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Abstract

Metal-semiconductor interfaces are ubiquitous in modern electronics. These quantum-confined
interfaces allow for the formation of atomically-thin polarizable metals and feature rich optical
and optoelectronic phenomena, including plasmon-induced hot-electron transfer from metal to
semiconductors. Here, we report on the metal-semiconductor interface formed during the
intercalation of zerovalent atomic layers of tin (Sn) between layers of MoS,, a van der Waals
layered material. We demonstrate that Sn interaction leads to the emergence of gap states within
the MoS; bandgap and new plasmonic features between 1-2 eV (0.6—1.2 um). The observed
stimulation of the photoconductivity, as well as the extension of the spectral response from the
visible regime towards the mid-infrared suggests that hot-carriers generation and internal

photoemission take place.
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Introduction

Interfaces of metals and semiconductors have attracted great scientific interest since the
beginning of the 20" century. These interfaces are ubiquitous in modern electronic devices and
provide a technological motivation for studying the rich physics originating at the boundary of
localized and delocalized electrons. The progress of nano-plasmonics over the last two decades
and the emergence of nano-scaled metal-semiconductor interfaces (MSls) has further provided
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a wealth of outstanding physical and chemical observations. ' In nano-scaled junctions, the
near-field plasmonic enhancement of the electromagnetic wave — where the evanescent decay
length is on the same scale of the MSI itself — enables the harvesting of hot electrons injected
from the plasmonic metal to the conduction band of the semiconductor, leaving behind hot
holes.* 3 This process requires that the thermal energy and momentum of the electrons are
sufficient to cross the energy barrier of the MSI. In some cases, new plasmonic states that do
not occur in either the metal or semiconductor alone can emerge at an MSI 3 %7, Transport of
plasmonic hot carriers (HCs) at MSIs is considered to be a promising operating mechanism of
future photovoltaic, photocatalysis and photodetection devices *®. The efficiency of such
devices depends on the efficiency of HC injection that is limited by the Schottky barrier height
and by the mean free path (MFP) of the HCs >°.

In this paper, we present atomic-scale MSIs achieved by intercalation of Sn atoms into the van
der Waals (vdW) gap of MoS,. We show that monolayer Sn, confined within the dielectric and
chemical environment of the MoS, vdW gap, features an MSI-induced plasmonic signature.
This is analogous to the cases of gallium and indium intercalated between graphene and SiC
substrates '°, wherein unexpected plasmonic behavior !!, arising from quantum confinement
and symmetry breaking along the out-of-plane direction > '3, was reported. The intercalation
of atomically-thin Sn layers results in the thinnest possible MSI. Enabled by the unique
electronic structure of this MSI, we demonstrate photodetectors (photodiodes) with high
responsivity that realize the predicted promise of such plasmonic MSIs over the past two
decades '*!". Furthermore, the spectral response of the photodiodes is extended from the visible
(MoS; only) towards the mid-infrared (Sn-intercalated MoS,), thereby confirming the
mechanism of internal photoemission. Our results offer avenues for designing ultracompact,
next-generation photodetectors and sensors based on intercalated van der Waals materials.

Results and Discussions

Atomic layers of Sn intercalated into CVD-grown vertical MoS; organize as islands on the scale
of ~20 nm (Figure 1). Similar to the intercalation of Ga and In '®!!, the electronic structure of
atomically-thin Sn clusters are subjected to strong localization due to quantum confinement.
Figure 1a displays an HRTEM micrograph of MoS; after intercalation, showing the presence
of Sn atoms arranged as atomically-thin layers between the MoS, planes. The intercalation-
induced deformation within the crystalline structure of MoS, can be inferred from Figure S4b,
which shows the distribution of the MoS, interplanar spacing, as well as from the line profile
of Figure 1c that is associated with the yellow marked area in Figure 1b. The average
interplanar spacing is found to increase after Sn intercalation from 0.631 nm to 0.639 nm — a
total expansion of 1.3%. This expansion is also illustrated in the high-magnification micrograph
in Figure 1a and Figure 1b that shows the presence of an additional plane of Sn atoms between
two consecutive (0002) planes of MoS,. Figure 1c presents the line profile from the area
enclosed by the yellow rectangle of Figure 1b, showing the average arrangement of Sn within
MoS; layers. The Sn is found to be distributed throughout the host material and intercalated
more or less evenly between layers. The presence of Sn in MoS; is further confirmed from the
Sn peaks seen in the EDS spectra (Figure S2) acquired from the regions shown in Figure 1b.
The Sn concentration is found to be 3.4 +/- 0.1 atomic percent, spatially arranged as clusters as
can be inferred from Figure S1.



