengths (400−1550  nm) with different 
optical powers. The linearity in the Vds−Ids curves indicates a 
good ohmic contact between FePSe3 flake and Ti/Au electrode 
and is anticipated for a bolometer or photoconductor. The 
photoinduced voltage (photovoltage, Vph) can be defined as the 
difference of the voltage in light and the dark, which is linearly 
dependent on the current (Figure 3b). The device can generate 
Vph as high as 7  mV even when the incident light power is 

as low as 0.075 nW, illustrating the benefit of the naturally 
suspended layered structure of the FePSe3 flakes. Dynamic  
photoresponse measured on the FePSe3 bolometers are shown 
in Figure 3c. The rise (and fall) time is defined as the time from 
10% to 90% (from 90% to 10%) of the maximum photovoltage in 
response to IR illumination of 980 nm (blue), 1064 nm (purple), 
and 1550  nm (red) wavelengths, respectively. As illustrated 
in Figure  3d, the rise/fall times of the FePSe3 bolometer are 
0.68/0.75 and 0.76/0.91 s under 1064 and 1550  nm excitation, 
respectively, demonstrating promising performance for prac-
tical applications.

Figure 2.  a) Schematic sideview of FePSe3 bolometer device. b) Raman spectrum of the 55-layer FePSe3 flake. Resistance R versus temperature T of 
the c) 55-layer FePSe3 flakes and d) 35-layer FePSe3 flake. Inset shows the extracted TCR of the 55-layer FePSe3 flakes as a function of temperature.  
e) Schematic diagram of the operating principle of the FePSe3 detector under the illumination of different wavelength bands.
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An important figure of merit used to evaluate the perfor-
mance of a bolometer is the voltage responsivity Rv, which is 
the photovoltage Vph divided by the light power Pin: Rv = Vph/Pin, 
where Pin is equal to the product of the incident optical power 
density Pd and the effective detection area S of the device. The 
Rv of devices with various layer numbers (6−74 L) at various 
excitation wavelengths (400−1550  nm) have been calculated 
(Figure 3e and Figure S6, Supporting Information). The Rv of 
the 35 L-thick FePSe3 bolometer is as high as 1010−1011 V W−1 
when the excitation wavelength is in the ultraviolet–visible 
spectra. Remarkably, the Rv of the 35 L-thick FePSe3 can reach 

up to 5 × 107 V W−1 in the NIR band. Obviously, when the energy 
of the incident photon is larger than the bandgap of FePSe3 (the 
corresponding cut-off wavelength is ≈954 nm), the responsivity 
is significantly higher, which is not surprising considering the 
higher carrier energy and hence mobility. At the illumination 
of lower energy IR photons (Δ < hν < Bandgap), the absorbed 
photon energy through the intraband 5T2g  → 5Eg transitions 
is converted primarily to phonons (or lattice vibration) or heat 
in the FePSe3. The resulting responsivity is typically lower as 
shown in Figure  3e. This further indicates that there are two 
main mechanisms for the photoresponse of FePSe3 devices 

Figure 3.  a) Vds–Ids curves of the 35 L FePSe3 bolometer in the dark and under 1550 nm irradiation with various powers. b) Photovoltage (Vph) versus 
current curves extracted from the Vds–Ids curves in (a). c) Temporal voltage response under various NIR–SWIR wavelengths of 980, 1064, and 1550 nm. 
d) Response time of the FePSe3 bolometers. e) Responsivity Rv of the 35 L FePSe3 bolometer as a function of wavelength. f) Rv versus thickness of the 
bolometer under 1550 nm irradiation.
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under different incident wavelengths: the photoconductive 
effect at wavelengths above the optical cutoff ≈954 nm and the 
bolometric effect at longer wavelengths beyond the cutoff as 
proposed in Figure 2e.

