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Two-dimensional semiconducting SnP2Se6
with giant second-harmonic-generation for
monolithic on-chip electronic-photonic
integration

Cheng-Yi Zhu1,6, Zimeng Zhang2,6, Jing-Kai Qin 1 , Zi Wang2, Cong Wang3,
PengMiao4, Yingjie Liu2, Pei-YuHuang1, Yao Zhang2, KeXu 2 , Liang Zhen 1,5,
Yang Chai 3 & Cheng-Yan Xu 1,5

Two-dimensional (2D) layered semiconductors with nonlinear optical (NLO)
properties hold great promise to address the growing demand of multi-
function integration in electronic-photonic integrated circuits (EPICs). How-
ever, electronic-photonic co-design with 2D NLO semiconductors for on-chip
telecommunication is limited by their essential shortcomings in terms of
unsatisfactory optoelectronic properties, odd-even layer-dependent NLO
activity and low NLO susceptibility in telecom band. Here we report the
synthesis of 2D SnP2Se6, a van derWaals NLO semiconductor exhibiting strong
odd-even layer-independent second harmonic generation (SHG) activity at
1550 nm and pronounced photosensitivity under visible light. The combina-
tion of 2D SnP2Se6 with a SiN photonic platform enables the chip-level multi-
function integration for EPICs. Thehybrid device not only features efficient on-
chip SHG process for optical modulation, but also allows the telecom-band
photodetection relying on the upconversion of wavelength from 1560 to
780 nm. Our finding offers alternative opportunities for the collaborative
design of EPICs.

Complementary metal–oxide–semiconductor (CMOS) compatible
silicon photonic chips promises to address the growing demand of
multifunction integration for next-generation optoelectronic circui-
tries and systems. Owing to the excellent bandgap tunability, strong
light-matter interaction and high materials compatibility, atomically
thin two-dimensional (2D) layered semiconductors and related hybrid
structures have demonstrated plenty of fascinating phenomena and
ground-breaking technological applications in optoelectronics1,2. The
possibility of constructing van der Waals (vdW) heterostructures

without considering conventional ‘lattice mismatch’ issue allows 2D
semiconductors to be easily integrated into silicon photonics platform
for high-performance photodetector operated in telecom band
(1310 − 1550 nm)3. For the 2D semiconductors with the capability of
nonlinear optical (NLO) wavelength conversion, and in particular, the
second-harmonic generation (SHG), output signal can be generated
with frequency doubled from the incident photon field, which occurs
in the crystal with intrinsically broken inversion symmetry4–6. The
hybrid siliconphotonics integratedwith 2DNLOmaterials haveproven
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to be an ideal platform for the implementation of on-chip optical
modulation and signal processing7,8. By combining the strong NLO
activity with excellent optoelectronic properties of 2D NLO semi-
conductors, one can expect the accomplishment of integrated multi-
functions required for monolithic on-chip electronic-photonic inte-
grated circuits (EPICs), such as light generation9,10, frequency
conversion11,12, nonlinear electro-optic modulation13,14, photodetection
and compact on-chip optoelectronic integration3,15,16.

A series of 2D layered semiconducting materials with excellent
NLO characteristics in the visible–infrared (IR) spectral range have
been reported17,18. Monolayer transition metal dichalcogenides
(TMDCs), such as MoS2, WS2, MoSe2 and WSe2, possess high second-
order nonlinear coefficients due to their broken inversion
symmetry5,19. The semiconducting TMDCs in 2Hphase canbe obtained
with large enough size for EPICs applications. However, the SH polar-
ization is highly confined in odd layers since the inversion symmetry
can be restored in even-layered samples, leading to an oscillatory and
degenerated SH response with the increasing of layer numbers20,21.
To guarantee enough light-matter interaction length and efficient
light-absorption, 2H-stacked TMDCs integrated into silicon photonics
shall be of considerable thickness. The dilemma between restoration
of inversion symmetry and sufficiently long light-matter interaction
drastically dilutes the applicability of 2H-stacked TMDCs. The inver-
sion asymmetry can be well maintained with layer increasing in few-
layer TMDCs stacked in 3 R configuration, which contributes to giant
SHG activity for on-chip nonlinear optical devices22–24. However, we
noted that previously-reported 2D NLO semiconductors usually
demonstrate barely satisfactory photoelectric response and relatively
lowSHGsusceptibility in standardized telecombands (<1 × 10−10m·V−1),
far from satisfying the requirements of chip-level electronic-photonic
co-design for on-chip telecommunication5,19.