PRSPt « Mo
-
RPSPSLLE R B

-
.8 w WA —
. ol 'n.‘..!'..'o.'."fo" 'Oq ‘*‘ i e Al Ay —-—— ppe——p.
A s I N VNN ]
A P
W TR PRV
et % ‘

.";MOS".'--A - e g TN
e g -

AR s _,“-'.-x\yx.\-.\ﬁ.\t\"\\ NCIRET

or PR B - ¥ 11118

- - :
F WA N B ETGR R N
- ,”W . ) . AN A vl m

P L et e L

e Y 4P A

P i

Sn Sn Sn Sn Sn

\Figure 1. Structural characterization of MoS, intercalated with zerovalent Sn atoms: (a) HRTEM image
with an inset displaying a single intercalated Sn layer within the van der Waals gap between two MoS,
layers (Sn atoms are highlighted in red, while S and Mo are highlighted in yellow and green,
respectively); (b) STEM-HAADF image showing the periodic intensity contrast with Mo or Sn appearing
with bright contrast of parallel sets of planes; (c) the intensity profile across the marked rectangle in (b)
with blue arrows indicating the Mo layer and red arrows indicating the intercalated Sn layer.

Raman spectra obtained with a 532 nm laser oriented parallel to the c-axis of the crystal display
the expected modes of 2H-MoS,, with some stiffening of the A, mode (Figure S3) that results
from the intercalation of Sn. Raman modes can show complex softening or stiffening,
depending upon the expansion or contraction of the host lattice as well as the electron
donor/acceptor nature of the intercalant. A shift in the Raman mode with intercalation supports
evidence of a change in the nature of the interlayer vdW gap as seen in Figure S4b and the
calculations of Figure S4a. The increase in the Raman wave shift is consistent with optical
phonon stiffening and has been observed in other intercalated systems '°-'%, Interestingly, the
structure of Sn intercalation differs significantly from that of MoS, intercalated with copper *
or lithium '>2°, as well as from that of In and Ga in graphene-SiC '*2!, as in all of these cases,
the intercalant forms continuous layers, whereas Sn adopts a predominantly island-like
structure. The structure inferred from HRTEM confirms the arrangement of Sn as single atom
thick islands of 20-50 nm, consistent with the Riidorff mechanism of intercalation 2. The
intercalation energy (Eq. S1) estimates the driving force for clustering of Sn atoms and is
reflected by the trend displayed in Figure S4a. Initially, the relatively large diameter of Sn
atoms requires overcoming a sizable thermodynamic barrier, calculated to be in the range of
3.5 eV/atom (see SI for details on DFT calculations), to intercalate within the vdW gap. From
this point onwards, the “wedging” action of the initial intercalation event(s) allows for more
facile intercalation of additional Sn atoms, resulting in a rapid decrease and eventual saturation



