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induced diodes,[23,24] polarization-sensitive 
photodetectors,[25,26] synaptic-neuromor-
phic devices,[27] etc. Although the research 
on anisotropic 2D materials is progressing 
rapidly, it is still in its infancy as a whole. 
Therefore, developing new materials and 
exploring their anisotropic physical prop-
erties and functional devices are of great 
significance to the development of science 
and technology.

Recently, layered transition metal oxide 
dihalides MOX2 (M = V, Nb, Ta, Mo; X = Cl,  
Br, I) have gained increasing attention 
among materials scientists due to their 
chiral crystal structure and unique physical 
properties.[28–33] Among them, NbOI2 has a 
low-symmetry monoclinic structure (space 

group C2), in which Nb atoms shift away from the center of 
[NbO2I4] octahedra connected by sharing I–I edges and cornered 
O atoms along the c- and b-axes. Various connection modes 
enable NbOI2 strong anisotropic physical properties and highly 
dispersed band structure. The simulated optical absorption coef-
ficient along the c-axis (αc) is an order of magnitude higher than 
that along the b-axis (αb).[34] Consequently, the NbOI2 is expected 
to exhibit unique in-plane anisotropy. However, until now, the 
preparation and basic properties of 2D NbOI2 crystals have not 
been thoroughly investigated, and in particular, the in-plane ani-
sotropy caused by its low-symmetry structure is still unclear.

Here, we introduce a kind of transition metal oxide dihal-
ides, NbOI2, into the 2D materials family with experimental 
demonstration of strong in-plane anisotropy. Few-layer and 
monolayer NbOI2 crystals were obtained through mechanical 
exfoliation, and these crystals showed large second harmonic 
generation (SHG) response, verifying its noncentrosymmetric 
crystal structure. The strong in-plane anisotropy of phonon 
vibration in 2D NbOI2 crystals was observed by using angle-
resolved polarized Raman measurements. The anisotropic elec-
tronic dispersion around the Fermi surfaces leads to the strong 
anisotropy of optical absorbance with an anisotropic factor of 
1.75. In addition, highly anisotropic in-plane electrical resist-
ance with a factor of 1.34 and photoresponsivity with a factor 
of 1.7 were demonstrated in 2D NbOI2 crystals. These findings 
indicate that the 2D NbOI2 crystal can serve as a promising can-
didate in anisotropic electronic and optoelectronic devices.

2. Results and Discussion

Bulk NbOI2 belongs to the monoclinic space group C2 (No. 5) 
with a = 15.18 Å, b = 3.92 Å, c = 7.52 Å, β = 105.5°. Figure 1a  

Exploring in-plane anisotropic 2D materials is of great significance to the 
fundamental studies and further development of polarizationsensitive opto-
electronics. Herein, chiral niobium oxide diiodide (NbOI2) is introduced into 
the intriguing anisotropic 2D family with the experimental demonstration of 
anisotropic optical and electrical properties. 2D NbOI2 crystals exhibit highly 
anisotropic dispersed band structures around the Fermi surface and strong 
in-plane anisotropy of phonon vibrations owing to the different bonding 
modes of Nb atoms along the b- and c-axes. Consequently, the anisotropic 
factors of optical absorbance and photoresponsivity in 2D NbOI2 crystals 
reach up to 1.75 and 1.7, respectively. These anisotropic properties make 2D 
NbOI2 an interesting platform for novel polarization-sensitive optoelectronic 
applications.