In this work, we report a 2D layered SnP2Se6 semiconductor with
high SHG susceptibility (~1.3 × 10−9 m·V−1) at 1550 nm wavelength. Due
to the disordered interlayer stacking mode, the broken inversion
symmetry of SnP2Se6 crystal can retain in multilayer samples, which
contributes to odd-even layer-independent SHG response and super-
position of SHG signals in thick samples. In addition, 2D SnP2Se6
exhibits excellent electrical and optoelectronic properties in ambient
condition, and the photodetector features high photoresponsivity of
103AW−1 and fast response rate of 412 μs under visible light. Further-
more, we experimentally demonstrated a prototype on-chip hybrid
device by combining 2D SnP2Se6 into SiNphotonic platform. The giant
SHG activity and promising optoelectronic characteristics enable the
device to operate with the monolithically integrated functions of
converting and detecting optical signals at 1560 nm. These findings
demonstrate the fascinating physical properties of emerging 2D
SnP2Se6 NLO semiconductor, making it a promising candidate for
applications in on-chip telecom-wavelength conversion and
photodetection.

Results
Synthesis and microstructure characterization
High-quality ultrathin SnP2Se6 nanosheets were synthesized using the
space-confined chemical vapor transport (SCCVT) method (See
Methods and Supplementary Fig. 1 for details). SnP2Se6 belongs to
space group R3, and it has a typical vdW layered structure with an
interlayer spacing of 0.68 nm. The basic unit of single-layer SnP2Se6 is
composed of non-stereoactive Sn4+ cations, (P2S6)

4- anions and
vacancies, showing a crystal structure with high non-centrosymmetry
(Fig. 1a, b). The as-grown SnP2Se6 nanosheets onmica substrate reveal
typical hexagonal shapes, and the thickness can be scaled down to
0.7 nm. More importantly, large-area single-crystalline SnP2Se6
nanosheets can also be achieved, with the maximum lateral size
reaching up to millimeters (Fig. 1c and Supplementary Fig. 2). In the
high-resolution X-ray photoelectron spectroscopy (XPS) spectra

(Supplementary Fig. 3), Sn 3d, P 2p and Se 3d orbitals are clearly
revealed, with a stoichiometric ratio of 1:2:5.95 by fitting the integrated
peak areas. The results demonstrate the synthesis and ideal atomic
stoichiometry of the SnP2Se6 nanosheets.

Figure 1d depicts the Raman spectra of samples with different
thickness. 2D SnP2Se6 reveals seven obvious Raman peaks: P1
( ~ 82 cm−1), P2 ( ~ 119 cm−1), P3 ( ~ 156 cm−1), P4 ( ~ 185 cm−1), P5
( ~ 218 cm−1), P6 ( ~ 433 cm−1), and P7 ( ~ 447 cm−1). P1 to P4 located
below 200 cm−1 represent the external and internal Se-P-Se bending
mode of the PSe3 structural units, while P5, P6 and P7 are associated
with the Se3P-PSe3 and P-Se valence vibrations25. We do not observe
obvious frequency shift of Ramanmodes with the increasing of layer
numbers, which might be attributed to the weak interaction
between layers. The angular dependence of the Raman intensity
exhibits a characteristic 6-fold rotational symmetry, indicating the
2D SnP2Se6 are isotropic in the layer plane (Supplementary Fig. 4).
Raman intensity mappings of P3 and P5 peaks were also performed
on a trigonal sample with thickness about 12 nm (Inset images in
Fig. 1d). The uniform distribution demonstrates the high crystalline
quality of SnP2Se6 nanosheets.

The optical absorption properties of 2D SnP2Se6 was investigated
using themicro-UV-visible absorption spectroscopy (Fig. 1e). The value
of band gap for 2 L SnP2Se6 nanosheet is estimated to be 1.93 eV from
the Tauc curve (inset image in Fig. 1e), and it would drop to 1.76 eV as
the layer increases to 16 L. Although density functional theory (DFT)
calculations usually underestimate the band gaps, the trend of change
agrees well the experimental results. As plotted in Fig. 1f and Supple-
mentary Fig. 6, monolayer SnP2Se6 has an indirect bandgap of 1.7 eV,
with the conduction band minimum (CBM) and valence band max-
imum (VBM) both locating at the Γ and K points of the 2D Brillouin
zone, respectively. The indirect bandgap would drop to 1.58 eV for the
bilayer SnP2Se6 and further be decreased down to 1.52 eV for bulk
couterpart.

With the assistance of aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy (AC HAADF-
STEM), the atomic structure and lattice information of 2D SnP2Se6
was successfully revealed. The energy dispersive spectroscopy
(EDS) elemental mapping images demonstrate the homogeneous
distribution of Sn, P and Se elements (Supplementary Fig. 5). The
plan-view image identifies a highly-crystallized structure without
any atomic vacancies (Fig. 1g). By combining a closer examination of
the atomic arrangement pattern with corresponding selected-area
electron diffraction (SAED) patterns, we can identify the equal
interplanar spacing of 3.30 Å for (110) and (�120) planes, which have a
crossing angle of 60°. The HAADF intensity profile, which is directly
related to the averaged atomic number, was also taken along the
purple dashed line I and purple dashed line II, respectively. The
periodic variation in the relative intensities indicates the patterned
arrangement of Sn, P, and Se atoms, and the bonding length of the
Sn-Sn atoms can be determined to be 6.50 Å. As illustrated in Fig. 1h,
the distance of nearby Se-P pairs changes from 2.2 to 2.4 Å, which
means the orderly distributed P-P pairs shift slightly off the sym-
metric center of the selenium skeleton. It will lead to the formation
of structurally distorted [SnSe6]

8– and [P2Se6]
4– octahedrons and

highly distorted rhombohedral structure of SnP2Se6 crystals.