of the thermodynamic barrier for continued Sn intercalation. Complementarily, most of the c-
axis expansion that results from the intercalation process is affected by the initial intercalation
event(s) and remains largely unaffected after the formation of small Sn clusters (Figure S4a).
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Figure 2. (a) Graphical illustration of the cross-section of a VA- MoS2 (yellow and black atoms), Si
(light blue) heterostructure photodiode device intercalated by Sn (light brown atoms). (b) Bright Field
Transmission electron microscope (TEM) micrograph of the Cross-section of the device structure.
Comparison I-V of the two types of devices with and without Sn intercalation. (c) Measured absorption
spectrum of a Sn-intercalated MoS, device (red line) and the pristine MoS, device (blue line).
(d) Absorption spectra and (¢) EELS spectra of MoS;+Snwy. (red line), bulk MoS; (blue line) and the
isolated Sn monolayer (green line) calculated using the hybrid HSE functional (see Computational
Methods in SI). Plasmonic features in the EELS spectrum of MoS>+Sny; are highlighted with arrows.
(f) Low-loss EELS spectrum obtained from the Sn-intercalated MoS, sample.

The impact of Sn intercalation on the optical properties of MoS; is inferred from the measured
and calculated optical absorption (Figure 2¢ and 2d). The measured absorption spectra of
pristine and Sn-intercalated MoS; (Figure 2¢) cross at ~1.35 eV, which is close to the (indirect)
bandgap of bulk MoS,.”* The Sn-intercalated MoS, samples also display a sharp increase in
absorption at lower energies, which is qualitatively consistent with the calculated absorption
spectrum for bulk MoS, with an intercalated Sn monolayer (MoS>+Snmi; Figure 2d). The
electron energy loss (EELS) spectra (Figure 2e and 2f) clearly show a primary peak at ~2.0 eV
for the Sn-intercalated MoS, samples: this peak is close in energy to the experimentally
measured exciton of MoS; ?* and, moreover, is calculated to be close in energy to the single-
particle excitation energies of both bulk MoS, and the Sn monolayer (see Figure S6). In
addition, several weak energy-loss features appear consistently in our measurements (grey
dashed lines in Figure 2f) and DFT calculations (Figure 2e). In particular, the DFT calculations
indicate that the shoulder in the EELS spectrum near 1.6 eV is plasmonic in nature, as is the
peak near 1.1 eV (see Figure S6). These features are entirely absent—either as collective or



single-particle excitations—from the calculated EELS of bulk MoS,, thus indicating that these
plasmons are an emergent property of the hybrid material formed upon Sn intercalation in
MoS,. A more sophisticated analysis of single-particle versus collective excitations beyond the
independent-particle picture ** ?¢ is beyond the scope of this work and will be pursued
elsewhere.

In order to understand the optoelectronic properties of Sn-intercalated MoS,, we fabricated a
diode on a p-Si substrate (see graphical illustration in Figure 2a and device cross-section in
Figure 2b) with a top contact of semi-transparent ITO. The details of the fabrication can be
found in the Methods section. The monochromatic (850 nm) photocurrent and responsivity (the
ratio of photocurrent to illumination power) as a function of illumination power are compared
systematically between the cases of pristine MoS, and Sn-intercalated MoS; in Figure 3a. The
peculiar non-monotonic trend of the responsivity with respect to the power (Figure 3a)
suggests the possibility of some thermal stimulation of the photoresponse. Complementing the
latter observation of the responsivity, the photoconductive spectral response of the intercalated
device (Figure 3b) shows an additional broad peak at ~1.3 pum followed by a broader signature
that extends towards the mid infrared. This behavior aligns well with the calculated absorption
and EELS spectra (Figure 2d, 2e). Initially, the pristine MoS; device already features a sizable
photoconductive gain that is attributed to the orientation of the crystal?’ and with hot
photocarriers generated at shallow defects of dislocations and grain boundaries. We attribute
the enhanced photoconductive gain and infrared enhancement to the confined Sn-MoS, MSI.
These hybrid MSI states extend from the band edges of pristine MoS,, enabling efficient
ionization of carriers from metal-hybrid states into the conduction band upon optical excitation.
Interestingly, we observe a non-monotonic relation of the responsivity with respect to the
incident illumination power (Figure 3a), indicative of a gain mechanism involving thermal
effects that is are line with the character of metallic Sn clusters.
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Figure 3. (2) Responsivity as a function of incident power of the Sn-intercalated MoS, device (red line)
and the pristine MoS; device (blue line) under illumination of 850 nm at a reverse bias of -2V (Inset:
Dependence of photocurrent on incident power at wavelength of 850 nm). (b) Responsivity vs.
wavelength of the Sn-intercalated MoS; device (red line) and the pristine MoS, device (blue line). (¢)
Gain vs. wavelength of the Sn-intercalated MoS, device (red line) and the pristine MoS, device (blue
line).