To better compare the performance of the FePSe3 bolom-
eter, the Rv as a function of the thickness of the FePSe3 under 
1550 nm light illumination is shown in Figure 3f. The results 
show that the Rv value of the FePSe3 bolometer can reach up 
to 1 × 108 V W−1, which is 2−3 orders of magnitude higher than 
that of the commercial VOx bolometer (104−105  V W−1) in the 
same spectral range.[5,49] Unlike most commercial bolometers 
that use a suspended structure to reduce the thermal link 
between the device and surrounding, no suspended struc-
ture was used for the FePSe3 bolometers. Therefore, the high 
bolometric performance obtained in this work illustrates a 
distinctive advantage of the FePSe3 2D atomic layer stacks for 
bolometer applications. Interestingly, Figure 3f exhibits a strong 
thickness dependence of the Rv values. When the layer number 
of the FePSe3 increases from 5 to 35 nm, the Rv value increases 
monotonically, which may be attributed to increasing benefit 
of the FePSe3 top layers being thermally isolated, resulting 
in large ΔT, and hence large ΔR = TCR × ΔT (proportional to 
responsivity). At larger thickness above 35  nm (or >44 L), the 
Rv saturates, followed by a slightly decreasing Rv with further 
thickness increase. While the specific mechanism responsible 
for this trend needs more systematic investigation, a plausible 

argument is that at a larger thickness beyond 35  nm, the IR 
photon absorption and therefore heating of the bottom layers 
in the FePSe3 may not be as efficient as the top layers. As 
the bottom layers (inactive element) are in parallel to the top 
layers (active element) of the bolometer, a saturation of the Rv 
at the critical thickness around 35 nm is anticipated, at which 
the inactive element is negligible. Reduction of the Rv values 
would occur when the inactive element provides an alterna-
tive electron transfer path in parallel to the active one, as illus-
trated schematically in Figure 4a where a schematic shows the 
thermal isolated effect that the layer number of FePSe3 flake 
would affect the thermal link due to the naturally suspended 
structure of the 2D van der Waals stacks.

To characterize the noise level of our device, the noise 
power density (vn

2) spectrum of the dark voltage of the 35 L (or 
27.70  nm in thickness) FePSe3 bolometer was measured and 
fitted with the 1/ƒ noise model (the solid red line), as shown 
in Figure  4b. The overwhelming 1/ƒ noise coming from the 
random temperature fluctuations is unavoidable in almost 
all detectors. The noise equivalent power (NEP) is defined 
as the signal power when signal-to-noise ratio is unity, given 
by v R v Rn v n v= =NEP / RMS( )/2 1/2

 in units of W Hz−1/2, where 
v vn n=RMS( ) 2 1/2

 is the root-mean-square voltage noise calculated 
from the spectra of noise power density. Here, the RMS(vn) 
value of 35 L (or 27.70  nm in thickness) FePSe3 bolometer is 
2.75 × 10−10 V Hz−1/2. The voltage noise spectra of other FePSe3 

Figure 4.  a) Schematic diagram shows the thermal isolated effect that the layer number of FePSe3 flake would affect the thermal link. b) Spectrum of 
voltage noise power density (Vn

2) for the 35 L FePSe3 bolometer. A linear fit (solid red line) shows that the 1/f noise dominates the noise level of this 
device. c) Specific detectivity D* as a function of wavelength for the 35 L FePSe3 bolometer. d) D* versus thickness under 1550 nm irradiation.
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bolometers with different thicknesses were measured and the 
RMS(vn) values were calculated as well (Figure S7, Supporting 
Information).

Another typical figure of merit used to evaluate the bolom-
eter performance is the specific detectivity D*, defined as 
D S R S vv n= =∗ /NEP /1/2 1/2 2 1/2