Giant SHG response at telecom wavelength
NLO crystals operated in telecom band are of crucial applications for
on-chip frequency conversion and signal processing. As a result of the
broken in-plane inversion symmetry, 2D SnP2Se6 crystals are expected
to deliver large SHG response. As depicted in Fig. 2a, SHG signal is
collected from individual SnP2Se6 nanosheet in the back-reflection
configuration. Figure 2b presents the power-dependent SHG spectrum
of an 8-nm-thick SnP2Se6 nanosheet under an excitation wavelength of
1550nm.Apeak at 775 nmcanbe clearly detected, which is exactly half
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of the incident wavelength. The SHG intensity scales quadraticallywith
the pump intensity, and it can be well fitted with a high coefficient of
1.95 (Fig. 2c). Polarization-resolved SHG measurement providing the
crystallographic information of the crystals was also performed
(Fig. 2d and Supplementary Fig. 7). We find a characteristic 6-fold
pattern, which exactly reflects the underlying three-fold rotational
crystal symmetry of SnP2Se6 crystals. The result shows that one can
directly identify the crystallographic directionof SnP2Se6 layersmerely
by SHG characterization. Supplementary Fig. 8 shows the SHmapping
image of the same sample. The high uniformity of intensity distribu-
tion indicates that the layered SnP2Se6 nanosheet is single-crystalline
in nature.

The application of 2D NLO materials for optical modulation
requires the samples with considerable thickness to guarantee enough
matter-light interaction length and light-absorption. The SHG intensity
of 2D SnP2Se6 rises gradually with the increasing of layer number

(Fig. 3a), showing totally different characteristics from other 2D
semiconducting 2H-TMDCs26. Here, 2H-MoTe2 possessing among the
highest second-order nonlinear susceptibility (χ(2)) in 2D layered
semiconductingmaterials under 1550nm, isutilized as the counterpart
for comparison27. As shown in Supplementary Fig. 9, 2H-MoTe2 also
exhibits polarization-dependent SHG response like SnP2Se6. Although
2H-MoTe2 exhibits a higher SHG intensity than SnP2Se6 in monolayer
limit, its intensity would drop and fluctuate with the increasing of layer
number, together with the odd-even dependencies (Fig. 3b). In con-
trast, SnP2Se6 nanosheets with few layers (<7 layers) demonstrates
quadratically increased SH response, and the collected SHG peak
intensity for multilayer SnP2Se6 nanosheets exceeds that of 2H-MoTe2
with layer number increasing. The value of SHG intensity for 9-layer
SnP2Se6 is almost an order of magnitude larger than that of 2H-MoTe2
with the same thickness (Inset image in Fig. 3b). It should be noted that
the influence of light re-absorption is being strengthened gradually in

Fig. 1 | Atomic structure of SnP2Se6 and material characterization. a, b Atomic
structure of 2D SnP2Se6. c Optical microscopy image of as-grown SnP2Se6
nanosheets onmica substrate. The hexagonal shape of the nanosheet is outlinedby
yellow dashed lines. Inset images shows the corresponding atomic force micro-
scope (AFM) topography image and height profile of as-prepared SnP2Se6
nanosheets. d Thickness-dependent Raman spectra of SnP2Se6 nanosheets. Inset
images exhibit Raman mapping of P3 and P5 characteristic peaks. e Thickness-
dependentmicro-UV-visible absorption spectra of SnP2Se6 nanosheets. Inset image
exhibits optical band gap identified by the micro-UV-visible absorption spectro-
scopy. The α, h, and ν in the ordinate of the Tauc plot represent the absorption
coefficient of the material, Planck’s constant, and the frequency of light,

respectively. f Calculated band structure of SnP2Se6 monolayer using the HSE06
functional. The horizontal dotted line indicates the Fermi level (EF = 0 eV). The inset
imagedisplays thebandgap variation (ΔEg) of SnP2Se6 nanosheets as thenumberof
layers increases. g Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of SnP2Se6 nanosheet,
together with the corresponding top-view atomicmodel. The inset images present
the low-magnification bright-field TEM image of triangular SnP2Se6 nanosheet (top
left) and selected-area electron diffraction (SAED) pattern (top right). h Atomic
intensity profiles of aberration-corrected HAADF-STEM image along the purple
dashed lines in Fig. 1 g.
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the range from8 L tobulk, thus leading to thedeviation fromquadratic
relationship even with a downward trend28. We did not take 3R-MoTe2
for comparison, since the current synthesis techniques usually yield
samples with small size29, which causes immense hardship to be inte-
grated into SiN photonics for on-chip electronic-photonic co-design.

