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ABSTRACT: Van der Waals (vdW) integration affords semiconductor heterostructures without
constrains of lattice matching and leads to promising functional devices by design. A particularly
interesting approach is the electrochemical intercalation of two-dimensional (2D) atomic crystal
and formation of superlattices, which can provide scalable production of artificial vdW
heterostructures. However, this approach has been limited to the use of organic cations with non-
functional aliphatic chains, therefore failed to take the advantage of the vast potentials in
molecular functionalities (electronic, photonic, magnetic, etc.). Here we report the integration of
2D crystal (MoS,, WS,, HOPG, WSe> as model systems) with electrochemically inert organic
molecules that possess semiconducting characteristics (perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA), pentacene and fullerene), through on-chip electrochemical intercalation.
Additional long-range spatial feature of intercalation has been achieved, which allowed facile
assembly of a vertical MoS;-PTCDA-Si junction. The intercalated heterostructure shows
significant modulation of the lateral transport, and leads to a molecular tunneling characteristic at
the vertical direction. The general intercalation of charge neutral and functional molecules
defines a versatile platform of inorganic/organic hybrid vdW heterostructures with significantly
extended molecular functional building blocks, holding great promise in future design of

nano/quantum devices.
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Recent advances in two-dimensional layered materials (2DLMs) have led to a set of promising
applications in nano/quantum-electronics, photonics and sensors.!” One distinct advantage is that
they can be stacked with other dissimilar building blocks to form a large variety of van der
Waals (vdW)-integrated heterostructures, creating interesting properties and functions by
design.®® To fully fulfill the potential of vdW-integrated systems based on 2D atomic crystals, it
is critical to either achieve better control over single motif or interfacial engineering in the
heterostructure,®!® or more effectively, to introduce new class of accessible building blocks for
vdW integration. To this end, electrochemical intercalation of 2DLMs, which often results in a
molecular superlattice structure with alternating monolayers of 2DLMs and intercalated ions, has
become one of the most attractive integration approaches. lon intercalation usually brings about
phase transformations and slightly enlarges the layer distance,” with consequent increasement in
electrical and electrocatalytic properties.?* 2! More recently, molecular surfactant ions have been

shown to enlarge the layer distance to a larger extent,?>?* and further leads to the formation of



organic/2DLMs superlattice with promising properties. Successful examples include non-

functional surfactant molecules and polymers such as hexylammonium chloride and CTAB.?*2°

In a typical hybrid heterostructure or superlattice, the functionalities of organic molecules and
their possible advantages to the final assemblies are yet to be explored. These potential
functionalities include electronic or photonic properties from well-defined HOMO/LUMO
structure in semiconductor molecules, magnetic properties from electron spins in radicals or
coordination compounds, and non-linear characteristics from asymmetric compounds, etc.
Integration of these functionalities and 2DLMs at molecular level, that is, to achieve the 2D
atomic crystal/functional molecular monolayer heterostructure/superlattice, is therefore of

fundamental and practical significance.

Here we demonstrate the 2D atomic crystal/functional organic molecule heterostructure
achieved by electrochemical intercalation of 2DLM with organic semiconductor molecules that
possess intrinsic electronic/photonic characteristics. Typical vdW TMD crystals with excellent
performance of charge transport (MoS2, WSz, HOPG, WSe)" ?° and widely employed organic
semiconductors that owns excellent optical properties (perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA), pentacene and fullerene),?’ were selected as proof-of-concept building
blocks in this study. The alternating layers of MoS> and PTCDA were confirmed by cross-
sectional scanning transmission electron microscopy (STEM) high angle annular dark field
(HAADF) imaging, with layer-by-layer electron energy loss spectroscopy (EELS) evidence of
strong interfacial electronic coupling. The heterostructure exhibits a heavily doped metalloid

922,23 and leads

behavior, which is in distinct contrast to inorganic or surfactant ion intercalation,
to a significantly improved TMD-metal contact. The PTCDA intercalation also demonstrate a

long-range pathway, offering extra advantage for remote modification of comprehensive



heterostructure configuration, such as selective modulation of covered layer in vertical junctions,
or the construction of single molecule vertical transistors sandwiched by 2DLM contact. The
general principle of functional and charge neutral molecular intercalation could be extended to
numerous vdW integrated heterostructures, with abundant choice of 2DLMs and organic

molecules with specific functionalities.