The internal quantum efficiency (IQE), i.e., the spectral photoconductive gain of the devices is
displayed in Figure 3c. Since the upper bound of IQE is unity, we attribute the excess of



electrons collected per photon to a photoconductive gain. The photoconductive gain (Figure
3¢) in the 0.7-1.1um wavelength range attains peak values of ~400 and ~1400 for the pristine
and Sn-intercalated MoS; devices, respectively. Considering the response time of the devices
(~ 10 ps) and their IR-extended spectral response, we attribute the observed photoconductive
gain to internal photoemission processes from the newly-formed Sn-MoS, MSIs. The
1
B2
Ae; 18 the electron mean free path and E is the electron thermal energy, ranging from 0 to Aw
(the exciting photon energy). !> 22 However, unlike the case of Schottky diodes, where a

magnitude of HC injection is proportional to their mean free path, scaling as A,;(E) o« —;, where

threshold energy exists for HC injection (the barrier height),’® 3! here the MSI geometry is
parallel to the applied electric field such that the HC can drift without having to overcome an
energy barrier across the MSI. Furthermore, the interface length scale is orders of magnitude
shorter than the mean free path of HCs, resulting in efficient collection of the photocurrent
below the MoS; bandgap.

Table 1. Comparison of the characteristics of Si/MoS, photodetectors reported in this work and those in

previous reports (VA — vertically-aligned).

Device Responsivity Wavelength Response Time Ref.
(A/W) (nm) (rise/fall)
Si/ Sn- VA- 467-0.26 450-1600 13.4/12.1 ps This work
MoS; max: 467 966
Si/ VA-MoS; ml;;(if ; » 38161 50 212 ps This work
Si/ Cu- VA- 1301-46 485-1100 16.7/11.2 us 3
MoS; max: 4.2 X 10* 323
Si/VA-MoS, 8.75 580 10/19 us 32
Si/VA-MoS, 0.3 808 3/40 ps £
Si/VA-MoS, 0.908 808 56/825 ns 34
Si/VA-MoS, 7.37 532 - &
Si/VA-MoS, 0.03 455 38.78/43.07 36
Si/VA-MoS, 0.654 980 2.1/173.8 s 37
Si/VA-MoS, 49.31 800 80/79 ms 38
Single-layer 880 561 4/9 s =2
MoS; FET
Si/ Single- 7.2 365 50/50 ms 40
layer MoS>
Si/Few-layers- 76.1 660 >50/48.9 s <L
MOS2
Si/ Thin Film- 23.1 780 21.6/65.5 us 42
MOS2
Si/Multilayer 11.9 650 30.5/71.6 ps ®
MOSZ
Si/MoS; O.D. 2.8 514 - 44

Table 1 outlines a comparative survey of Si-MoS; photodetector device performances. The
maximal photoresponsivity reported here, 467 A/W, is found to be higher than most other
devices and its characteristic response time is of ~12 ps. This enhancement can be
technologically beneficial for night-vision image intensifiers, working at low-light levels *.
Traditionally, image intensifiers are based on intensifying tubes that convert scene photons to
electrons on a photocathode; the electrons are multiplied via a multi-channel plate (MCP) and
are accelerated to produce an enhanced image of the scene on a phosphorus screen. The
intercalation-enhanced photodetectors may be good candidate technology for the core elements



of VIS to NIR image intensifiers, replacing bulky tubes with compact color vision. The high
performance within the NIR part of the spectrum could also allow for extra imaging capabilities
under low-light (photon counting) scenarios, even on moonless nights due to the atmospheric
night glow phenomena. In addition, the NIR band is most suitable for imaging and analysis of
high vegetation terrain (e.g. forests, agricultural fields).