1. Introduction

2D layered materials with in-plane anisotropy have attracted 
tremendous research interests due to their highly aniso-
tropic band structures, rich in-plane atomic arrangements 
and huge potentials in polarized optoelectronic applica-
tions.[1–9] Compared with typical isotropic graphene, MoS2, and 
MXenes,[10–12] emerging anisotropic 2D materials such as black 
phosphorus,[13–17] ReS2,[18–20] GeAs2,[21] and PdSe2

[22] show dis-
tinctive behavior in optical absorbance, electrical transports, 
and photodetection. On account of the unique anisotropic 
properties, such materials are designed as crystal orientation-
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shows that NbOI2 has a typical layered structure, in which mono
layer NbOI2 with a thickness of 7.8 Å. Nb and O atoms form 
a [NbO] network grid, which is sandwiched by iodine layers. 
Similar to perovskite structure, NbOI2 layers are constituted of 
[NbO2I4] octahedra, which are connected by edge-sharing of I–I 
edges along the c-axis and by corner-sharing of O atoms along 
the b-axis. Nb atoms deviate from the center of [NbO2I4] octa-
hedra, forming Peierls distortion. The top view of monolayer 
NbOI2 in Figure 1b shows rectangle network lattice. Figure S1a  
(Supporting Information) shows the shiny black NbOI2 crys-
tals, which were synthesized through self-vapor transport 
technology with Nb2O5, Nb, and I2 powders as precursors. 
The lateral size of the as-synthesized NbOI2 crystals can be 
up to 5–10 mm. NbOI2 crystals are very stable in atmosphere, 
which can be confirmed by the unchanged Raman spectra 
after several months (Figure S1b, Supporting Information).  

The energy-dispersive X-ray spectroscopy spectrum (EDS) of 
NbOI2 crystal shows a ratio of Nb, O, and I with 1:0.86:2, and 
elemental mapping demonstrates the uniformly distributed 
Nb, O, and I elements (Figure S1c–f, Supporting Information). 
The element fraction of oxygen deviates from 1, resulting from 
the inaccuracy of EDS for small atomic number. Figure 1c pre-
sents the powder X-ray diffraction of the as-synthesized NbOI2 
crystals. Four peaks including (200) peak at 12.1°, (400) peak at 
24.3°, (600) peak at 36.8°, and (800) peak at 49.8° are confirmed, 
indicating the preferential growth orientation of NbOI2 is (100) 
plane. The elemental binding energy of NbOI2 crystals was 
examined by X-ray photoelectron spectroscopy (XPS). As shown 
in Figure S2a (Supporting Information), the two peaks located 
at 204.7 and 210.6 eV can be identified to Nb 3d5/2 and 3d3/2, the 
peaks at 620.2 and 631.3 eV belong to I 3d5/2 and 3d3/2, and the 
peak at 532.1 eV is the signal of O 1s.

Adv. Mater. 2021, 33, 2101505

Figure 1.  a,b) Schematic atomic structure of NbOI2 with single layer of 7.8 Å from the c-axis and the a-axis. c) Powder X-ray pattern of the NbOI2 
crystals. d) OM and AFM images of as-exfoliated 2D NbOI2 flake. e) The thickness of monolayer NbOI2. f) Raman spectra of 2D NbOI2 flakes with 
different thicknesses. g) Low-magnification TEM image of a typical 2D NbOI2 flake. h) SAED pattern of the 2D NbOI2 flake in (g). i) Low-magnification 
TEM image of the 2D NbOI2 flake in (g).
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Due to the weak interlayer van der Waals interaction, bulk 
NbOI2 crystals can be peeled off several times with scotch tape. 
Then the exfoliated few-layer or monolayer flakes can be trans-
ferred onto the silica substrate using poly(dimethylsiloxane) 
(PDMS) film. Figure  1d shows the optical microscopy (OM) 
image and atomic force microscopy (AFM) image of mechani-
cally exfoliated 2D NbOI2 flakes on a silicon wafer with 300 nm 
oxidation layer. The 2D NbOI2 flakes with different layers 
exhibit an optical contrast map depending on layer thickness. 
The lowest thickness of obtained NbOI2 flakes is 0.9 nm, cor-
responding to monolayer (Figure  1e). Figure  1f shows Raman 
spectra of 2D NbOI2 flakes with thickness ranging from bulk to 
1 L. There exist five peaks (P1–P5 from low to high frequency) 
in the detecting Raman spectra range. These peaks barely 
changed with thickness, indicating the weak interlayer coupling 
of NbOI2 layers. The low magnification transmission electron 
microscopy (TEM) image of as-exfoliated 2D NbOI2 flake shows 
a long stripe with two parallel edges (Figure  1g),  indicating a 
preferential cleaving orientation of NbOI2 caused by its aniso-
tropic crystal structure. Figure 1h shows the sharp selected-area 
electron diffraction (SAED) spots, reflecting the high crystal-
linity of as-exfoliated 2D NbOI2 flake. The (−110), (1−12), and 
(002) planes are confirmed from the [110] zone axis. Subse-
quently, the high-resolution TEM was performed to examine 
the crystallinity and the relative orientation of as-exfoliated 2D 
NbOI2 flakes. As shown in Figure  1i, the interplanar length 
vertical to the edge is 3.6 Å corresponding to the (002) plane, 
which indicates the long side direction is [002]. Hence, the 
preferential cleaving orientation of NbOI2 crystals is the c-axis, 