RESULTS AND DISCUSSION
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Figure 1. On-chip electrochemical intercalation. (a) Schematic illustration of the on-chip
electrochemical intercalation platform. (b) The on-chip in situ monitoring of the electrochemical
intercalation of PTCDA, with electrochemical (red) and concurrent electrical transport (black)

measurements. Inset depicts the optical microscopic image of the device, scale bar is 5 um.

For intercalation, selected area of MoS> channel was exposed to electrolyte as working
electrode of an on-chip microchemical cell, as illustrated in Figure 1a. More details of the device
fabrication, on-chip electrochemical and ETS measurements can be found in the Methods and
Supplemenatry Fig. S1. It is worth noticing that electrolyte is generally a necessary component in
a typical electrochemical reaction (including intercalation). In our system, SDS can be used the

electrolyte. However, as shown in Supplementary Fig. S2, the on-chip electrochemical



intercalations occur regardless of the presence of electrolyte. To simplify our methodology,

electrolytes were therefore not employed in all subsequent electrochemical reactions in this study.

With recently developed Electrical Transport Spectroscopy (ETS),3* the intercalation
process can be continuously monitored via both electrochemical (gating) and channel
conductance current, allowing for precise control in this system. Results in Figure 1b represent
the typical electrochemical intercalation current (red curves) and concurrent channel conductance
(ETS) result (black curve) of a few-layer MoS; device during PTCDA intercalation. The obvious
gate (Faradaic) current after the onset potential at ~-0.9 V (vs Ag/AgCl), indicates the general
electrochemical reduction of the system. The conductance of MoS; also show a step-wise
increase (Figure 1b black curve) when the electrochemical potential of MoS, was continuously
swept from 0 to -3 V (vs Ag/AgCl), indicating a successful intercalation of PTCDA molecules.
The ETS profiles during PTCDA intercalation consist of three distinct stages: Stage [ at
relatively lower potentials with graduate and slow increase of conducting current until a steady
state (blue area in Figure 1b), which can be attributed to the ionic-gating effect of the
semiconducting MoS: channel via electrochemical double-layer (the MoS. device shows a
typical n-type semiconductor characteristic with an on/off ration of 10°);*' Stage II where an
obvious electrochemical (gate) current starts to emerge (green area in Figure 1b), indicating the
onset of an electrochemical transition; and Stage III with an abrupt and stepwise increase of the
conductance after the onset potential of ~-2.1 V vs Ag/AgCl (pink area in Figure 1b). The abrupt
increase of the Iy in stage III reveals the significant conductance modulation of MoS: due to the
molecular intercalation (PTCDA) into van der Waals gaps of the MoS, nanosheet. More
interestingly, the stepwise characteristic observed in the lateral channel conductance indicates a

quantized feature of the MoS; intercalation: during electrochemical intercalation process, the



entering of PTCDA molecules and consequently induced phase transition of MoS, (from 2H-
phase to metallic 1T-phase) are likely to follow a layer-by-layer process,” with a fine distinction
in the driving force (electrochemical potential), due to the slight energy difference between
different layers. The working principle of this approach (2DLMs intercalation with charge
neutral functional molecules) opens vast opportunities in the functional inorganic/organic vdW
heterostructures, with potentially tunable electronic, photonic, or magnetic properties from

various molecular functionalities.
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Figure 2. Evolution of spectroscopic characteristics of MoS, upon PTCDA intercalation. (a)
Raman spectra of MoS; before (black) and after (red) electrochemical intercalation of PTCDA.
(b) Raman spectra of the Ez; and Ay peaks of MoS: before (black) and after (red) intercalation.
(c) Photoluminescence (PL) spectra of pristine MoS» (black) and PTCDA-intercalated MoS»
(red), and freely suspended PTCDA molecules (blue dashed line) respectively. (d, e) X-ray

photoelectron spectroscopy (XPS) Mo 3d (d) and S 2p (e) spectra of MoS; before (black) and



after (red) intercalation. (f) Ultraviolet photoelectron spectroscopy (UPS) results of the pristine

MoS; and PTCDA-intercalated MoS> in secondary electron cutoff binding energy.