Conclusions

In summary, we studied the electrical and optical properties of atomic metal-semiconductor
interfaces achieved by Sn intercalation in MoS,. We found that Sn-intercalated MoS, remains
semiconducting and maintains the original 2H crystal phase of the host (Mo0S,). The effect of
intercalation on the optoelectronic properties was inferred by the measured photoresponse of
Sn-intercalated MoS, photodiodes and two main features were observed: (i) non-monotonic
relation of responsivity to incident power, and (ii) extension of the spectral response towards
the mid-IR, far beyond the bandgap (1.2 eV) of non-intercalated MoS,. We attribute both
observations to the efficient injection of hot electrons ® 7 and internal photoemission from mid-
gap hybrid metal-semiconductor interface states to the conduction band of MoS,.

Methods

Sample preparation

The fabrication of CVD-grown MoS, — Si diodes is described in detail in Ref * %, Zerovalent
Sn atoms were intercalated into the vdW gaps between the layers of VA-MoS, by a wet
chemical process *’. Briefly, 0.01 g of stannous chloride and 0.1g tartaric acid (Millipore-
Sigma) was added to 5 mL acetone (Millipore-Sigma) in a round-bottom flask attached to a
Liebig reflux condenser. The solution was brought almost to reflux at 48°C. The substrate was

placed into the solution in the round-bottom flask. The solution was allowed to sit just below
reflux for 4 hours, whereupon it was removed and rinsed with acetone several times. ITO and
Metal contacts were finally deposited after patterning with e-beam lithography.

Sample characterization

Raman Spectroscopy
Raman spectra were obtained using a Horiba Scientific Labram HR Evolution equipped using

A = 532 nm, solid state excitation laser, output power tuned to 0.2 mW and an optical
microscope. The laser excitation propagated parallel to the crystal c-axis with linear
polarization. A 50x objective lens was used to focus the laser and collect the Raman scattered
light, and a 1800 groove per mm grating was chosen for spectrum acquisition.

FIB, HRTEM and STEM-EDS

Site-specific, cross-section FIB prepared TEM lamellae were imaged using a Probe corrected
FEI Titan G2 ChemiSTEM TEM equipped with a Super-X EDX System, which comprises of
four windowless silicon drift detectors of 120 mm? size, having an overall energy resolution
better than 140 eV. The microscope is mounted with a Gatan 994 UltraScan 4K CCD camera,
and the system has a point resolution better than 0.24 nm in the TEM mode and 80 pm in the
STEM mode at 200kV accelerating voltage. The samples were imaged both in TEM and STEM



modes as well as analyzed using STEM-EDS. To avoid any stray Sn signals in the EDS spectra,
appropriate care was taken and Molybdenum grids, rings and clips were used for loading the
sample in the TEM holder.

The EDS data were acquired and analyzed using the Bruker QUANTAX Esprit 1.9 software.
The elemental quantification was performed using the Cliff-Lorimer method with the same
software.

EELS was performed using a probe-corrected Jeol JEM-ARM200F with a cold FEG source
and a Gatan GIF QUANTUM spectrometer. The spectra were acquired with an energy
dispersion of 0.025 eV/channel, using 2.5 mm entrance aperture.

Photoconductivity Measurements
The monochromatic measurements were carried out at ambient conditions under illumination

of a collimated 850 nm LED?. Spectral responsivity and photocurrent were obtained by
connecting the devices to an external detector socket of a Thermo Fisher Scientific Nicolet-
iS50R. In order to obtain the Quartz-Halogen source black-body radiation curve, the source
was measured using a DTGS detector. The device photocurrent spectrum was normalized to
the source black-body curve to obtain the device’s responsivity curve.