because the bonding interaction of Nb─I bonds along the c-axis 
is weaker than that of edge-sharing octahedron Nb─O bonds 
along the b-axis.

Raman spectrum contains abundant information of crystal 
structural orientation and phonon vibration. The phonon vibra-
tion of NbOI2 should be anisotropic due to its noncentrosym-
metric space group C2. Here, the angle-resolved polarized 
Raman spectroscopy (ARPRS) was performed to investigate the 
phonon vibrational anisotropy of NbOI2. The polarized Raman 
scattering signals parallel and perpendicular to the polarized 
direction of the incident laser were collected through rotating a 
linear polarizer in front of the Raman detector. Figure S3 (Sup-
porting Information) shows the Raman spectra of a 2D NbOI2 
flake measured in the parallel and perpendicular polarization 
configuration. The Raman modes P1, P2, P3, P5, and P4 dem-
onstrate Ag-like and Bg-like vibrations, respectively. Figure 2a,b  
presents the false-color image of the normalized polarized 
Raman peak intensities with the rotation angle from 0° to 
360°. As shown in Figure  2a, P1, P2, P3, and P5 peaks exhibit 
2-lobed shape and P4 shows 4-lobed shape in parallel polariza-
tion configuration. While all peaks exhibit 4-lobed shape in per-
pendicular polarization configuration (Figure 2b). These results 
truly indicate that the polarized Raman intensities of NbOI2 are 
dependent on the crystal structural orientation.

The intensity of Raman modes can be described by the equa-
tion I ∝  |eiRes|2,[35,36] in which ei, es, and R represent the polari-
zation vectors of incident light, scattered light, and the Raman 
tensor, respectively. The unit polarization vector is ei = (0, cosθ, 
sinθ), in which θ is the angle between the incident light and the 
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Figure 2.  a,b) False-color plot of polarized Raman intensities for a 2D NbOI2 flake measured in parallel and perpendicular polarization configurations. 
c,d) Polar plots of the measured and fitted Raman peak intensities of the P1 peak in parallel and perpendicular polarization configurations.
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b-axis of the measured 2D NbOI2 flake, while es can be described 
as es = (0, cosθ, sinθ) and es = (0, −sinθ, cosθ) in the parallel and 
perpendicular configurations, respectively. Since NbOI2 crystal-
lizes in C2 space group, the Raman tensor can be written as

A
a d
d b

c
RR ( ) =













0
0

0 0
g

�

(1)
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e
f

e f
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
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


0 0
0 0

0
g

�

(2)

Hence, the anisotropy of Raman scattering intensities in the 
parallel and perpendicular polarization configurations can be 
expressed by the following equations[37]

A b cII  θ θ( )( ) ( )∝ +, cos sin
2 2

�
(3)

BII  θ( ) ( )∝, sin 2 2

�
(4)

AII θ( ) ( )⊥ ∝, sin 2 2

�
(5)

BII θ( ) ( )⊥ ∝, cos2 2

�
(6)

Figure  2c,d shows the polar plot of P1 Raman position in 
parallel and perpendicular polarization configuration, in which 
the blue dots are experimental values and the red lines repre-
sent the fitting result based on the above equations. The other 
four peaks are summarized in Table S1 (Supporting Informa-
tion). The Ag-like modes (P1, P2, P3, and P5) exhibit 2-lobed and 
4-lobed shape in the parallel and perpendicular polarization 
configuration, respectively. The Bg-like mode P4 shows 4-lobed 
formation under the parallel and perpendicular polarization 
configuration. Interestingly, the Ag-like modes show maximum 
intensities along the c-axis in the parallel configuration, which 
is helpful for us to judge the axial direction of the 2D NbOI2 
flakes.