Spectroscopic characterizations were further applied to confirm and analyze the molecular
intercalation between PTCDA and MoS; layers. The Raman spectrum in Figure 2a shows that
the intercalated sample exhibits clear new peaks between 600-1600 cm™, in addition to those
corresponding to in-plane Ezg and out-of-plane A, vibration of MoS2,* which can be attributed
to the intercalated PTCDA molecules and are consistent with the theoretical predictions.*
Meanwhile, the Ezg peak of MoS: remained unchanged while the Ajg peak shifted to a lower
wavenumber with obvious broadening (Figure 2b). It should be noted that although the abrupt
and stepwise feature in the lateral conductance change agrees with a semiconducting 2H to
metallic 1T phase transition of MoS, from intercalation (which is also the general case in
inorganic/organic ion intercalation),?* ? different observations were obtained in Raman results.
The typical characteristic vibration peaks corresponding to metallic MoS> (J1, J2, J3) were not
observed, instead, the electron-phonon scattering of the Ajg vibration became stronger
comparing to the Eag vibration upon PTCDA intercalation.** Such inconsistence can be attributed
to the low stability of stress-induced 1T-MoS,,'> ¥ after immediate phase change during
intercalation (revealed by in situ electrical measurements),” consequent phase relaxation from
meta stable 1T to 2H determines the Raman characteristics. Therefore, an overall chemical
doping effect of the MoS» was observed,!® suggesting a distinct electronic intercalation between
the MoS; layer and intercalated PTCDA. To further confirm the PTCDA interactions and
investigate its electronic coupling with the adjacent MoS» layer, photoluminescence (PL) and
photoelectron spectroscopy were conducted and results are shown in Figure 2c-f. The PL

characteristics of MoS; before and after PTCDA intercalation can be found in Figure 2c. New



emissions were observed at ca. 2.37 eV, with two MoS;-originated peaks at 1.85 and 2.0 eV. The
significantly blue-shifted emissions can be attributed to the ordered molecular assembly of
PTCDA between the MoS; lattice, and blue-shifts coincide with the typical PL characteristics
from the H-aggregates of PTCDA molecules (a “side-by-side” orientation and the resulted
positive inter-molecular Coulomb coupling),’® as opposed to the J-aggregates (a “head-to-tail”
orientation and negative Coulomb coupling) from typical organic crystal lattice. We further
employed X-ray photoelectron spectroscopy (XPS) to probe the change in the electronic
structures of MoS> upon PTCDA intercalation. As shown in Figure 2d and 2e, both Mo 3d and S
2p peaks shift to a higher binding energy (~0.5 eV, an opposite direction as in the case of phase
transitions),'? indicating that the Fermi level of MoSz moves closer to the conduction band, i.e., a
n-type doping presumably induced by the electronic interactions with intercalated PTCDA
molecules. Such heavy doping potentially causes a considerable drop of Schottky barrier height
between the metal and MoS; device,’” and could therefore significantly reduce the contact barrier
in a typical MoS,-based device.*® Ultraviolet photoelectron spectroscopy (UPS) was also used to
investigate the influence of PTCDA on the chemical structure and energy level of MoS,. As
shown in Figure 2f, the secondary electron cutoff binding energy of the intercalated sample
shows a 0.5 eV shift towards higher binding energy, confirming a reduction of the work function

1’14

and the change of vacuum level, * as a result of the doping effect after intercalation.
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Figure 3. Structural and elemental analysis of PTCDA-MoS> heterostructure. (a) Cross-section
STEM-HAADF image of a MoS; device after PTCDA intercalation. (b) Fine structure of sulfur’s
electron energy loss edge from eight MoS; layers marked in (a), the two peaks of S L3 edge at
165 eV and 175 eV disappears in the 4™ and 5™ spectra. Right part shows the difference between
the 5™ and 6 spectra (indicated by two red arrows) with an offset in the range from 164 eV to
187 eV in Diff spectrum. (c¢) Carbon’s electron energy loss edge obtained from the regions with
intercalated organic molecules (red) and other regions of MoS, with amorphous carbon
contaminated (blue). a.u., arbitrary units. (d) Corresponding STEM-EELS elemental mapping (S,