Computational Methods

Density functional theory (DFT) calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) ** % | The projector-augmented wave method °% *! was used to
describe core and valence electrons, and electron exchange and correlation was modeled using

the Perdew-Burke-Ernzerhof (PBE) generalized-gradient approximation 32. The kinetic energy
cutoff was set to 400 eV. Gaussian smearing of 0.05 eV was used for Brillouin zone
integrations. All structural models were optimized using the conjugate-gradient method with a
force tolerance of 0.01 eV/A and an energy tolerance of 10 eV. Both atomic positions and cell
vectors were relaxed during structural optimization. To model the intercalation of Sn clusters
in bulk 2H-MoS, 4 X 4 X 1 MoS, supercells were employed; intercalation of the Sn monolayer
was modeled using a single (1 X 1 X 1) unit cell of bulk 2H-MoS,. Van der Waals interactions
were modeled using the DFT-D3 method of Grimme et al. >* Brillouin zones of the supercells
were sampled using sufficiently dense 4 X 4 X 2 I'-centered k-point meshes; 16 X 16 X 3 and
16 X 16 x 2 T'-centered k-point meshes were used for the bulk MoS, primitive cell Sn-
intercalated MoS, primitive cell, respectively. As semilocal functionals underestimate
fundamental gaps, electronic structure and optical properties were calculated using the hybrid
Heyd-Scuseria-Ernzerhof (HSE06)** functional. HSE calculations were performed using
PBE+D3-relaxed Sn,MoS, structures (without spin-orbit coupling), as structural relaxation of
these supercells with HSE is prohibitive. Electronic energies were converged to 10 eV for
calculating of optical properties. Additional details of optical calculations are provided in the
supporting information.

Spectral measurements and calibration

Reflection measurements:

Reflection spectra were obtained using a Thermo Fisher Scientific Nicolet iS50R
UFTIR. Spectral range was set to 9,000-27,000 cm™ using a Quartz-Halogen (27000-2000 cm’
1 source, a Quartz beam splitter and a Silicon detector. Aperture size was set to fit the devices



aperture. A 15x objective lens was used to focus light and collect spectra from both a silver
mirror as the background and the devices as the sample.
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S1. Elemental Distribution Map

Figure S1. (a) Mo, (b) S and (c) Sn elemental distribution maps as collected by Energy
Dispersive X-ray Spectroscopy (EDX) in TEM.
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S2. Electron Dispersive X-Ray Spectra
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Figure S2. EDS Spectra acquired from the region within the layer of the MoS2 showing Mo, S
and Sn. The y-axis has been amplified 1000 times after 19keV (x-axis). It shows the presence
of Sn in the MoS: layer. Cu signal is noted from the Cu grid that has been used to mount the

sample.
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S3. Raman Shift Characterization

Raman spectra taken before and after intercalation show only small difference as presented in

Figure S3.
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Figure S3. Raman spectra of MoS: before (blue line) and after intercalation zero-valent Sn

atoms (red line) showing characteristic spectra of 2H-MoSo.

Raman spectra were taken at a parallel geometry between the laser line and the c-axis of the
crystal with linearly polarized light display the expected modes of 2H-MoS:, including an E'2g
mode at ~383 cm’! that corresponds to an in-plane stretch and an Alg mode at ~410 cm™! that
corresponds to an out-of-plane breathing mode '. The increase in the Raman wave shift with
intercalation is consistent with optical phonon stiffening and has been observed in other

intercalated systems % 3.
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S4. Interlayer spacing and intercalation energy
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Figure S4. (a) Calculated energy per Sn atom (Eint) required for intercalation into the vdW gap
(blue symbols) and the resulting interlayer separation (c¢/2; orange symbols) both as functions
of Sn concentration, as obtained from DFT calculations. The intercalation energy and the
interlayer separation are both fitted (solid lines) to the functional form A erf(an) + B, where
A, B and a are constants, and » is the number of atoms in an Sn cluster (see figure S4 in
supporting information). Specific concentrations corresponding to the Snwmr, Snacruster and
Snacuster models are noted in the figure. (b) Structural characterization of MoS: intercalated
with zerovalent Sn atoms: Distribution and mean value of interlayer spacing between MoS:2

planes before (blue line) and after (red line) Sn intercalation.

