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1. Introduction

The recent discovery of 2D ferromag-
netic (FM) materials including CrI3,[1] 
CrGeTe3,[2] and Fe3GeTe2

[3] could be 
down to the monolayer with intrinsic fer-
romagnetic, which offers a platform to 
explore fundamental physics and smart 
functional devices. The physical proper-
ties of 2D layered magnetism are more 
susceptible to external stimuli, such as 
gate voltage,[4–6] current injection,[7] elec-
trostatic doping,[8–10] pressure,[11,12] and 
strain.[13] In particular, the intrinsic 2D 
FM semiconductors have attracted great 
interest since both ferromagnetism and 
semiconducting properties are ideal for 
next-generation magnetoelectric and 
magneto-optical applications. The family 
of CrXTe3 (X = Si, Ge, Sn) belongs to this 
category, the optical bandgap is ≈0.4  eV 
for CrSiTe3

[14,15]  ≈0.7  eV for CrGeTe3
[16] 

and ≈0.9–1.2  eV for CrSnTe3.[17] Fortunately, good electronic 
contacts between the CrSiTe3 and metal electrodes could be 
realized when the thickness of the CrSiTe3 flakes is >7  nm.[15] 
The CrSiTe3, p-type semiconducting transport behavior in com-
bination with the narrow bandgap 2D ferromagnetism has 
great potential application in mid-wave infrared (MWIR) pho-
todetection. Integratable, room temperature operation MWIR, 
and long-wave infrared (LWIR) photodetectors are highly 
desired for the wide application in many important fields such 
as thermal image, infrared guiding, molecular “fingerprint” 
identification, free space telecommunication.[18,19] To date, 
broadband photodetection based on CrSiTe3 remain elusive. To 
realize high-performance uncooled LWIR photodetection, the 
current noise power density and dark current should be well 
suppressed. The widely used strategy of suppressing current 
noise and dark current in 2D materials-based photodetectors 
is inducing a built-in electrical field. Here, we report a highly-
sensitive uncooled MWIR and LWIR photodetector by stacking 
a p-type 2D FM CrSiTe3 on top of n-type 2D layered materials 
such as MoS2. The n-type MoS2 is a good absorber in the visible 
and near-infrared range, which was used to enhance the photo-
response in the short-wave spectral range. The CrSiTe3–MoS2 
vdW heterodiode was fabricated using the tray transfer tech-
nique, in which CrSiTe3 acts as MWIR light-absorbing material  
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and p-type semiconductor. An ultrabroad band photodetection 
from 0.52 to 10.6  μm was demonstrated at room temperature 
based on the CrSiTe3–MoS2 vdW heterodiode. High specific 
detectivity D* of 1.3 × 1011 cm Hz1/2 W−1 was obtained in the vis-
ible range. The high-performance uncooled LWIR photodetec-
tion includes the R of 0.2 A W−1 and noise-equivalent power as 
low as 0.66 pW Hz−1/2, and D* of 1.93 × 109 cm Hz1/2 W−1, which 
were demonstrated at 10.6 μm laser under a bias of a −1 V.

2. Results and Discussion

CrSiTe3 single crystal was grown using a self-flux method. The 
crystal structure of CrSiTe3 is rhombohedral and it crystal-
lized in the R-3 space group (space group No. 148), as shown 
in Figure  1a. Each unit cell comprises three CrSiTe3 layers 
stacked in ABC order with alternating Te-Cr-Te and Te-Si-Te 
sandwich structures. The distance between the CrSiTe3 layers is 
3.3 Å.[20] The magnetism originates from the 3d orbital of Cr3+, 
whose ferromagnetism is aligned along the c-axis, as indicated 
by the black arrows in Figure 1a. To characterize the structure 
of CrSiTe3, single-crystal X-ray diffraction (XRD) measure-
ments were performed. The XRD data in Figure 1b shows that 
there are only three distinct peaks corresponding to the (003), 

(006), and (0012) planes, indicating that high-quality CrSiTe3 
was obtained. The optical image of the CrSiTe3 single crystal 
is presented in the inset of Figure  1b. The Raman spectrum 
of CrSiTe3 in Figure  1c shows two obvious peaks at 118.8 and 
138.6  cm–1 corresponding to Eg