To clarify the origin of SHG activity in SnP2Se6 crystals, we con-
ducted cross-sectional AC-STEM measurements to reveal the stacking
configuration at the atomic scale. In sharp contrast with TMDCs
showing 2H stacking or 3 R stacking configurations, we noted that
there is no period structure along the direction normal to the (001)
plane ofmonolayer SnP2Se6 (Fig. 3c). Similar case has been reported in
spiral WS2 nanosheets, which is associated with the distortion caused
by the screw growth19. However, the absenceof periodic stacking in 2D
SnP2Se6 is entirely unrelated to the strain, and it can be well explained
by theweak interactionbetween layers. Figure3d compares the atomic
structures of 2H-MoTe2 and SnP2Se6. As previously reported, the dis-
appearof SHG intensity in even-layered 2H-MoTe2 is interpretedby the
restoration of inversion symmetry27. In SnP2Se6, the complete absence
of period stacking along the [0001] direction indicates that the non-
centrosymmetric stacking configuration can be well maintained with
layer increasing. Effective coupling enhancement in thick sample
would cause the superposition of SHG signals, thus contributing to the
excellent SHG efficiency without layer-number limitation30,31. Accord-
ing to the following formula32:

χ 2ð Þ =
ε0

1=2c1=2λA1=2

81=2π
� 1
Pω

� 1
d
� P1=2

2ω � nωn
1=2
2ω

ð1Þ

wherePω andP2ω represent the excitation laser power andSHGpower,d
is the thickness of sample, ε0 is the dielectric constant, c is the speed of
light in vacuum, A is the area of incident laser spot, nω and n2ω denote
the linear refractive indices of the sample at the fundamental and SH

frequencies, respectively. We can obtain a high χ (2) ~1.3 × 10−9 m·V−1 for
2D SnP2Se6 under 1550nmwavelength. This value is comparable to that
of 2H-MoTe2 (~2.5 × 10−9 m·V−1)27 and among the highest values of the
reported 2D semiconductors (Fig. 3e). More importantly, the consider-
ably high SHG susceptibility and odd-even layer-independence of SHG
response address the dilemmaof sufficiently high conversion efficiency
and restored inversion symmetry in even-layered samples, and it is of
crucial importance for the practical device applications.

Electrical and optoelectronic properties of 2D SnP2Se6
2D layered materials applied for monolithic electronic-photonic inte-
gration shall be of excellent semiconducting properties. To evaluate the
electrical properties of 2D SnP2Se6, field-effect transistors (FETs) with
the back-gate configuration were fabricated (Supplementary Fig. 10).
The switching characteristic obtained from a device with a 10-nm-thick
channel demonstrates a typical electron-dominated transport behavior.
Thickness-dependent field-effect mobility and ON-OFF ratio, two key
metrics of device performance, were evaluated based on the data from
more than forty devices. By extracting the data from the linear region of
transfer curve, we can obtain a field-effectmobility (μEF) of 15 cm

2 V−1 s−1

for a 20-nm-thick sample. The ON-OFF ratio of device drops mono-
tonically from ~106 to ~102 with the increasing of thickness (Supple-
mentary Fig. 11). The excellent performance of SnP2Se6 FETs in terms of
high electron mobility and ON-OFF ratio suggests its potential appli-
cations for logic electronics. Temperature-dependent transport char-
acteristics of the device were shown in Supplementary Fig. 12.
Attributed to the electron-phonon scattering33, μEF increases as the
temperature decreases from 300 to 200K. It approximately follows the
relation μEF= T−γ, where γ represents the phonon damping factor. By
fitting this curve, the value of γ is estimated to be 1.3, which is smaller
than that of MoS2

34 and B-P35. Note that μEF decreases with the further
dropping down of temperature to 7K, indicating the scattering from

Fig. 2 | Secondharmonic generation (SHG) characterizationof layered SnP2Se6.
a Schematic of SHGmeasurement. The symbolsω and 2ω in the diagram represent
the frequencies of the incident light and the SHG light, respectively. b Power-
dependent SHG spectra of SnP2Se6 nanosheets under a 1550 nm laser. c The exci-
tation power dependence of SHG intensity in logarithmic coordinate. The red line

was obtained by linear fitting. d Polarization-dependent SHG spectra of SnP2Se6
nanosheets and corresponding SnP2Se6 crystal model, along with its polarization
angle (The armchair direction is defined as 0°). The SHG intensity can be fittedwith
I = I0 sin

2 (3θ) in parallel configuration, where I is the SHG intensity at angle θ, and I0
is the maximum SHG intensity.