The intercalation energy and the interlayer separation are both fitted to the functional form of
Aerf(an) + B, where A, B and o are constants, and n is the Sn concentration, which is
proportional to the number of Sn atoms in the structure. The values for A, B and a were

evaluated as detailed in the following table:

Goodness of fit
A B a /1
(R-square)
Ein: fit 4.084 0.4913 0.2902 0.9701
c/2 fit -2.099 7.455 0.5109 0.982
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SS. Density functional theory modeling

Structural characterization
Density functional theory (DFT) calculations were performed to gain further insights into the

structural and electronic properties of the Sn-intercalated MoS: structures (Figure S5).
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Figure S5. Structural models of (a) two Sn atoms cluster (Snacuuster), (b) four Sn atoms cluster
(Snaciuster) and (c) a Sn monolayer (Snwmr) intercalated within a single vdW gap of bulk MoSa.
One of the layers has been removed in the top views to show the intercalated Sn cluster/layer
clearly. In (a) and (b), the computational supercell is indicated by solid lines; in (c) the
computational unit cell consists of a single Sn atom within a vdW gap of a 1x1 cell of bulk
MoS: — a 4x4 supercell of MoS2+Snmw is displayed for clarity. (d) Density of states (DOS) of
MoS2+Snociuster , M0S2+Sn4ciuster and MoS2+Snmr models calculated with the HSE functional;
the total DOS (blue lines) is further decomposed into contributions from MoS2 (orange lines)

and Sn (green lines).

At low concentrations, individual Sn atoms bind to basal-plane sulfur atoms from both
adjoining layers and are octahedrally coordinated. With increasing concentration, the Sn atoms
tend to form clusters within the vdW gap (Figure S5a, S5b), ultimately forming continuous Sn
(111) monolayers (Figure S5b), in agreement with the experimental observations wherein we
see partial to complete layers of Sn intercalated within the MoS2 vdW gap. The energetic cost

of Sn intercalation (per atom), Ein, can be calculated as

1
Eine = . (ESanOSZ - EMoSZ - anSn,bulk)’ (D
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where x is the fraction of intercalated Sn in the SnxMoS:2 structure and n, is the total number
of Sn atoms; Esy,_wmos,> Emos, and Esp pyi are the OK DFT energies of SnxMoS, pristine MoS,

and a single Sn atom (bulk face-centered diamond cubic structure), respectively. As seen from
Figure S4a, the intercalation energy is high at the outset (low Sn concentration) but decreases
rapidly with increasing Sn intercalation, going from >3 eV/atom to ~0.5 eV/atom for a
complete monolayer. This observation is largely similar to our prior findings for Cu
intercalation in MoS2 *: however, a key difference is that the intercalation energy for Cu
decreases continuously whereas it rapidly saturates to a near-constant value within a few atomic
percent intercalation of Sn. We ascribe this difference to the larger atomic size of Sn, as
compared to Cu; such that once a small fraction of Sn atoms is “wedged” into the MoS2 vdW
gap, the intercalation of additional Sn becomes relatively facile. This intuition is also borne out
by the expansion of the interlayer spacing (Figure S4) which rapidly increases from 6.17 A in
pristine MoS: and saturates to 7.4-7.5 A within a few atomic percent of Sn being intercalated;

in contrast, the interlayer spacing was found to increase continuously for Cu intercalation * .