3 and Ag
3 mode (out-of-plane 

vibrations of Te atoms).[21] The other three weak peaks located 
at 86.1, 214.2, and 358.6  cm–1, corresponding to the Eg

1, Eg
4, 

and Eg
5 modes, respectively, which are well consistent with 

previous reports.[14,21,22] Elemental analysis of the crystals on 
cleaved surfaces was performed using energy-dispersive X-ray 
spectroscopy. As shown in Figure S1a (Supporting Informa-
tion), the main peaks originated from Te, Si, and Cr elements. 
The atomic ratio Cr/Si/Te is 19.79:21.40:58.81, which is very 
close to 1:1:3 as shown in the inset of Figure S1a (Supporting 
Information).

The magnetization behavior of the CrSiTe3 flake was char-
acterized by the measurement of M–H and M–T curves. The 
magnetic field was applied parallel to the ab plane along the 
c-axis perpendicular to the easy axis of magnetization.[14] As 
shown in Figure  1d, the temperature-dependent magnetiza-
tion curves during zero field-cooled (ZFC) and field-cooled 
(FC) were measured at H = 1 k Oe. As shown in the inset of 
Figure  1d, the critical temperature Tc  =  33.4  K for the para-
magnetic (PM) to ferromagnetic (FM) transition was extracted 
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Figure 1. The magnetic properties characterization of CrSiTe3 single-crystal. a) Schematic illustration of the CrSiTe3 unit cell. The spin is indicated by the 
black arrows. b) Single-crystal X-ray diffraction (XRD) pattern of a CrSiTe3 single crystal. The inset is an optical image of a single crystal with a shining 
ab planar surface. c) Raman spectrum of CrSiTe3 thin film. d) Temperature dependence of CrSiTe3 magnetization measured at 1 k Oe magnetic field in 
zero field-cooled (ZFC) process and field-cooled (FC) process. The magnetic field is applied parallel to the ab plane. Inset: the derivative magnetization 
dM/dT as a function of temperature. The reciprocal of magnetization (1/M) as a function of the temperature is plotted on the right y-axis. e) Magnetic 
field dependence of magnetization (M–H) curves at 2, 20, and 30 K. f) Magnified M–H curve at 2 K.

 2199160x, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202200208 by C
as-C

hangchun Institute O
f O

ptics, Fine M
echanics A

nd Physics, W
iley O

nline L
ibrary on [06/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2200208 (3 of 10)

www.advelectronicmat.de

from the minimum of the dM/dT curve, which is consistent 
well with the previous work.[14,20,23] The 1/M as a function of 
temperature is plotted on the right y-axis of Figure  1d. The 
red dashed line is the linear fit of 1/M versus temperature, 
which fits well in the range of 100–300K. Below 100  K, the 
1/M–T curve deviates from linear temperature-dependent 
behavior. The paramagnetic Curie temperature TP =  55  (1) K 
is obtained, which is slightly lower than the previous work 
of 60  (2)  K.[14] The magnetic hysteresis loops at various tem-
peratures are shown in Figure  1e. When the magnetic field 
of H  =  1  k  Oe was applied in the ab plane at 2  K, the mag-
netization saturation of 14.8 k Oe is in good agreement with 
the previously literature.[14] An enlarged view of the hysteresis 
curve at 2 K is plotted in Figure 1f. The coercive field of H//c 
at 2 K is 90.3 Oe, which is larger than that of 68 Oe at 5 K[20] 
and lower than that of 183  (2) Oe at 4.15 K.[24] The remanent 
magnetization is 0.004 emu.