Article https://doi.org/10.1038/s41467-023-38131-2

Nature Communications |         (2023) 14:2521 4



charged impurities dominates themobility behavior of 2D SnP2Se6
36. By

optimizing thedevice configuration, such as using a top-gated structure
andhigh-kgatedielectric,we canexpect the significant improvementof
device performance since the charge impurities at heterointerface can
be effectively screened.

The excellent visible-light absorption properties indicate 2D
SnP2Se6 might be an ideal candidate for light detection, thus the per-
formance of SnP2Se6 phototransistor was investigated as a laser is
scanned over the channel of device. Figure 4a plots the transfer curves
of a SnP2Se6 phototransistor under dark and 700nm light illumination
with varying optical power densities. The inset image illustrates 3D-
viewAFM tomography image of the device. Significant photocurrent is
generated as the gate voltage (Vg) scans from −50 to 50 V. At
Vg = −45 V, the device demonstrates a high ON-OFF ratio, reaching up
to 104 under an illumination intensity of 10mWcm−2. The broadband
photoresponse (300 − 900nm) enables the device to realize optical
detection of the full visible wavelength (Fig. 4b and Supplementary
Fig. 13). Laser beam scanning across the device (power of 75 µW,
wavelength of 700nm) yields a spatial mapping of the photoresponse
(Inset in Fig. 4b). The photocurrent signals mainly occurred in the
channel area, which is indicative of the photoconductance-dominated
the generation of photocurrent.

Photoresponsivity (Rλ) and detectivity (D*) are the two important
parameters for photodetectors, and they can be defined by formulars:

Rλ = Iph=PS ð2Þ

D* =RS1=2= 2qId

� �1=2 ð3Þ

where Iph, Id, P, and S represent the photocurrent, dark current, inci-
dent power, and effective illuminated area, respectively. The device
shows gate-tunable Rλ under a light power density of 0.2mWcm−2 and
a bias of 2 V, yielding a maximum value up to 103 A W−1, and the D*
reaches itsmaximumvalue of 5.1 × 1010 Jones at a gate of−38 V (Fig. 4c).
In addition, the dynamic response demonstrates good cycling
performance and fast operation speed for the devices. The rise and
decay time constants are figured out to be about 412 and 910μs,
respectively (Fig. 4d, e and Supplementary Fig. 14). The high
photoresponsivity and speed are among the best value in the reported
phototransistors based on 2D layered semiconductors37. We also
noted that 2D SnP2Se6 exhibit satisfied stability as stored in air
condition. The surface morphology of SnP2Se6 channel can be well
maintained. Insignificant degradation in electrical performance was
observed after the device being exposed in air for one week without
any encapsulation (Fig. 4f). The high electronmobility, moderate band
gap, great ambient stability and pronounced absorption in visible
region indicate 2D SnP2Se6 could be a promising candidate for
application in high-performance electronic and optoelectronic
devices.

On-chip integration of optical modulation and detection
Benefiting from the odd-even layer-independent SHG activity and high
SHG susceptibility at telecom wavelength, multilayer SnP2Se6 with
sufficient thickness for high-efficient frequency conversion can be
integrated into SiN photonic platform, thus enabling the design of on-
chip optical modulator14. Compared with the free-space interaction
mode, a remarkable enhancement of SHG process can be expected by
integrating 2DNLOmaterials intophotonicmicroring resonator due to
strong light-matter coupling effect7. Figure 5a displays the OM image
of a SiN photonic structure for on-chip SHG, in which two bus-

Fig. 3 | Thickness-dependent SHGcharacterization of layered SnP2Se6. aOptical
microscopy (OM) image, AFM topography image and corresponding SHG intensity
mapping of SnP2Se6 nanosheet with different thicknesses. b Thickness-dependent
SHG intensities of SnP2Se6. Inset image compares the SHG response of SnP2Se6 and
2H-MoTe2. The dashed lines (including the inset) represent the curves fitted using
the formula y = ax2, which depict the relationship between the SHG intensity and
the layer numbers in the ideal state. c Cross-sectional AC HAADF-STEM image of

SnP2Se6 nanosheet, together with the corresponding side-view atomic model. The
reddottedoutline reflects the interlayer stacking formof SnP2Se6.dComparisonof
interlayer stacking configurations between 2H-MoTe2 and SnP2Se6. The dashed
arrows represent the interlayer stacking direction of the crystals. e Comparison of
second-order susceptibility (χ(2)) between SnP2Se6 and other reported 2D
materials18,27,32,45.

Article https://doi.org/10.1038/s41467-023-38131-2

Nature Communications |         (2023) 14:2521 5



waveguides are coupled with a SiN microring resonator. A funda-
mental pump laser (~1560 nm) can be coupled into bus-waveguide
(WGpump) from free space through a grating coupler. The generated
SHG signals is coupled out frommicroring to sub-waveguide (WGSHG),
and finally collected by a fiber spectrometer on top of another grating
coupler. To satisfy the phase-matching condition, the structure of SiN
microring resonator is carefully designed. As shown in Supplementary
Fig. 15, both effective refractive indices of the fundamental mode and
SHGmode increases with the strip width of microring. A cross point at
w = 1.24 μm indicates that the phase matching condition can be well
satisfied for the SHG process in this configuration.