In order to investigate the interlayer thermal expansion and 
atomic vibration of 2D NbOI2 flake, the temperature-dependent 
Raman characterization was performed on the 2D NbOI2 flake 
at temperatures from 80 to 300 K.[38–41] As shown in Figure 3a,  
the intensity of observed Raman peaks increases with 
decreasing temperature owing to the enhanced anharmonic 

Adv. Mater. 2021, 33, 2101505

Figure 3.  a) Raman spectra of 2D NbOI2 flake measured at different temperature ranging from 80 to 300 K. b,c) The enlarged view of offset in the 
P1–P5 peaks at different temperature. d) Raman peak positions of P3, P4, and P5 as a function of temperature.
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coupling of Ag and Bg modes at higher temperature. Such 
coupling interaction would costume energy and decrease the 
thermal vibrational excitation. Figure 3b,c shows the movement 
of Raman peaks at temperature from 80 to 300 K. The P1 and 
P4 peaks do not shift with decreasing temperature, P2 exhibits 
a redshift with decreasing temperature, which results from 
anharmonic lattice vibrations at higher temperature. Figure 3c 
presents the typical plots for Raman peak positions as a func-
tion of temperature. The temperature dependence of peak posi-
tions can be fitted by linear equation of ω(T) = ω0 + χ(T), where 
ω0 presents the Raman peak position at 0 K and χ is the slope of 
the fitted line, also indicating the first-order temperature coef-
ficient of the related Raman modes. The χ values of P2, P3, and 
P5 are calculated to be 0.01498, 0.00939, and 0.04323 cm–1 K−1,  
respectively. The P5 Raman mode is the most sensitive to the 
temperature among these three peaks. The temperature coef-
ficient χ of NbOI2 is bigger than that of SnSe2, RhI3, and gra-
phene.[42] The value of the first-order temperature coefficient 
of Raman modes is proportional to the interlayer forces in the 
layered materials. Hence, NbOI2 has stronger interlayer interac-
tion than graphene.

Nonlinear optical effect is one of the most important proper-
ties in investigating the noncentrosymmetric materials. Since 
NbOI2 belongs to C2 space group with broken inversion sym-
metry, SHG was measured on a 2D NbOI2 flake to investigate 
the related nonlinear optical phenomena. Figure 4a shows the 
strong SHG response of a 2D NbOI2 flake under various excita-
tion wavelengths ranging from 800 to 1300 nm. This wavelength 

response region makes NbOI2 crystals a potential application 
in infrared nonlinear optics. Figure 4b presents power depend-
ence of SHG intensities under excitation with a wavelength 
of 800  nm. The wavelength of the generated laser is 400  nm, 
which is a half of the incident wavelength. Figure  4c displays 
the SHG intensities in logarithmic coordinate as a function 
of excitation power. The slope of the fitted plot is 1.8, which is 
close to the theoretically calculated value of 2, indicating that 
the collected signals stem from the contribution of SHG. In 
order to calculate the value of SHG conversion efficiency η of 
NbOI2 flakes, monolayer MoS2 was employed as a reference. 
The SHG intensities of monolayer MoS2 and 2D NbOI2 flake 
are shown in Figure 4d. The refractive index of NbOI2 is 2.6 at 
1200 nm and 2.2 at 600 nm (Figure 4e). The SHG efficiency of 
NbOI2 is calculated to be η191 MoS2 (≈19.1%), by comparing the 
coefficients of NbOI2 flake and monolayer MoS2 in the equa-
tion η  = P2ω/Pω  = [8π2d2(χ(2))2Pω]/[nω

2n2ωλω2cε0].[43] To detect 
the crystal symmetry of NbOI2, the polarization resolved SHG 
measurements were performed with the emission field par-
allel to the excitation field. Figure  4f displays two asymmetric 
lobes, resulting from the chiral symmetric space group C2 of 
NbOI2 crystals. The chiral structure of NbOI2 crystal was dem-
onstrated by circular dichroism (CD) investigation (Figure S4, 
Supporting Information).