Mo, C, Si and O elements). (e) Schematic of PTCDA intercalation.
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Detailed microstructural analysis of the vdW integration of MoS, and PTCDA were further
carried out on a cross-section sample using high spatial resolution STEM in combination with
high energy resolution EELS. The cross-sectional sample was prepared by focused ion beam
(FIB). Details of the sample preparation and microscope settings can be found in Methods.
Utilizing an aberration corrected electron probe, STEM-HAADF image is able to reveal real-
space structure of the superlattice with atomic resolution.!®-*° Figure 3a depicts a typical STEM-
HAADF image of a cross-sectional sample of PTCDA-intercalated MoS» on Si substrate. As the
HAADF signal is monotonically proportional to the atomic number (Z), the contrast of the
PTCDA layer was darker than that of MoS, due to the higher atomic number of Mo and S,
suggesting the PTCDA intercalation between the MoS» layers. A tremendous lattice expansion
was observed between MoS, 5™ and 6™ layer, clearly indicating the intercalation position and
extent. The layer distance increased from 6.4 A to 12.8 A, corresponding to one layer of standing
PTCDA molecules (landscape), as illustrated in Figure 3e. In addition, MoS, samples with
different levels of PTCDA intercalation can be observed with larger electrochemical potentials or
longer reaction time. Fig. S3 and Fig. S4a demonstrate a variety of PTCDA intercalated MoS»
with interlayer distances of 19.0 A, 23.9 A, 29.8 A, 36.2 A, 42.5 A. These lattice expansions
demonstrate a step increment of about 6 A, which is consistent with the landscape height of the

PTCDA molecule.*®

Furthermore, high energy resolution EELS was conducted to acquire elemental and chemical
state information. STEM-EELS elemental mapping (Figure 3d) shows spatial distribution of S
(blue), Mo (yellow), C (green) and Si (green) elements across the heterostructure sample. A
strong carbon signal in C K-edge mapping confirmed the accumulation of organic substance at

the intercalation position in Figure 3a. In addition, the elemental distribution of sulfur,
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molybdenum, silicon and oxygen also consisted with the MoS; structure. To further probe the
electronic modulation of the MoS; layers. ELNEs of the S L, 3-edge and C K-edge
(corresponding to MoS; and PTCDA, respectively) at the intercalation region was performed to
reveal the layer-by-layer valance change of the two elements. The spectra of the S L, 3-edge
acquired from a series of positions across the intercalation layer (layers 1-8 in Fig. 3a) are shown
in Fig. 3b. The ELNES of the S L, 3-edge shows a noticeable change at two MoS, layers
adjacent to the intercalated PTCDA. The disappearance of characteristic peak of S L», 3 edge both

at 165 eV and 175 eV indicates a chemical state change in MoS,* !

presumably induced by
PTCDA intercalation and consequent electron transfer from PTCDA to the MoS, layer. The
ELNES of the C K-edge acquired at PTCDA layer in Fig. 3c shows a major peak shift from 301
eV (with amorphous carbon contaminations from other positions) to 297 eV, which is
characteristic to the partial electron depletion of carbon in the PTCDA molecule (due to the
existence of C=0 bond)*> ** and further confirms the PTCDA intercalation. Together these
results verify the uniform intercalation of PTCDA, the intact structure of MoS» layers in the
heterostructure, and more importantly, a strong electronic coupling between PTCDA and
adjacent MoS; layers that leads to partial charge transfer at the interface. With more reaction
time, the PTCDA intercalation proceeds to a larger extent (a uniform thickness increasement of

19.0 A, corresponding to 2 molecular layers, see Supplementary Fig. S4), indicating the possible

control of molecular layers in this vdW integration scheme.

Results from both in situ electrical measurements and the chemical states of each layer in the
resulting heterostructure can help deduct the details of the intercalation process. Due to the
specificity of the electrochemically inert and charge neutral PTCDA molecules, the

electrochemical intercalation should follow similar reaction path as typical cation intercalations
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(Li" or cetyltrimethylammonium) of 2DLMs, but with slight difference regarding charge balance
for neutral molecules. The intercalation occurs at a cathodic potential, where the layers of MoS»
can be negatively charged and opens a gap by the repulsive force (it is interesting that anodic
intercalation has not been observed in our studies, nor has any example been reported in
literature). PTCDA molecules can then enter the layers of MoS» acting as a charge buffer to
partially stabilize the negatively charged MoS; layers (as a result, PTCDA is partially reduced, as
also indicated by UV-vis spectroscopy, see supplementary Fig. S5), and therefore lead to
intercalation and consequent strong electronic interactions between intercalated PTCDA
molecules and adjacent MoS: layers (indicated by fine structure EELS, Figure 3b). To further
verify the proposed mechanism, control experiment was carried out with MoS, device in pure
organic solvent (i.e., DMSO). As shown in Supplementary Fig. S6, the on-chip CV indicates
similar intercalation process with sole solvent molecules, and the intercalated MoS> device
exhibit a weak n-type doping. It should be noted that for well-established cationic intercalations
of 2DLMs, generally accepted mechanism involves the negative charging of 2D layers and