A 10 nm-thick SnP2Se6 nanosheet with hundreds of micrometers
in size is then transferredonto the device, covering thewhole regionof
SiN microring resonator (Fig. 5b). The on-resonance light would cir-
culate in the microring and further evanescently interact with SnP2Se6
nanosheet to generate SHG signals. The inset images in Fig. 5b depict
the mode profiles of optical transmission at different locations of
device. Note that the fundamental guiding mode TE0 at 1560 nm (with
the polarization parallel to the waveguide plane) would dominate the
light propagation in the WGpump and microring due to the low trans-
mission loss, while it would change to TM2mode (with the polarization
normal to the waveguide plane) after the SHG process from 1560 to
780nm (Supplementary Fig. 16). With the assistance of a mode con-
verter, theTM2modeofmicroring is further converted to fundamental
TM0 mode in WGpump (Supplementary Fig. 17). The experimental
implementation of SHG from SnP2Se6 − SiN microring resonator is
based on a home-built optical measuring system, as shown in Sup-
plementary Fig. 18.

Supplementary Fig. 19 shows the transmission spectra of SiN
microring after SnP2Se6 integration. The collected transmission spec-
trum periodically dips with a free spectral range of 9 nm, which is

indicative of the efficient coupling between guiding mode of WGpump

and resonance modes in the microring. By fitting the resonance dips
with Lorentzian line shapes, the Q factor of the resonance modes is
calculated to be 1000. It should be noted that the resonance dips
would red-shift by 1.7 nm after SnP2Se6 overlapping, which is attrib-
uted to the perturbation of resonance modes arised from the high
refractive indexof SnP2Se6

7. As expected, strongoptical signals around
780nm were collected from the output grating coupler by exciting
SnP2Se6 nanosheet from the SiN microring resonator. The peak
intensity scales quadratically with the excitation power, further con-
firming the observed signals are from the SHG (Fig. 5c). We then esti-
mate and optimize the SHG conversion efficiency of SnP2Se6
nanosheet integrated on SiN microring resonator (Supplementary
Figs. 20–22). For an incident optical power of 10mW, the effective
power (Ppump) coupled into WGpump is estimated to be 356 μW by
normalization of the coupling loss. Though only a small portion of the
incident light is launched into the sub-waveguide due to the coupling
loss, the grating couplers design can be further optimized to improve
the coupling efficiency. The up-converted SHG signals was finally col-
lected from the output grating coupler, with an estimated power of
PSHG = 55nW. Therefore, the conversion efficiency (η) of SHG can be
calculated through the following equation7,38:

η= PSHG=Ppump
2 × 100% ð4Þ

The maximum value of 43.2%W−1 can be obtained for a sample with
thickness about 21 nm, which is reasonably satisfying for our experi-
mental setup and notable in previously reported TMDCs-integrated
photonic structures11,39.

Photodetector operated at telecom wavelength is the key device
of electronic-photonic integrated circuits. However, 2D SnP2Se6 with a

Fig. 4 | Electrical and optoelectronic properties of SnP2Se6 phototransistors.
a Typical transfer curves of SnP2Se6-based phototransistor under dark and 700 nm
light illumination with different optical power densities. The Ids, Vds and Vg repre-
sent the source-drain current, source-drain bias voltage and gate voltage, respec-
tively. Channel length and width of the device are 5 µm and 10 µm, respectively.
Inset image shows the schematics of the device. b Photoresponse of device as a
function of wavelength ranging from 300–1000nm at Vds = 1 V with optical power

density of 20mWcm−2. The inset displays photocurrent map under 700nm illu-
mination. The device and electrodes are indicated by dashed lines. c Gate voltage-
dependent responsivity and detectivity obtained from Fig. 3a. d, e Rise and decay
curves measured using an oscilloscope. f Transfer curves of a device with stability
measured for up to two weeks. Inset image plots the corresponding surface mor-
phology of device channel measured by AFM.
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band gap in the range from 1.75 − 1.90 eV is expected to exhibit weak
photoresponse due to the poor sub-bandgap absorption in telecom
band. Combining the merits of high SHG efficiency and strong pho-
toresponse in visible wavelengths of SnP2Se6, we designed a mono-
lithic on-chip photodetector, which operates based on the
upconversion of optical signals from telecom band to visible band.
Figure 5d and inset image in Fig. 5e plots the schematic diagram and
OM image of device, respectively. The photodetector is fabricated at
the end of SnP2Se6 nanosheet along the wave transmission path, with
Ti/Au (10/80 nm) electrodes patterned on the opposite sides of
WGSHG. On-chip frequency conversion from 1560 to 780 nm is first
implemented through the SnP2Se6-SiN microring resonator. The con-
verted 780nm light propagating along WGSHG can be overlapped
evanescently with the absorbing SnP2Se6 nanosheet in the active sec-
tion of the detector. As shown in Fig. 5e, device I is fabricated on top of
WGSHG. Relying on the upconversion of light, a remarkable photo-
response can be detected. To eliminate the influence of intrinsic
optical absorption at 1560 nm, device II fabricated onWGpump without

light upconversionwas alsomeasured for comparison.We can see that
the photocurrent is negligible under illumination with identical excit-
ing power, which is several orders of magnitude smaller than that
measured in device with wavelength conversion. The result strongly
confirms the decisive role of up-converted visible light on the photo-
generation in device.

