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Abstract: 

The moiré potential in rotationally misfit two-dimensional (2D) heterostructures has been used to 

build artificial exciton and electron lattices, which have become platforms for realizing exotic 

electronic phases. Here, we demonstrate a different approach to create a superlattice potential in 

2D crystals by using the near field of an array of polar molecules. A bilayer of titanyl 

phthalocyanine (TiOPc), consisting of alternating out-of-plane dipoles, is deposited on monolayer 

MoS2. Time-resolved two-photon photoemission spectroscopy (TR-TPPE) reveals a pair of 

interlayer exciton (IX) states with an energy difference of ~ 0.1 eV, which is consistent with the 

electrostatic potential modulation induced by the TiOPc bilayer as determined by density 

functional theory (DFT) calculations. Because the symmetry and the period of this potential 

superlattice can be changed readily by using molecules of different shapes and sizes, molecule/2D 

heterostructures can be promising platform for designing artificial exciton and electron lattices. 

 

Keywords: 2D heterostructures, organic molecules, excitons, electrostatic effects, photoelectron 

spectroscopy, density functional theory  

 

mailto:fuller.neno@ku.edu
mailto:peelaers@ku.edu
mailto:qunfei.zhou@ku.edu
mailto:wlchan@ku.edu


2 
 

2D van der Waals (vdW) heterostructures have attracted much attention recently because 

material properties can be engineered by stacking different 2D crystals together. One way to 

control properties is by forming a nanoscale periodic potential known as the moiré potential, which 

has been used to realize fractal quantum Hall effect1-3 and unconventional superconductivity in 

bilayer graphene.4 For type-II heterostructures formed by transition metal dichalcogenide crystals 

(TMDCs), electrons and holes are separated by the interface to form interlayer excitons (IXs).  

These IXs have very long lifetimes,5 which enable the creation of spin and valley current.6, 7 The 

emissive8-12 and transport13, 14 properties of the IXs can be further controlled by the moiré potential. 

Because excitons are bosons, moiré-trapped IXs can also be used to realize high-temperature Bose-

Einstein condensates (BECs).15 These novel electronic phases can have many potential 

applications. For example, both moiré-trapped excitons and BECs can be used for quantum 

information processing and quantum computation.16-19 

Inorganic 2D crystals can also be combined with organic molecules to form hybrid type-II 

heterostructures.20-22  IXs formed in these hybrid type-II heterostructures can have an even longer 

lifetime.23 In addition, flexibilities and functionalities provided by molecules can provide unique 

tuning knobs for engineering exciton and carrier properties. For example, organic molecules can 

passivate defects in TMDCs.24 The properties of molecules and TMDCs can influence each other 

to produce unusually high IX mobilities,25 and nearly-free electron behavior in the organic layer.26 

Organic molecules can also enhance the photoluminescence yield of TMDCs through effective 

energy transfer.27, 28 The electric field from organic molecules can create localized doping in 2D 

crystals, which can produce nanoscale lateral p-n junctions.29, 30 

Previously, by combining various small molecules with TMDCs, we have shown that IX’s 

dynamics can be influenced heavily by out-of-plane31, 32 and in-plane33 variations in the electron 
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potential energy. Here, we further showcase a nanoengineering approach enabled by an array of 

polar molecules. These molecules can produce a modulating electrostatic potential superlattice at 

the neighboring 2D crystal, which can be used to organize electrons spatially by localizing them 

in lower energy sites. Indeed, theoretical calculations34 have already shown that the near field from 

a planar/quasi-planar molecular layer can create a modulating potential in a nearby graphene layer 

with a peak-to-peak amplitude as large as 0.5 eV. These periodic potentials would be used to create 

and stabilize artificial exciton and electron lattices such as Wigner crystals35, 36 and Kagome 

lattices.37 Compared to the moiré potential in 2D heterostructures, the periodic potential produced 

by molecular layers can be largely tuned in symmetry, period and magnitude by the shape, size 

and quadrupole moment of the organic molecule.34 Because an extensive library of semiconducting 

molecules is already available, this method offers unprecedented opportunities to tailor exotic 

electronic and excitonic phases. Moreover, molecule/TMDC heterostructures can host a higher 

density of IXs, which can favor the formation of high-temperature BECs.38 

To explore the impacts of a periodic array of molecular dipoles, we employ a molecule 

known as titanyl phthalocyanine (TiOPc). Unlike planar phthalocyanine molecules used in our 

previous works,31-33 TiOPc has an out-of-plane polar Tiδ+=Oδ- bond at the center of molecule, 

which allows molecules to form a slipped stacked structure. Moreover, like other metal 

phthalocyanines,34, 39 TiOPc has an in-plane quadrupole moment, which can produce a strong near-

field in a nearby 2D crystal.  When TiOPc molecules are deposited on TMDCs or graphite, they 

adopt a face-on orientation24, 40, 41 with the oxygen atom pointing up (away from the substrate) in 

the first molecular layer, and pointing down (towards the substrate) in the second molecular layer. 