To determine the bandgaps of 2D NbOI2 flakes with dif-
ferent thicknesses, the micro-optical absorption measure-
ment was carried out in the wavelengths ranging from 300 to 
900 nm. Figure 5a shows the absorption spectra of 2D NbOI2 

Adv. Mater. 2021, 33, 2101505

Figure 4.  a) SHG signals of a 2D NbOI2 flake under various excitation wavelengths ranging from 800 to 1300 nm. Inset: OM image of NbOI2 flake. b) 
SHG spectra in the incident light of 800 nm with different powders from 1.18 to 4.55 mW. c) Powder-dependent SHG intensities. d) The SHG intensi-
ties of a 22 nm NbOI2 flake and monolayer MoS2. e) Refractive index of NbOI2 at the wavelengths from 400 to 1700 nm. f) Polarization dependence of 
SHG intensity in parallel polarization configuration.

 15214095, 2021, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202101505 by U
N

C
L

: U
niversity O

f N
ebraska - L

inc A
cquisitions A

ccounting, W
iley O

nline L
ibrary on [17/07/2023]. 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



© 2021 Wiley-VCH GmbH2101505  (6 of 9)

www.advmat.dewww.advancedsciencenews.com

flakes with various thickness, which is confirmed by the AFM 
results (Figure S5, Supporting Information). The absorbance 
edges show a blueshift and the absorption intensities drop 
gradually with the decrease of thickness, suggesting the incres-
cent bandgap resulting from quantum size effect. The spe-
cific bandgaps were determined from the spectra using Tauc 
plots, as presented in Figure S6 (Supporting Information). 
Figure  5b displays the thickness-dependent optical bandgaps 
of 2D NbOI2 flakes, revealing the tunability of bandgap from 
1.7 eV of bulk to 2.4 eV of monolayer. In addition, photolumi-
nescence (PL) spectra of the 2D NbOI2 flakes show prominent 
peaks at ≈2.25 eV (Figure S7, Supporting Information), which 
is in accordance with the optical bandgaps. The band structure 
and density of state of bulk NbOI2 are calculated based on the 
DFT method (Figure  5c,d). The conduction band of NbOI2 is 
mainly composed of the Nb-4d states, and the highest valence 
band below the Fermi level is mostly contributed by electrons 
from the I-5p and Nb-4d orbitals. Hence, the electron transition 
prefers to occur along the c-axis with I–I connection.

NbOI2 reveals a great potential to detect polarized light sig-
nals owing to the in-plane anisotropic dispersed band structure. 
In order to understand the anisotropic features of the linear 
dichroism (LD) in 2D NbOI2 flakes, the polarization-resolved 
absorption spectra were collected with polarization angle 
in steps of 15°, as shown in Figure  5e. The polar absorbance 
intensities were plotted at a wavelength of 500 nm (Figure 5f), 
showing a two-lobed shape, which is in accordance with the 
structural anisotropy. The corresponding anisotropic absorption  

ratio at 500 nm is calculated to be 1.75, which is larger than 1.15 
and 1.09 of 2D PdSe2 and GeSe flakes.[22,44] Interestingly, the 
dominating polarization orientation is along the c-axis in the  
visible range, while the polarization is along the b-axis in the 
near-infrared wavelength (Figure S8, Supporting Information). 
This phenomenon reveals that 2D NbOI2 flakes exhibit wave-
length-selective absorbance along various lattice axis.