Figure 5f plots the time-resolved photoresponse of devices under
different input light powers. A pronounced current enhancement was
detected when light is coupled in. Figure 5g exhibits the I-V curves
under different input light powers, and the variation in responsivity
with dependence on input power was also calculated (inset in Fig. 5g).
By normalizing the coupling loss and waveguide propagation loss, a
reasonable overall responsivity (R) of 126mAW−1 is obtained for the
integrated device, which has taken both SHG conversion and photo-
detection into account. The estimated R is comparable with the cur-
rent state-of-the-art photodetectors based on InGaAs40, Ge41 and
narrow-band-gap 2D layered materials (e.g., B-P42, Bi2O2Se

43 and
graphene44), indicating its potentials for on-chip telecom-band

Fig. 5 | 2D SnP2Se6 for on-chip optical signal modulation and detection. a OM
image of the fabricated SiN photonic structure, in which two bus-waveguides are
coupled with a SiN microring resonator.WGpump andWGSHG represent the grating
couplers used for coupling the pump light and SHG, respectively.bOM imageof an
on-chip optical modulator based on SiN/SnP2Se6 hybrid structure. Inset images are
the simulated mode profiles, including the pump source (TE0 @ 1560 nm) in the
input bus-waveguide, the SHG signals (TM2 @ 780nm) in the microring resonator
and the SHG signals (TM0 @ 780nm) in the output bus-waveguide. c Emission
spectra collected from the grating coupler after SHG process. Inset image shows

the dependence of SHG intensity on the excitation power. The red line in the inset
was obtained by linear fitting. d A schematic of the SHG-assisted SnP2Se6 photo-
detector. e Photoresponse of the devices with and without SnP2Se6 integration for
frequency pre-modulation. Inset shows the OM image of photodetector. Device I
and device II are fabricated on WGSHG and WGpump, respectively. f Time-resolved
photoresponse of devices under different input light powers. g I–V curves of the
device as a function of input light power. Inset is the responsivity of the SHG-
assisted SnP2Se6 photodetector as a function of illuminated optical power.
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photodetection. We expect that by optimizing device configuration,
the conversion efficiency of SHG and photoresponsivity of device can
be further improved. More importantly, the monolithically integrated
functions, including the frequency conversion and photodetection of
optical signals at telecom wavelength, are first implemented simulta-
neously in a single-unit device based on the SnP2Se6 NLO semi-
conductor. This work provides opportunities for the development of
multifunction integration in next-generation on-chip EPICs.

Discussion
In summary, using a space-confined chemical vapor transport
strategy, we first synthesized 2D SnP2Se6 layered semiconductor
with strong second-order NLO properties, and demonstrated its
applications for monolithic on-chip electronic-photonic integra-
tion. Owing to its unique inversion symmetry and interlayer stack-
ing configuration, 2D SnP2Se6 exhibits odd-even layer-independent
SHG response with a high susceptibility of 1.3 × 10−9 m·V−1 under
1550 nm excitation wavelength. 2D SnP2Se6 phototransistor deli-
vers a high responsivity of 103AW−1 and fast response rate (412/910
μs) under 700 nm illumination. The SiN/SnP2Se6 hybrid photonic
device reveals a strong on-chip SHG process with conversion effi-
ciency of 43.2%W−1. Meanwhile, combining the excellent SHG
activity and optoelectronic properties, a prototype on-chip tele-
com-band photodetector relying on the upconversion of optical
signals from 1560 nm to 780 nm was first experimentally demon-
strated. The implementation of monolithic integrated multi-
functions including on-chip optical modulation and photodetec-
tion indicates 2D SnP2Se6 is promising to fulfill the requirement of
chip-level electronic-photonic co-design for EPICs.