To explore the optoelectrical properties of CrSiTe3, we inves-
tigated the electron transport properties of CrSiTe3 phototran-
sistors. As shown in Figure S1b (Supporting Information), the 
transfer curve of typical CrSiTe3 was measured at a back-gate 
voltage from −60 to 60  V at a bias of Vds  =  3  V. The inset of 
Figure  S1b (Supporting Information) is an optical image of a 
typical CrSiTe3 field-effect transistor. The typical p-type semi-
conductor transport behavior is observed. At Vg  =  −60 and 
60 V, the source and drain current Ids are 71.3 nA and 44.9 pA, 
respectively, with an on–off ratio >103. The room temperature 
mobility μB = 0.12 cm2 V−1 s−1 was calculated using the formula 

μ = d d
ox ds

g
L

WC V
I V . The dIds/dVg was extracted from the transfer 

curves Ids–Vbg, where L is the channel length, W is the channel 
width, Vds = 3 V and Cox = 1.15 × 10–8 F cm−2 is the capacitance 
of 300  nm SiO2 (Cox  =  μ0μr/dox, μ0  =  8.85  ×  10–12  F  m−1, and 
μr =  3.9). The hole mobility of our device is an order of mag-
nitude larger than the previously reported 0.01 cm2  V−1  s−1,[25] 
indicating that high-quality CrSiTe3 samples were obtained. 
To examine the photoresponse of CrSiTe3, we fabricated a p–n 
junction by dry transfer technique using such p-type CrSiTe3 
and n-type MoS2. The Raman spectrum of MoS2 is presented in 
Figure S1c (Supporting Information). The two vibration modes 
of in-plane E2g

1 and out-of-plane A1g are located at ≈381.9 cm–1 
and 407.65  cm–1 respectively, which is consistent well with the 
previous report.[26] The thickness of a typical CrSiTe3–MoS2 
was checked by atomic force microscopy (AFM). Figure  S2a 
(Supporting Information) presents an optical image of a 
typical CrSiTe3 phototransistor. The temporal photoresponse 
under various incident light power at a bias of 3  V is plotted 
in Figure S2b (Supporting Information). The extracted photore-
sponsivity (R) and external quantum efficiency (EQE) versus 
incident light power are shown in Figure S2c (Supporting Infor-
mation). The R of 1.0 A W−1 and corresponding EQE of 202.9% 
was demonstrated. The time-resolved photoresponse in the 
MWIR and LWIR as a bias of −2 V is presented in Figure S2d 
(Supporting Information). The optical micrograph and AFM 
image of typical CrSiTe3–MoS2 are presented in Figure  S3a,b 
(Supporting Information). The thickness of CrSiTe3 is 38.7 nm 
and that of MoS2 is 11.6  nm as shown in Figure  S3c,d (Sup-
porting Information), which are line scans along the white 
dashed lines in Figure S3b (Supporting Information). We first 

measured the I–V curve as shown in Figure 2a. The typical p–n 
junction transport behavior is observed with a rectification ratio 
>10.[2] The ideality factor n was used to evaluate the rectifying 
performance, which was estimated by fitting to the Shockley 