consequent cation entrance via Coulomb forces.?% 2> 23

In order to further probe the intercalation mechanism, and to test the generality of this
methodology for the construction of artificial heterostructure/superlattice, we have further
screened WS,, HOPG, WSe; as 2DLMs for the intercalation of pentacene and Ceo as organic
semiconductor molecules, results were summarized in Supplementary Fig. S7 to S9. MoS> and
WS, are n-type semiconductors, WSe> is p-type semiconductor, and HOPG presents the bipolar
characteristics. In all electro-intercalation systems, the on-chip electro-intercalations resulted in a
general n-doping, which further confirmed the doping effect of cathodic process regardless of the

2DLMs and organic molecules. The doping level of these systems appear differently, indicating
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distinct effectiveness of the electro-intercalation with specific combination of 2DLMs and
organic molecules. Based on the previously deduced mechanism (cathodic gap opening of
2DLMs with following entrance of molecules), the corresponding electrochemical features
during intercalation process should be independent of the organic molecules but closely related
to the type of 2DLMs. Indeed, for the same molecule with different 2DLMs, distinct
electrochemical characteristics were observed, further confirming that the intercalation process is
not through a pre-electrochemical reduction of organic molecules. In addition, reduction peaks
for the same 2DLMs demonstrated some resemblance for different molecules, but not with exact
same feature (Fig. S7 and S8). This result indicates that even though the functional organic
molecule is not reduced before intercalation, it still participates in the gap opening stage,

presumably with solvent molecules.

Overall, our results suggest that the electrostatic attractions might not necessarily be the only
driving force for the molecular intercalation. When the electrochemical potentials are negative
enough to overcome the vdW force barrier and open the interlamellar gap of 2DLMs, neutral
organic molecules (presumably with electron acceptor characteristics) are capable of entering the
charged vdW gap and form a relatively more stable heterostructure. This working principle holds
great promise for the potential development of hybrid functional heterostructures, utilizing a
variety range of neutral organic molecules with intrinsic electronic, photonic, or magnetic

functionalities.
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Figure 4. Evolution of lateral electrical properties from MoS> to PTCDA-MoS, and vdW
integration of vertical junctions via on-chip long-range electrochemical intercalation. (a, b)
Transfer and output characteristic curves of a typical MoS: field-effect-transistor (FET) device
before (black) and after intercalation (red). (c, d) Transfer and output characteristic curves of the
MoS; FET device after PTCDA intercalation at the temperature range of 50K-300K. (e)
Schematic illustration of the construction of Si-MoS>-PTCDA-MoS;-Au vertical junction, with
an electrochemical intercalation window in a distant location from the resulting active junction.
(f) Electrical properties of a Si-MoS>-PTCDA-MoS,-Au vertical junction before (black) and
after (red) PTCDA intercalation, showing the evolution from a typical p-n junction to a vertical
molecular tunneling characteristic, inset depicts the side view of the final vertical molecular

junction.

The modulation of 2D atomic crystals within a vdW-integrated system is one major

motivation for the development of functional approaches such as electrochemical intercalation.
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To this end, the evolution of electrical properties from MoS; to PTCDA-intercalated
heterostructure have been systematically investigated. The as-fabricated MoS, field effect
transistors (FETs) using Ti/Au as contact electrodes were firstly measured in vacuum. Figure 4
demonstrates the transfer and output characteristic curves of a typical MoS, FET device (back
gate, 275 nm SiO») before and after PTCDA electrochemical intercalation. The transfer curve of
pristine MoS: in Figure 4a shows a typical n-type semiconductor with on/off ratio up to 10°.
Similar with the common problems of pristine MoS»-based device with metal contacts, an
obvious contact barrier was observed, resulting in a non-linear I-V curves (Figure 4b). As
confirmed by our spectroscopic characterizations, the PTCDA intercalation induces a heavy
doping effect as a result of the strong electronic coupling (charge transfer) between PTCDA
molecules and adjacent MoS» layer. This interaction can be potentially employed as an efficient
modulation approach for the in situ degenerate doping of the MoS, and/or the elimination of the
contact resistance in a typical MoS;-based device. Indeed, after the on-chip intercalation, the
transfer curves (Figure 4a red line) of a MoS» device can be altered to a nearly gate-dependence-
free behavior, and the on-current has an order of magnitude increase as to the pristine device, a
typical behavior of the degenerately doped (n-type) semiconductor. Meanwhile, the output curve
of the PTCDA intercalated MoS: also changed dramatically, a significantly increased output
current and much linear behavior can be observed from the PTCDA intercalation (Figure 4b),
indicating almost diminished metal-MoS» contact barrier upon PTCDA intercalation. For the
current work, it is sufficient to point out that the electrochemical intercalation causes charge