Apart from anisotropic optical absorbance, the anisotropic 
electrical transport has been systematically studied. Figure 6a 
schematically illustrates the device with twelve electrodes in 
step of 30°, where the b-axis is defined as 0°. The optical image 
of the NbOI2 device is shown in the inset of Figure  6a. The 
linear current-voltage curves at different angles reveal good 
Ohmic contact and the resistance of NbOI2 is clearly angle-
dependent. Figure  6c presents the angle-dependent resistance 
extracted from the data of Figure  6b. The anisotropic resist-
ance ratio of the NbOI2 device is about 1.34, slightly lower than 
1.52, 1.41, and 1.8 of GeP, Ta2NiS5, and GeAs2.[21,45] The in-plane 
anisotropic resistance may result from the different electron-
egativity between I and O atoms. The valence bands near the 
Fermi level of NbOI2 are mainly composed of electrons from 
I-p orbitals. Additionally, the conduction and valence bands 
reveal anisotropic dispersion, and the valence and conduction 
bands around the Fermi surface are almost dispersed along 
the crystallographic b-axis.[34] Therefore, the electrons would 
migrate more easily along the b-axis because there exist more 
electrons in this direction. According to the anisotropy in elec-
trical transport of 2D NbOI2 flake, angle-resolved electrical 

Adv. Mater. 2021, 33, 2101505

Figure 5.  a) Optical absorption of 2D NbOI2 flakes with different thicknesses. b) The thickness dependence of optical bandgaps of 2D NbOI2 flakes. 
c,d) Calculated electronic band structure and density of state of bulk NbOI2. e) Polarization-resolved absorption spectra of NbOI2 crystal measured at 
the wavelength ranging from 300 to 900 nm. Inset: OM image of the sample. The measured angle rotates from −90° to 90° with steps of 15°. f) Polar 
plots of the absorption at wavelengths of 500 nm.
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resistance measurements can be used to determine its in-plane 
structural orientation.

The strong in-plane anisotropy of electrical transport and 
LD conversion grant 2D NbOI2 flake a potential application in 
polarization-sensitive photodetector. The OM and AFM images 
of 2D NbOI2 flake reveal that the thickness of the device is 
23  nm (Figure S9, Supporting Information). Figure  6d shows 
the typical current–voltage curves under dark and with polar-
ized illumination along the b- and c-axes. It is obvious that the 
photoresponsivity at the c-axis is larger. The angle-resolved 
photoresponsivity measured at polarized angle from 0° to 180° 
indicates stronger On and Off current along the c-axis than the 
b-axis (Figure  6e). The polarized-angle-dependent responsivity 
is shown in Figure 6f. The value of Rc/Rb is 1.7 for the 2D NbOI2 
flake, which is comparable to 1.83, 2.2, 2.0, and 2.1 of 2D GeP, 
PdSe2, GeAs2, and GeS2 flakes, respectively.[46–48] After exposure 
to the atmosphere for four months,  the in-plane anisotropic 
photoresponsivity of the device remains unchanged, indicating 
its long-term stability (Figure S10, Supporting Information). 
The anisotropy factor of photoresponsivity of 2D NbOI2 flake 
is larger than that of resistance. Hence, the polarized photo-
detection mainly results from the stronger optical absorption 
along the c-axis than the b-axis, which demonstrates that 2D 
NbOI2 flake can be developed to be polarized optoelectronic 
devices. In addition, 2D NbOI2 flake shows photoresponse at 
the wavelengths ranging from 300 to 700 nm (Figure S11, Sup-
porting Information), demonstrating the potential application 

of broadband photodetection. Figure S12 (Supporting Infor-
mation) shows the current–voltage curves at various excitation 
intensities, the fitted photocurrent (I) and responsivity (R) as a 
function of power density follows a power law of I ≈ P0.54 and  
R ≈ P0.46. The low indexes result from the trap states produced 
by the defects of NbOI2 device. In addition, the defect trap state 
leads to the long response time (3 s) and relaxation time (4 s) of 
the device.[49] We expect that the response rate can be improved 
by improving the crystalline quality of 2D NbOI2 flakes, con-
structing van der Waals heterojunctions or using surface modi-
fication methods.