diode equation Id = Is [exp d

T

V

nV





−1][27] where Is is reverse satu-

ration current, the VT = kBT/q represents the thermal voltage. 
Notably, the ideality factor n  ≈1.3 was extracted from the for-
ward bias at the idea linear diode region, as shown in the inset 
of Figure 2a. Compared with the conventional silicon p–n diode 
(1  ≤ n  ≤  2),[28] the low ideality factor n indicates a low charge 
trap density at the interface of the junction. When the thickness 
of CrSiTe3 and MoS2 is in the range of 30–50 nm, and 5–15 nm, 
respectively, the p–n junction devices with high light absorption 
and good rectification can be realized. To character the electric 
transport behavior of the CrSiTe3–MoS2 heterodiode, we next 
investigated the photoresponse of this CrSiTe3–MoS2 p–n junc-
tion. The I–V curves were measured under a 637 nm laser with 
various incident light power, as presented in Figure  2b. The 
open-circuit voltage VOC and short circuit current ISC increase 
with the increase of optical power. The extracted Voc and Isc as 
functions of power are presented in the inset of Figure 2b. The 
Voc = 0.135 V and ISC = 233.52 nA are realized under incidence 
light power of 9.51 μW. To explore the photovoltaic response, the  
temporal photoresponse of a typical CrSiTe3–MoS2 p–n junction 
at various incident light powers is plotted in Figure S4a (Sup-
porting Information). The light power-dependent photocurrent 
is presented in Figure S4b (Supporting Information). A power-
law relationship IP  ∝ Pα with α  =  0.95  <1, a sublinear power 
dependence was observed. To further confirm the photovoltaic 
response originates from the CrSiTe3–MoS2 p–n junction rather 
than the Schottky barrier during metal contact, we measured 
spatially resolved photocurrent mapping at zero bias, as shown 
in Figure S4c (Supporting Information), the scale bar is 5 μm. 
Compared with the optical micrograph as shown in Figure S4d 
(Supporting Information), it is obvious that the photocurrent 
mainly originates from the region of the CrSiTe3–MoS2 junc-
tion. It further confirms that a built-in electric field was formed 
in the junction area. To quantitatively evaluate the performance 
of this p–n junction, we calculated the R and EQE at Vds = 0 V 
and Vds  =  −1.5  V via the following formulas, R  =  IP/PL, and 
EQE = hcR/eλ, where IP is the photocurrent, PL is the incident 
light power, h is the Planck’s constant and c is the speed of 
light and λ is the wavelength of incident light. The photovoltaic 
response R and EQE as a function of light power are presented 
in Figure  2c. The photovoltaic response R shows weak light 
power dependence. The light power varies from 439.5 to 45.7 μW,  
the R fluctuation from 0.15 to 0.12 A  W−1, corresponding to 
EQE fluctuation from 29.7% to 23.5%. The highest photovoltaic 
response of 0.15 A W−1 is realized, which is larger than that of 
0.12 A W−1 of the multi-layer MoS2–WSe2 p–n junction,[29] indi-
cating that this CrSiTe3–MoS2 p–n junction can be used as a 
good photovoltaic detector. The p–n junction has good rectifi-
cation performance, and the detector can operate at extremely 
low dark current under reverse bias. The light power depend-
ence R and EQE at a reverse bias of −1.5  V are presented in 
Figure 2d. At low incident power densities, a saturation trend of 
R appears. As the light power increases, R and EQE decrease. 
Photoconductive gain is defined as the ratio of the number 
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of electrons collected per unit time to the number of photons 
absorbed per unit time (G = Ne/NP),[30]

1

1 /
e

P

P 0

t 0

G
N

N

I

eF F F
m

τ
τ ( )

= = =
+

 (1)

where F is the photon absorption rate, τ0 is the carrier lifetime 
at low excitation density, F0 is the photon absorption rate when 
trap saturation occurs, and n is the phenomenological fitting 
parameter. The transit time τt = L2 μ−1 Vds

−1, where μ is the car-
rier mobility and L is the channel length.

The speed of photoresponse is one of the key figure-of-merit of 
photodetectors. To check the performance of this CrSiTe3–MoS2 
p–n junction, we measured the photoresponse time using a 
637 nm laser with a pause frequency of 1 Hz. The rise τr and decay 
time τd are defined as the steady photocurrent rising from 10% 
to 90% and decaying from 90% to 10% after turning on/off the 
light, respectively. The τr = 3.8 μs andτd = 2.8 μs were obtained, as 
shown in Figure 2e,f. The response time is much faster than most 
other 2D materials detectors summarized in Table S1 (Supporting 
Information) for comparison. The temporal photoresponse in 
the visible range at 520  nm at a 1  V bias and the photovoltaic 
response in the near-infrared 830 nm under a −2 V bias is plotted 
in Figure S5a,b (Supporting Information), respectively.