transfer between MoS, and PTCDA to make MoS; itself reaching a degenerate n-type doping.

For general intercalation of different 2DLMs with different organic molecules, while all

intercalated systems demonstrate a n-doping effect to the 2DLMs, it is interesting that some lead
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to a strong degenerate doping and some just result in a mild n-doping (see Supplementary Fig.
S7 and S8). We further noticed a close correlation between the second electrochemical reduction
stage and the final doping level of 2DLMs. For all the relatively strong doping (MoS2-PTCDA,
MoS;-Pentacene, MoS>-Ceo, WS2-PTCDA, HOPG-PTCDA, HOPG-Ceo) systems, a clear second
stage of electrochemical reduction currents can be observed (see Supplementary Fig. S7). Similar
behavior was also observed for p-type WSe> (Fig. S9). After the first electrochemical reduction
stage where the interlamellar gap of 2DLMs is opened, the neutral molecules are intercalated to a
greater extent during the second electrochemical stage, and as a result the electrical performance
is strongly doped. We further noticed a p-doping behavior for Ceo doped WSe> (Fig. S9) and
SDS doped MoS> (Fig. S10). This observation indicates a potentially extended scope of
tunability for heterostructures constructions, which requires further mechanistic investigation.
Based on the similar principle, intercalation induced degenerate p-doping can be presumably

achieved via positive (oxidative) potential intercalation with specific anion or neutral molecules.

The transport properties of PTCDA-MoS; at various temperature have also been carried out to
further test the influence of PTCDA intercalation on the contact barrier of MoS; device. As
shown in Fig. 4c and 4d, the switching ratio of the FETs increases gradually during the
temperature decrease, the on-current increases from 44.2 pA at 300 K to 119.8 pA at 50 K, and
the carrier mobility increases from 96 cm™ V! S to 300 cm™ V! S, respectively. Additionally,
a linear I-V output and ohmic behavior of PTCDA intercalated MoS; remains down to 50K (see
Fig. S11), indicating an excellent barrier free contact at cryogenic temperatures. The degenerate
doping and contact barrier elimination can be attributed to charge transfer between PTCDA and
MoS,, and therefore provides a good basis for the further construction of functionalized

heterojunctions and other comprehensive device structures.
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We further noticed that the on-chip intercalation of PTCDA molecules follows a long-range
reaction behavior, where the molecules seem to travel along the entire 2D crystals regardless of
the intercalation point (exposed electrochemical window), even at a distant location, as shown in
Fig. S12. To utilize such distinct behavior, a Si-MoS, vertical junction was fabricated and
PTCDA modulation was employed to construct a complicate vertical vdW heterostructure with a
presumable molecular tunneling junction. The few-layered MoS> was first transferred onto
highly p-doping Si surface (etched SiO; region), to form a p-n junction, with contact metal
deposited on each side (fabrication details can be found in Supplementary Methods and Fig. S13.
As shown in Figure 4c, the active electrochemical window (initial point for intercalation) of Si-
MoS; diode was then opened at a distant location from the Si-MoS; vertical junction (see Fig.
S14) for SEM and OM images. This schematic could potentially be applied to many complex
vertical heterostructures where the intercalation (reaction) point can be separate from the active
device area (or have to if the target 2D layer is covered and therefore isolated by other layers),
preventing the possible decomposition or contamination of any layers in a heterostructure. Upon
PTCDA intercalation, I-V curve changes from a typical p-n diode characteristic, to an obvious
symmetrical behavior, with significantly enhanced current density. This result matches the

4. 45 which can be attributed to the molecular

transport behavior of a typical tunneling diode,
PTCDA layer within the MoS,-PTCDA-MoS; heterostructure, as illustrated in Figure 4f inset.
The MoS;-PTCDA-MoS; tunneling junction can further function as a molecular tunneling
transistor,*> operated at the room temperature. When applied with varying ionic gate voltages via
ionic liquid (DEME-TFSI), the tunneling current shows a clear electric field modulation, with a

current density up to 10! A cm™ (see Fig. S15). Successful development of the vertical molecular

tunneling transistor further highlights the merit of our long-range intercalation approach to create
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artificial heterojunctions based on 2D atomic crystal and functional molecule monolayer that are

difficult to fabricate through layer-by-layer integration.’