3. Conclusions

We have successfully prepared 2D NbOI2 crystal and investi-
gated its in-plane anisotropic properties. ARPRS measurements 
reveal the large anisotropy of phonon vibration modes. Micro-
absorbance indicates the bandgaps of NbOI2 are from 1.7  eV 
(bulk) to 2.4  eV (monolayer). Moreover, the angle-resolved 
electrical resistance and photoelectric detection indicate that 
the anisotropy factor of electrical conductance and photore-
sponsivity is 1.34 and 1.7, respectively. The in-plane anisotropic 
optical and electrical properties make NbOI2 a promising can-
didate for polarization-sensitive photodetector, synaptic transis-
tors, polarization field-effect transistors, and sensors.[50–53] In 
addition, due to the chirality and polarity of NbOI2, it has broad 

Adv. Mater. 2021, 33, 2101505

Figure 6.  a) Schematic diagram of electrode structure with six pairs spaced at 30° apart. b) Current–voltage curves at different angles and the reference 
electrode along the b-axis as 0°. Inset: OM image of the NbOI2 device with the labeled b- and c-axes. c) The angle-dependent resistance of 2D NbOI2 
flake. d) Typical current–voltage curves under dark and with light polarization orientation along the b- and c-axes. e,f) The measured photocurrent and 
responsivity and anisotropic factor at the angle ranging from 0° to 180° at the wavelength of 365 nm.
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application prospects in 2D anisotropic piezoelectric and ferro-
electric devices, chiral optical effect, and asymmetric catalysis.

4. Experimental Section
Sample Preparation: High-purity NbOI2 single crystals were grown 

through a CVT method. The starting reactants Nb, Nb2O5 and I2 
powders in a ratio of 3:1:6 were sealed in an evacuated quartz tube. The 
tubes were slowly heated up to 700 °C, kept at this temperature for 3 d 
and cooled to room temperature with the furnace cooling naturally. The 
products were soaked in alcohol to remove the excess I2. The harvested 
crystals were shiny rectangle plates with dimensions of 6 × 8 × 0.5 mm3. 
The thin NbOI2 flakes were exfoliated mechanically and transferred 
onto a SiO2/Si substrate. The thickness of the 2D NbOI2 flakes can be 
confirmed through an optical microscope (Olympus, BX51) and AFM 
microscopy (Bruker Dimension Fast Scan).

Characterization: The PXRD patterns were measured using a Rigaku- 
TTR3 X-ray diffractometer with Cu-Kα target at the angle of 5°–60°. The 
element compositions of NbOI2 crystal were confirmed through energy 
dispersive X-ray spectroscopy. The microstructure of the exfoliated 2D 
NbOI2 flakes was studied by the high-resolution transmission electron 
microscopy (JEM-ARM2100F). The temperature-dependent Raman and 
angle polarization Raman spectra measurements were carried out on a 
microscope spectrometer, equipped with ×100 optical objective and 1800 
grooves mm–1 grating. The excitation power and wavelength were 1 mW 
and 532  nm, respectively. To detect the polarized Raman spectra, the 
incident laser was polarized, and the scattering light was in the direction 
parallel and perpendicular to the incident light. The SHG signals were 
collected in a chameleon femtosecond laser (140 fs, 80 MHz).  The 
optical bandgaps of 2D NbOI2 flakes with different thicknesses were 
determined by Jasco MSV-5200 microscopic spectrophotometer.

Device Fabrication and Measurements: The devices based on 2D 
NbOI2 flakes were fabricated by using electron-beam lithography (FEI 
Quanta 650 SEM and Raith Elphy Plus) and the In/Au contact electrodes 
produced by the thermal evaporation (Nexdep, Angstrom Engineering). 
The electrical transports of 2D NbOI2 flakes were performed in a probe 
station. The angle polarization-resolved photodetection was measured 
by rotating the angle of polarized laser at 365 nm with a polarizer and a 
half-wave plate.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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