To study the photoresponse in the short-wave infrared range, 
we systematically measured the photoresponse at various inci-
dent light power densities. As shown in Figure 3a, the current of 
the 1310 nm laser at different light powers is much higher than 
that of the device operating in dark. In the I–V curves with and 
without light, the photocurrent at reverse bias is much higher 
than that of the forward bias. The optical image of the meas-
uring device is shown in the inset of Figure 3a. The light power 
dependence of the R and EQE at a −1  V bias is presented in 
Figure 3b. The R of up to ≈20.7 A W−1 and EQE of 4031.71% can 
be realized at the 1310 nm laser. The EQE is well above 100%, 
indicating the presence of photo gain in this p–n junction device. 
The time-resolved photoresponse of a typical CrSiTe3–MoS2 het-
erostructure placed on the prefabricated electrodes at 1  V bias 
under various incident light powers is presented in Figure  3c. 
The photocurrent up to 26.3 μA is demonstrated under the light 
power of 1.6 μW. The light power-dependent photocurrent was 
then extracted, as shown in Figure 3d. A sublinear light power-
dependent behavior is observed with α = 0.99 < 1. The photocur-
rents under various light powers were extracted from the I–V 
curves in Figure 3c. The optical image of the device is shown in 
the inset of Figure 3d.

The narrow bandgap CrSiTe3 is a prospective candidate for 
mid-wave infrared photodetection. Aiming for this goal, we 
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Figure 2. Optoelectrical properties characterization of typical CrSiTe3–MoS2 heterostructure device. a) The I–V curve of the CrSiTe3–MoS2 heterostruc-
ture devices. Inset: Semi-logarithmic plot of the I–V curve. The blue dash line is linearly fitted to the diode equation and obtains an ideality factor  
of n ≈ 1.3. b) The output characteristic curves of the device under the dark condition and a 637 nm laser with varying light powers. c) Photovoltaic R 
and EQE as a function of incident light power. d) Incident light power-dependent of the R (red solid circle) and EQE (blue open square) of a typical 
CrSiTe3–MoS2 photodetector at reverse bias Vds = −1.5 V in ambient. e,f) Time-resolved photoresponse of the device at Vds = 0 V. The photoresponse 
has a rise time of 3.8 μs and a decay time of 2.8 μs. Inset: the optical image of the device.
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measured the photoresponse of this CrSiTe3–MoS2 using a 
continuous-wavelength mid-wave infrared laser as the  excitation 
light. The I–V curves were measured under a laser of 3403 nm 
with various incident powers and dark, as shown in Figure 4a. In 
the reverse bias range, the current saturates rapidly. The onset 
saturation voltage (Vsat) is related to the incident light power. 
At Vds  =  −1  V,  marked by the blue dash line to guide the eyes 
in Figure 4a, the current saturates at low incident light powers 
from 0.46 to 5.94 μW. Under higher light powers (from 7.43 to 
13.37 μW), the current does not saturate and increases linearly 
with increasing bias. Then, we extracted the photocurrent at 
Vds = −2 V and calculated R and EQE, as shown in Figure 4b. In 
the low power range from 0.46 to 3.39 μW, R, and EQE decreased 
from 0.47 to 0.11  A  W−1 and 17.3% to 3.9%, respectively, with 
increasing light power. At relatively higher power intensities, 
from 3.39 to 11.04 μW, the R and EQE exhibit small fluctuations 
from 0.10 to 0.12  A  W−1 and from 3.6% to 4.3%,  respectively. 
In the MWIR range, we also  systematically  measured the 

 photoresponse at 2611 and 3662  nm. The temporal photore-
sponse at a 1  V bias was presented in Figure S6a (Supporting 
Information). The photocurrent up to 268.7 nA was obtained at 
a 1  V bias under 0.31 μW illumination power. The I–V curves 
with varying the light power and without light incident are 
plotted in Figure S6b (Supporting Information). Then the pho-
tocurrents were extracted at a −1 V bias and plotted as a function 
of power in Figure S6c (Supporting Information). A super-linear 
power dependence is observed with a power exponent α = 1.19. 
The incident light power-dependent of the R and EQE under  
the 2611 nm laser were calculated and presented in Figure S6d 
(Supporting Information). As the light power increases from 
11.2 to 492.8  nW at a bias of −1  V, R slightly increases from 
0.51 to 1.15 A W−1, and the corresponding EQE increases from 
23.9% to 54.9%. The I–V curves were measured by varying the 
power of the 3662 nm laser from 0.08 to 1.49 μW under dark, 
as shown in Figure S7a (Supporting Information). The extracted 
photocurrent at a −1  V bias as a function of light power, as 
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shown in Figure S7b (Supporting Information). A superlinear 
light power-dependent behavior is observed at power exponent 
α = 1.05. Then the R and EQE under 3662 nm laser at a −1 V bias 
were calculated and presented in Figure S7c (Supporting Infor-
mation). The R fluctuated from 0.26 to 0.44 A W−1 and EQE fluc-
tuated from 8.8% to 14.9% as the power ranged from 23.9 nW 
to 1.49  μW. The dependence of the photocurrent on the light 
power incident to the device follows a power-law relationship 
IP  ∝ Pα, where α  =  1, and the photocurrent increases  linearly 
with the light power, indicating that the number of photo-
generated carriers is proportional to the number of incidence 
photons. The nonlinear light power dependence is the result of 
complex processes in the photoresponse, including electron–
hole generation, trapping, and photocarriers recombination.[31] 
The sublinear light power-dependent behavior (α  <  1) implies 
a new route for photoexcited carriers through recombination 
loss, which has been reported in other materials, such as in 
MoS2,[32–34] InSe,[35] ZnO nanowires,[36] GaN nanowires,[37] and 