CONCLUSIONS

In summary, we have demonstrated an on-chip electrochemical intercalation strategy that
enables vdW integration of inorganic/organic heterostructures from typical 2D atomic crystals
and organic semiconductor molecules. Through systematic characterizations and transport
measurements, especially STEM cross-sectional imaging and EELS that revealed structural,
elemental and band electronic information at layer-by-layer resolution, we confirmed strong
electronic coupling between inorganic/organic layers in the artificial heterostructure of
MoS,/PTCDA, along with the modulation of electronic/opto properties. The same approach has
also been successfully applied to a variety of 2DLMs and semiconductor organic molecules. Our
study defines a versatile platform of inorganic/organic heterostructure/superlattices with vast
potential  functionalities originated from molecules layers by design, including
electronic/photonic properties from semiconductor molecules with well-defined HOMO/LUMO,
magnetic properties from electron spins in radicals or coordination compounds, and symmetry-
breaking (of 2D atomic crystal) features from asymmetric compounds. The long-range
intercalation can also enable the non-local modulation for complicated junctions, and provides an
effective path for vertical molecular tunneling transistors sandwiched by 2D contacts. Overall,
this strategy will significantly promote the functional device design and fabrication for next-

generation nanoelectronics and quantum devices with potentially distinct spin-orbit coupling.

EXPERIMENTAL SECTIONS
Device fabrication: The fabrication of the n-MoS, FETs were obtained by mechanical

exfoliation from bulk crystal onto a doped Si substrate with 275nm Si0O,. The substrate was
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identified by using an optical microscope (Olympus) with a color camera. Metallic contacts were
prepared using e-beam lithography (Tescan Vega 3) and e-beam evaporation (Kurt Lesker) of Ti
(20 nm) and Au (50 nm). Small cell for electrochemical intercalation was prepared by spin-
coating PMMA (A8, MicroChem Crop.) on the substrate to form an electrochemically inert thin
film, with following e-beam lithography to open an electrochemical active window to avoid

electrochemical reactions on the metal electrode.

On-chip electrochemical intercalation: Pre-fabricated two-terminal MoS, device was
incorporated into an on-chip three-electrochemical cell, with MoS» channel as working electrode
(WE), Pt wire as counter electrode (CE), and leak-free Ag/AgCl as reference electrode (RE,
Harvard Apparatus LF-2). Intercalant (PTCDA) was dissolved in organic solvents (DMSO) and
used as electrolyte. The active electrochemical area was defined by an electrochemically inert
polydimethylsiloxane (PDMS) window prepared using electron beam lithography (EBL) to avoid
the reaction from source/drain electrode. For intercalation, a two-channel source-drain-unit
(SMU, Agilent 2902a) was employed, one for applying electrochemical potential (V) and
collecting the gate Faradic current (/g, corresponding to the electrochemical current in a typical
cyclic voltammetry (CV)), and the other for in situ electrical measurement of the MoS, channel
(lateral), i.e., ETS signals. One channel was used to precisely control the electrochemical
potential and scan rate was 100 mV s, and the other channel was used to apply a bias (50 mV)

and to measure the channel conducting current between source and drain (Zus).

Microscopic Characterization: High resolution STEM-HAADF image was obtained on a
double spherical aberration (Cs)-corrected S/TEM FEI Titan G2 60-300 at 300 kV with a field
emission gun. The probe convergence angle was 25 mrad, and the angular range of the HAADF

detector was from 79.5 mrad to 200 mrad. STEM-EELS spectral imaging was performed on a
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Gatan Quantum 966 system, and the 2D atomic level EELS mappings were conducted with the
monochromator off. The energy loss near-edge structures (ELNES) were used to study the local
electronic structure at a sub-u.c. resolution using an energy resolution of approximately 1.2 eV,

and the dwell time for recording each spectrum was 0.1 s with a collection semiangle of 36 mrad.
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