. We measured the photoresponse of 
a series of devices with various layer numbers at room tem-
perature and calculated the D* values under different excitation 
wavelengths (Figure  4c, Figure S8, Supporting Information). 
The D* value is in positive correlation with the wavelength 
in shorter wavelengths and almost constant in longer wave-
lengths. The D* of the 35 L (or 27.70 nm in thickness) FePSe3 
bolometer is as high as 1011−1012 cm Hz1/2 W−1 under the illu-
mination wavelengths range from visible to ultraviolet. The D* 
as a function of the thickness under 1550 nm light illumination 
at room temperature is shown in Figure 4d. Similar to the rela-
tionship between Rv and thickness, the D* increases initially as 
the FePSe3 thickness increases from 5 to 35 nm and reaches a 
maximum value at ≈35  nm. Besides, the low noise leads to a 
potential high detection sensitivity. It is worth noting that the 
D* values can reach up to 1 × 109 cm Hz1/2 W−1 at room tem-
perature. As we have mentioned, the commercial VOx or other 
bolometers must use suspended structures to cut the thermal 
links of the bolometer and its surrounding to obtain high 
signal-to-noise ratios. The competitive performance demon-
strated in the naturally suspended ternary FePSe3 bolometers to 
the previously reported on the state-of-the-art commercial sus-
pended VOx bolometer[5,49] suggests FePSe3 and possibly other 
2D materials are promising materials for IR bolometer applica-
tions at room temperature.

3. Conclusion

In summary, 2D FePSe3 atomic layers with different thicknesses 
in the range of 5.04 nm (6 L) to 59.12 nm (74 L) have been used 
for fabricating high-performance uncooled bolometers. High Rv 
and D* of 1010−1011 V W−1 and 1011−1012 cm Hz1/2 W−1, respec-
tively, have been achieved on the FePSe3 bolometers under the 
illumination wavelengths ranging from ultraviolet to visible 
spectra. In NIR−SWIR spectra, the uncooled Rv and D* of the 
FePSe3 bolometers exhibit an inverted-bell-shaped thickness 
dependence with the peak Rv and D* exceeding ≈1 × 108 V W−1 
and ≈1 × 109 cm Hz1/2 W−1 under 1550 nm SWIR illumination 
at ≈35  nm FePSe3 thickness. Remarkably, the performance 
of the FePSe3 bolometers is on par with the current state-of-
the-art conventional bolometers that require suspended struc-
ture for thermal isolation and hence improved signal-to-noise 
ratios. The achieved high bolometer performance can be 
attributed to: 1) the competitive room-temperature TCR for 
FePSe3  ≈  −(2–3)% K−1; 2) the broadband optical absorption 
extending from UV−visible to NIR-SWIR spectra associated 
to direct interband absorptions at ≈1.3  eV to lower energy of 
≈0.75−0.89 eV through the 5T2g → 5Eg transitions of Fe2+ in an 
octahedral ligand field; and 3) the unique thermal isolation due 
to that the FePSe3 atomic layers stacked by the weak van der 
Waals interlayer force inherit a naturally suspended structure 
that can effectively reduce the device’s thermal link to the sup-
porting substrate. Our result demonstrates that the 2D FePSe3 

atomic layers can provide a promising candidate material for 
high-performance uncooled bolometers for miniaturized 
thermal radiation detection.

4. Experimental Section
Growth, Mechanical Exfoliation, and Transfer of FePSe3 Bulk Single 

Crystals: FePSe3 bulk single crystals were synthesized using the chemical 
vapor transport (CVT) method.[45] The high-purity powders of Fe 
(99.9+%, Alfa Aesar), P (100 mesh, 98.9%, Alfa Aesar), and Se (99+%, 
Alfa Aesar) at a stoichiometric ratio of 1:1:3 and 10–20 mg I2 (99.99%, 
Alfa Aesar) were sealed in a 25-cm-long quartz ampoule at a pressure of 
less than 10–2 Pa. Herein, the I2 was the transport medium. The quartz 
ampule was then placed in a two-zone tube furnace. The temperature of 
the growth and source ends were kept at 600 and 650 °C, respectively, 
for 7 d before the quartz ampule was air-cooled to room temperature. 
The as-grown crystal structures and quality were characterized by 
powder XRD using Cu-Kα radiation source (λ  = 1.5406 Å) (Rigaku 
SmartLab-9 KW). The average stoichiometric ratio of FePSe3 crystals 
was examined by EDX spectroscopy (Elite Plus, AMETEK EDAX). The 
FePSe3 flakes were prepared using a scotch tape standard mechanical 
exfoliation method from the FePSe3 bulk single crystals onto the 
polydimethylsiloxane (PDMS). Then, the FePSe3 flakes were transferred 
to a heavily doped p-type 285 nm-SiO2/Si substrates by releasing from 
PDMS. Thus, there are some FePSe3 flakes with different thicknesses on 
the SiO2/Si substrates. The FePSe3 samples with different thicknesses 
were selected according to the optical contrast using the optical 
microscope (Leica DM4000 M) for subsequent device fabrication, and 
then their thicknesses are accurately determined by AFM (AFM 5500, 
Keysight). The quality and the layer numbers of the FePSe3 flakes were 
characterized using Raman spectroscopy with a 632.8 nm laser (LabRAM 
HR Evolution).