Germanium nanowires.[38] However, the superlinear depend-
ence behavior (α > 1) was observed in monolayer MoS2(1-x)Se2x

[39] 
and Ta2NiSe5

[40] (α = 1.1), which are relatively rare compared with 
sublinear and linear light power dependence. The theoretical 
model for understanding the superlinear behavior requires the 
presence of recombination centers and capture cross-sections. 
As the light power increases, the recombination centers are pas-
sivated gradually, resulting in an increased lifetime of the photo-
excited carriers. The superlinear behavior has also been observed 
in single crystal As2S3 with α = 1.7,[41] Mg/ZnSnP2/Sn Schottky 
junction (α  =  1.42  ±  0.21, 1.75  ±  0.19),[42] Cs2Hg6S7 single crys-
tals α = 1.45,[43] and graphene quantum dot-like arrays structure 
(α  =  1.07).[31] The temporal photoresponse at a 1  V bias under 
3662, 3089, and 3908  nm laser are presented in Figure S7d–f  
(Supporting Information). The incident light power was  
0.84 μW and a photocurrent of 230 nA were obtained under a 
3662 nm laser. The photocurrent is as high as 681.1 nA under 
the 3089 nm laser with an incident light power of 1.32 μW and 
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127.7 nA under the 3809 nm laser with a light power of 0.51 μW 
were demonstrated, indicating that a good MWIR response was 
achieved.

Next, we characterized the long-wave infrared photoresponse. 
The I–V curves under various light power and dark are plotted 
in Figure S7g (Supporting Information). The time-resolved 
photoresponse under various powers of 10.6 μm laser at a −2 V 
bias is presented in Figure 4c. Then, the incident light power-
dependent photocurrent extracted from the temporal photore-
sponse is plotted in Figure S7h (Supporting Information). A 
sublinear power dependence was observed at α  =  0.97, which 
is very close to the linear dependence. The R and EQE were 
calculated and presented in Figure 4d. As the power increases 
from 0.10 to 1.38 μW, the photoresponsivity shows that the slit 
decrease from 0.50 to 0.36 A W−1, and the corresponding EQE 
decreases from 5.8% to 4.2%. The temporal photoresponse of 
this typical p–n junction device was measured under a 10.6 μm 

laser in ambient, as shown in Figure S7i (Supporting Informa-
tion). A photocurrent as high as ≈120  nA was obtained, indi-
cating that the device has excellent room temperature long-
wave infrared detection capability.

Notably, the ultra-broadband photoresponse from 0.52 to 
10.6  μm based on CrSiTe3–MoS2 heterostructure was demon-
strated. The photoresponsivity and EQE at a −1 V bias as a function 
of wavelength are presented in Figure 5a. In the visible and short-
wave infrared range, the photoresponsivity is up to 14.3 A W−1 and 
the EQE up to 2791%, indicating high photo gain is operated in 
this range. In the mid-wave infrared range, a photoresponsivity 
range from 0.22 to 0.63 A W−1 and EQE range from 6.5% to 30.2% 
was realized. In the long-wave range of 10.6 μm, the photorespon-
sivity is 0.20 A W−1 and the EQE is 2.36%.