Methods
Synthesis of 2D SnP2Se6 crystals
The schematic diagram of the self-limited epitaxy strategy to grow
2D SnP2Se6 crystals is shown in Supplementary Fig. 1. Stoichio-
metric amounts of Sn powders (Adamas, 99.9%), P powders (Ada-
mas, 99.9%) and Se powders (Adamas, 99.99%) are sealed at the end
of a horizontally-placed quartz tube with pressure less than 10
mbar. Meanwhile, serving as the substrate for self-limited epitaxy
growth, fresh-exfoliated fluorophlogopite (KMg3(AlSi3O10)F2)
sheets (Taiyuan Fluorophlogopite Co. Ltd., Changchun, China) were
peeled off, and then put into the other end of the vacuum quartz
tube. The vacuum quartz tube was placed in a tube furnace and
heated to 580 °C within 3 h. After 6 h, the furnace was slowly cooled
to room temperature at a rate of 0.5 °C min−1. Ultrathin SnP2Se6
nanosheets were successfully synthesized in the sandwiched
mica sheets.

DFT calculations
The first-principal calculations were performed by using the Vienna
ab initio simulation packages (VASP). We employed the Perdew-
Burke-Ernzerhof (PBE) parametrization of the generalized gradient
approximation for the exchange-correlation energy. The force on
each atom is less than 0.02 eV Å−1 and the energy tolerance is 10−5 eV
respectively for structure relaxation. The energy cut-off of the plane
wave basis is chosen to be 600 eV. A gamma-centered 6 × 6 × 1
Monkhorst-Pack k-point mesh was applied for the k-point samples
in the Brillouin zone.

Materials characterization
The morphology of as-prepared SnP2Se6 nanosheets was character-
ized by optical microscope (Axioscope 5, Zeiss) and AFM (Dimension
Icon, Bruker). Raman spectroscopy, micro-UV-visible absorption
spectroscopy, and SHG spectroscopy were carried out by Metatest
ScanPro Laser Scanning System (ScanPro Advance, Metatest). The
chemical valence and bonding states of SnP2Se6 nanosheets was

characterized by XPS (Thermo Scientific NEXSA, Thermo Fisher).
HAADF-STEM images and EDS mapping were recorded by using a
double Cs-corrected FEI-Themis microscope operated with an accel-
eration voltage of 200 kV. The cross section of SnP2Se6 nanosheet was
obtained by focused ion beam (Scios, FEI).

Device fabrication andmeasurementof SnP2Se6phototransistor
SnP2Se6 nanosheets were transferred from mica substrates to SiO2/Si
substrates (300nm SiO2) with the assistance of the polymethyl
methacrylate (PMMA). The SnP2Se6 FETs were then fabricated using
laser direct writing (Microlab 4A100, SVG Optronics. Co., Ltd.) fol-
lowed by electron-beam evaporation (TEMD500, Beijing Technol Sci-
ence Co., Ltd.). The electrical performance of SnP2Se6 FETs was
measured in a probe station (CRX-6.5 K, Lake Shore Cryotronics, Inc.)
with the assistance of a semiconductor analyzer (4200A-SCS, Keith-
ley). The optoelectrical measurement of SnP2Se6 phototransistor was
carried out on the Metatest ScanPro Laser Scanning System (ScanPro
Advance, Metatest) with a wavelength-adjustable xenon lamp
(280–1000 nm) as the light source.

Fabrication of SnP2Se6/SiN hybrid device
To avoid the light absorption at visible wavelength, the waveguide and
microring resonator were fabricated on a 300 nm-thick SiN slab, which
are deposited on Si substrate coated with 3 μm-thick buried oxide
layer. The widths of two coupling bus waveguides are different, which
are designed to accomplish the coupling in of the fundamental pump
laser (at 1560 nm) and coupling out of the SHG signals (at 780 nm). A
200 nm-thick SiO2 cladding was deposited by the electron beam eva-
poration (SKE-A-75) above SiN slab, and the devices were patterned by
the electron beam lithography (Raith eLINE) using positive photoresist
(ZEP 520A). The SiO2 layer were then fully etched to a depth of
200nm, and the patterned layer of SiO2 was utilized as the hard mask
for the following SiN etching. Both two steps of etching are carried out
with the assistance of inductively coupled plasma (ICP) dry etching.
The fabrication process is schematically plotted in Supplementary
Fig. 23. After that, the SnP2Se6 nanosheets were transferred and cov-
ered on the surface of the SiN microring resonator. SnP2Se6 photo-
detector was fabricated along the wave transmission path with Ti/Au
(10/80nm) electrodes patterned on the opposite sides of the
waveguide.

Performance measurement of SnP2Se6/SiN hybrid device
The home-built optical measuring system consists of a tunable laser
(Santec TSL-710) at C band, a polarization controller, a fiber-chip
coupling stage and a benchtop power meter (MPM210). The single-
mode fibers are used to connect the I/O grating couplers. The polar-
ization controller was used to excite the TE0 guiding mode in the SiN
waveguide. The transmission spectra are acquired by measuring the
output power and scanning thewavelength from1500 to 1600nmwith
a step of 1 pm. The conversion efficiency of SHG is obtained by mea-
suring the effective power coupled into the SiNwaveguide (Ppump) and
effective power of SHG (PSHG).

Data availability
The data generated in this study are provided in Source data. Extra
data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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