The electronic density of states of the SnxMoS2 models are displayed in Figure S5d from which
we notice two key features: (a) a shift in the Fermi level towards the conduction band edge of
MoS:2 (n doping ~10?? e//cm? for the Sn monolayer), and (b) the emergence of gap states within
the MoS:2 band gap that have contributions from both the MoS:2 layers and the intercalated Sn
clusters/layer. At lower concentrations of intercalated Sn (Snz cluster), the gaps states appear
mid-gap; with increasing Sn intercalation (Sns4 cluster) these gap states begin to merge
gradually with the band edges. Once the intercalated Sn forms a complete monolayer, we
observe a significant density of states within the original MoS2 band gap—some of these
additional states appear as sharp resonances while others appear as a broader continuum; it is
noteworthy that the overall hybrid structure is still semiconducting with a small gap ~0.1 eV

visible at the conduction band edge (Figure S5d).

Optical properties

The frequency-dependent dielectric functions of various SnxMoS2 models were calculated
within the independent-particle approximation. To converge the low-energy features we used
denser k-point meshes of 30 X 30 X 2 for MoS2+Snmr and 50 X 50 X 1 for Snmr. The Fock
operator was reduced by a factor of two in plane to accelerate the calculations without loss of

accuracy. Figure S6 displays the real (&;) and imaginary (&,) components of the dielectric



function as well as the EELS spectra for MoS2+Snmr, bulk MoS2, and Snmi. The structural
model for SnmL was created by freezing the Sn atoms at their equilibrium positions in the
MoS2+SnmL model and eliminating the MoS2. This fictitious configuration, while not the
ground state of a Sn monolayer, allows us to probe more directly the contribution of the Sn
atoms to the overall optical response of the hybrid structure. Plasmonic features in the EELS
spectrum are identified by associating them with zero crossings with positive slope of £;.58 As
seen from Figure S6, there are weak plasmonic features that appear as shoulders in the EELS
spectrum of MoS>+SnmL: the more prominent of these features is near 1.1 eV while a less
prominent one occurs close to 1.6 eV. It should be noted that there are no such plasmonic
features in the EELS spectra of bulk MoS: within the same energy window (0.5-2.6 eV), thus
clearly indicating that the plasmons of MoS>+SnmL are an emergent property of the hybrid

material.
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Figure S6. Calculated dielectric functions and EELS for MoS2+SnmL (top), bulk MoS:
(middle) and constrained SnmL (bottom). Vertical dashed lines correlate zero crossings with
positive slope of €; with plasmonic features in the EELS spectrum. Only the low energy part

of the spectrum is plotted here to display and compare the plasmonic features of interest.



S7. Devices production, I-V and Time Photoresponse Characterization

In order to examine the optoelectronic activity of Sn intercalated MoS2 diodes (see graphical
illustration in Figure 2a and device cross section in Figure 2b), the [-V transfer curves were
measured in dark and illuminated with a 850 nm wavelength light source at varying power, as
shown in Figure S6a and S6b. In addition, the response time was measured is displayed in
Figure S7c, as recorded from devices of bare and intercalated MoS: operated with a 20 kHz

modulated light source and at voltage bias of -2V.
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Figure S7. (a) I-V photoresponse curve in linear scale of the bare MoS: at different power
illuminations (WW). in 850 nm. (b) I-V photoresponse curve in linear scale of the Sn-MoS: at
different power illuminations (uW) at wavelength of 850 nm. (¢) Time dependent
photoresponse of MoS2 (blue), and Sn intercalated MoS2 devices (red) illuminated at 4 =
850 nm, P;, = 1.5 u, under reverse bias of -2V.
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S8. Spectral Correlation of Photoconductivity

Comparison between the devices measured Responsivity, Calculated Absorption and EELS is
presented in Figure S8. The same data appears in the manuscript in Figure 2a, Figure 2e and

Figure 3b.
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Figure S8. Responsivity (blue left y axis), Calculated Absorption (orange solid line, right y
axis), Calculated EELS (orange dashed line, right y axis).
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