To check the sensitivity of these CrSiTe3–MoS2 heterostruc-
ture devices, we measured the current noise power density 
spectrum at a −1  V bias, as shown in Figure  5b. The current 
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noise power density spectra at various biases are presented 
in Figure S8 (Supporting Information). In the low-frequency 
range, 1/f noise dominates the noise power contribution. When 
the frequency is larger than 3  kHz, the noise current power 
density spectrum becomes frequency-independent, showing 
white noise behavior. All Johnson noise, shot noise, and gen-
erate-recombination noise (G–R noise) is white noise. For the 
cm Hz1/2 W−1 noise, it can be expressed as <in2> =  4kBTΔf/R0, 
where kB is the Boltzmann constant, T is the temperature, 
Δf is the bandwidth, and R0 is the resistance of the device in 
dark. Then we calculated the Johnson noise <in2> = 8.6 × 10–29  
A2, where R0  =  192.3  MΩ was measured at a −1  V bias in 
dark, T = 300 K and Δf =  1 Hz, which is three orders of mag-
nitude lower than the experimental results. The short noise 
could be calculated as <in2>  =  2eIdarkΔf =  1.66  ×  10–27  A2 with 
Idark = 5.2 nA and Δf = 1 Hz. The G–R noise is often observed 
in low-frequency f <  1/(2πτ), the noise current can express as 
<in2> = S0/[1+(2πτ)2],[44] where S0 is the frequency-independent 
portion, τ is the time constant associated with a specific trap-
ping state. The shot noise is the major contribution of noise 
current in the high-frequency range. Then we calculate one 
of the most important figures of merits, the noise equivalent 
power (NEP), defined as the measured noise current over the 
photoresponsivity (NEP  =  in/R), commonly used to evaluate 
the sensitivity of photodetectors. As shown in Figure  5c, the 
NEP is lower than 0.66  pW  Hz−1/2 in the long-wave infrared 
range, 0.21–0.60 pW Hz−1/2 in the mid-wave infrared range, and 
below 0.01  pW  Hz−1/2 in the visible and near-infrared range, 
indicating that this CrSiTe3–MoS2 heterostructure detector 
can distinguish the minimum of 0.66  pW long-wave infrared 
and 0.01  pW short-wave light signal from noise. Then we 
calculate the specific detectivity D*, which is used for evalu-
ating the performance of the detector to eliminate the effec-
tive area of the device (A) and the electrical bandwidth (Δf). 
The value of the specific detectivity could be calculated by 
D* =  (A Δf)1/2/NEP. The D* of the CrSiTe3–MoS2 heterostruc-
ture detector from visible to long-wave infrared is presented 
in Figure 5d. At the long-wave infrared 10.6 μm, a D* as high 
as 1.93 × 109 cm Hz1/2 W−1 was obtained, which is higher than 
the previously reported PtSe2 (≈7 × 108 cm Hz1/2 W−1) and one 
order of magnitude higher than of commercial bolometer. In 
the mid-wave infrared range of 2.6–4.3 μm, the D* ranges from 
2.1 × 109 to 6.1 × 109 cm Hz1/2 W−1, which is much higher than 
commercial PbSe detectors. Compared with the PdSe2–MoS2 
photodetector in the previous report,[45] this D* is as high 
as 1.4  ×  1011  cm  Hz1/2  W−1 in the visible and short infrared 
range, which is one order of magnitude higher than that of 
PdSe2–MoS2 photodetector. In the mid-wave infrared range 
of 2.6–4.3  μm, the D* is comparable to b-PAs-MoS2

[46] and 
slightly lower than the PdSe2–MoS2 photodetector. It is worth 
mentioning, that this CrSiTe3–MoS2 heterostructure detector 
is stable in ambient. The photocurrent did not decay after the 
device was exposed to the air for more than one year, as shown 
in Figure S9a–f (Supporting Information). The performance of 
broadband heterostructure photodetectors is summarized in 
Table S1 (Supporting Information) for comparison. The speed 
of photoresponse in MWIR is shown in Figure S10 (Supporting 
Information). The rise time of 9 s and the decay time of 6 s was 
demonstrated.