Calculation on the Electronic Band Structures of FePSe3: The first-
principles calculations were performed using the projected augmented-
wave method as implemented in the Vienna Ab initio Simulation 
Package.[50–52] The exchange-correlation functional was modeled by 
the generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) realization.[53] The vdW corrections were taken into 
account by the approach of Dion et al.[54] and the band structures were 
given by the Heyd-Scuseria-Ernzerhof (HSE06) functional including 
25% nonlocal Hartree-Fock exchange.[55] Some tunable parameters were 
all taken as convergence tests, and the following parameters in each 
analysis were kept: plane-wave cutoff energy, Γ-centered k mesh, and 
the thickness of the vacuum slab, which were set to 500 eV, 10 × 10 × 1 
(10 × 10 × 10 for the bulk structure), and 20 Å, respectively. To optimize 
the lattice structures, the energy and force convergence criteria were 
set to be 10−5  eV and 0.01  eV Å−1, respectively. And the in-plane lattice 
constant was set to be 6.17 Å according to the experimental data.

Fabrication and Optoelectronic Measurement of the Devices: The FePSe3 
flakes with various thicknesses were transferred to a heavily doped 
p-type 285  nm-SiO2/Si substrates preprocessed by acetone, alcohol, 
and piranha solution (3:1 mixture of sulfuric acid and 30% hydrogen 
peroxide). The electrodes of the device were made by using standard 
electron-beam lithography process (FEI-Noval NanoSEM50 with JC 
Nabity-Nanometer Pattern Generation System), followed by thermal 
evaporation (DE400EVP, DE Technology) of a Cr/Au film (5/40 nm thick) 
and lift-off process. All measurements were taken in the atmosphere at 
room temperature. The semiconductor parameter analyzer (4200-SCS, 
Keithley) was used to collect the electronic transport signals. The 
light sources were the continuous-wave semiconductor lasers with 
wavelengths of 405, 532, 655,  808, 980, 1064, and 1550  nm. To make 
sure that incident light was collimated, the optical collimating lenses 
(k9) were installed to the fiber outputs of the lasers. The entire device 
was illuminated by the collimated incident beam in the experiments. The 
power of the incident laser beam was measured using a optical power/
energy meter (1936-R, Newport) with UV enhanced silicon detector 
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(918D-UV-OD3R, Newport) at 405–1064  nm and germanium detector 
(918D-IR-OD3R, Newport) at 1550  nm. During the measurements, 
a device was placed inside the sealed metal box with a small hole 
(diameter of ≈1–2 mm), allowing the laser to pass through and isolate 
the device from the room light. The incident light power (Pin) on the 
devices could be calculated by Pin  = Pd  × S, where Pd is the incident 
power density calculated as the laser output power divided by the 
cross-sectional area of the laser beam and S is the actual device area 
measured under microscope. So the responsivity Rv can be calculated 
as Rv  = Vph/Pin  = Vph/(Pd  × S). The dynamic signal analyzer (SR785, 
Stanford Research) was used to take the noise spectra of FePSe3 devices. 
A digital oscilloscope (RTO1024, Rohde and Schwarz) and an optical 
chopper (SR540, Stanford Research) were used to measure the dynamic 
photoresponse of device.
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