3. Conclusion

In summary, we synthesized a high-quality ferromagnetic 
2D semiconductor CrSiTe3. We systematically studied the 
ferromagnetic behaviors of CrSiTe3 single crystal and opto-
electrical properties of CrSiTe3–MoS2 heterostructures. High 
photoresponsivity up to 20.7 A W−1 and EQE up to 4031.7% were 
achieved at 1310 nm. Ultrabroadband from 0.52 to 10.6 μm and 
specific detectivity >  1.93  ×  109  cm  Hz1/2  W−1 were realized at 
room temperature. Further work may investigate the ferro-
magnetic transition and spin injection in CrSiTe3–MoS2 het-
erostructures and valley-polarized devices for infrared polarized 
light detection. The results show that the CrSiTe3 is promising 
for uncooled long-wave infrared detection, which is of great sig-
nificance for the high-generation and detection of highly sensi-
tive polarized light.

4. Experimental Section
Materials Synthesis: CrSiTe3 single crystals were synthesized using a 

self-flux method from high purity elemental Cr (99.99%), Si (99.99%), 
and Te (99.99%) material. A mixture of materials (an optimized 
ratio of Cr: Si: Te is 1: 2: 6 for CrSiTe3) was sealed in evacuated quartz 
ampoules and heated at 1100 °C for 1 day. Then cooled to 800 °C at a 
rate of 1.5 °C h−1, and then switched off the furnace and cooled to room 
temperature naturally. A platelet-sharp single crystal with metal luster 
and a size of several millimeters was obtained. The magnetism of the 
CrSiTe3 single crystal in bulk was confirmed by a Magnetic Properties 
Measurement System (MPMS, Quantum Design).

Device Fabrication and Measurements: The CrSiTe3–MoS2 
heterostructures were fabricated using the dry transfer technique. 
The multi-layer CrSiTe3 and MoS2 flakes were exfoliated on PDMS. 
Two methods were used to fabricate the CrSiTe3–MoS2 devices. The 
first one was that the heterostructure was transferred to the prepared 
electrodes which were fabricated on a silicon substrate covered by 
300  nm SiO2 by standard electron-beam lithography (EBL) process 
followed by standard electron-beam evaporation of the metal. Typically, 
the prepared electrode was 5-nm Ti and 30-nm Au in thickness. Before 
the transfer process, the electrodes were treated with oxygen plasma 
to realize good contact. The electrode treatment process was carried 
out using a homemade plasma cleaner. The power was set to ≈5  W 
and the treating process was carried out for 60  s. Another one was 
the CrSiTe3–MoS2 heterostructures were transferred on a Si/SiO2 
substrate. The electrodes were fabricated by the standard EBL and 
electron-beam evaporation Ti/Au (5/50 nm).

Electrical and photoresponse measurements were carried out using 
a dual-channel digital source meter (Keithley 2636B) in the ambient. 
Noise current density spectrum at −1 V bias was measured in a metal 
shielded box. Data were acquired using a noise measurement system 
(PDA NC300L, 100 kHz bandwidth).

The NEP and D* at a bias of −1  V were calculated using the 
NEP  =  in/R. The current noise density spectrum was measured from 
1 to 100  kHz electronic bandwidth at a bias of −1  V. The root-mean-
square noise current <in2>1/2  =  1.34  ×  10–13  A  Hz−1/2 was calculated 

from <in2> = B S f df
B

n∫1 ( )
0

 =  1.82 ×  10–26 A2 Hz−1. The D* was calculated 

using D*  =  ∆A f /NEP, where Δf is the electronic bandwidth of 1  Hz, 
A  =  164.6  μm2 is the area of the device, the detail is presented in the 
Supporting Information. The response time in Figure  2e was obtained 
from device 1, inset of Figure 2f. The photocurrent under SWIR 1310 nm 
in Figures 3c,d is extracted from device 2, inset of Figure 3d. The other 
for calculated NEP and D* were realized from device 3, as shown in the 
inset of Figure 3a.
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