We will refer molecules in the first and second layers to as ‘up’ and ‘down’ sites, respectively (see 

Fig. 1a). Because the TiOPc bilayer has a slipped stacked structure, an array of alternating up and 
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down sites40 is formed. This in turn creates a checkerboard-like electrostatic potential superlattice 

in MoS2 that harbors two IX states associated with up and down sites.   

TiOPc and similar phthalocyanine molecules form a type-II band alignment with 

monolayer (ML) MoS2.42-45 We verify the type-II band alignment in our samples by using 

ultraviolet photoelectron spectroscopy (UPS). Figure 1b shows UPS spectra of ML-MoS2 and 

TiOPc films with various thicknesses grown on ML-MoS2. Photoelectrons were collected along 

the surface normal direction, which corresponds to the Γ-point in the reciprocal space. Energy 

positions of the MoS2’s VBM at the Γ-point and the TiOPc’s highest occupied molecular orbital 

(HOMO) can be extracted from these spectra. The HOMO position as a function of the film 

thickness is shown in Fig. 1c (red circle). Other than a small band bending near the interface, the 

HOMO does not show much variation at larger thicknesses (> 1 nm). The surface work function 

can be extracted from the secondary electron cutoff (SECO) of these spectra (see Fig. S1, 

supporting information). The work function of MoS2 and TiOPc at different film thicknesses is 

shown in Fig. 1c (green triangle). At very small TiOPc thicknesses (~ 0.2 nm), the work function 

increases initially as compared to that of the bare MoS2 (thickness = 0 nm). Then, the work function 

decreases until the thickness reaches ~ 1 nm, at which the work function becomes steady.  

Similar variations in the work function was observed in face-on orientated TiOPc on 

graphite,40 which was attributed to the polar nature of TiOPc molecules. At sub-ML thicknesses, 

all molecules have their electronegative oxygen atom pointing up forming a net dipole pointing 

down, which causes an increase in the work function. As the thickness increases, the second layer, 

with the oxygen atom pointing down, begins to form on top of the first layer, which causes a 

decrease in the work function. At larger thicknesses, the topmost layer can contain both pointing-

down and pointing-up molecules, which results in a steady work function for thicknesses larger 
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than 1 nm.  The thickness of two layers of TiOPc is ~ 0.6 nm.46 In this work, we focus on samples 

with a 0.8 nm thickness to ensure that most MoS2 is covered by at least two layers of TiOPc 

molecules. Although a bilayer TiOPc structure does not contain a net dipole moment, its near field 

can still produce a periodic potential in the nearby MoS2.   

Using the UPS data, we can determine the band alignment of the heterostructure (Fig. 1d). 

We assume that the VBM at the Κ-point is 0.13 eV higher than the VBM at the Γ-point.47 The 

lowest unoccupied molecular orbital (LUMO) and conduction band minimum (CBM) are drawn 

based on the reported transport gap of the two materials.48-51 In the band diagram, we further 

indicate various excitonic levels obtained by our time-resolved measurement, as red lines. 

Separations between excitonic levels and its corresponding LUMO/CBM levels represent exciton 

binding energies.  

Quenching of the photoluminescence (PL) signal from intralayer excitons is often used as 

an indication for the ultrafast charge transfer (CT) and IX formation in a type-II heterostructure.52-

54 Figure 1e shows the PL spectra of the 0.8 nm TiOPc/MoS2 sample and its constituents obtained 

with a continuous-wave excitation wavelength of 633 nm (1.96 eV), which can excite both TiOPc 

and ML-MoS2. Three main peaks can be identified in these spectra. The peak at 1.89 eV can be 

attributed to the A-exciton of ML-MoS2. A pair of lower energy peaks (1.66 eV and 1.35 eV) can 

be assigned to TiOPc, which is similar to those observed in phase-I TiOPc (also known as β-phase) 

grown on WSe2.41 Compared to Ref. [41], our peaks are blue-shifted, which can be attributed to the 

very small thickness (0.8 nm) of the TiOPc layer. We have also obtained PL spectra for thicker 

samples (3 nm, 5 nm) – Fig. S2 in the supporting information. The thicker samples show a pair of 

peaks at 1.55 eV and 1.33 eV, which is in excellent agreement with Ref. [41]. Intensities of all these 

peaks are quenched by a factor 4 in the heterostructure compared to its constituents. This 
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quenching can be attributed to sub-ps interfacial CT processes that are commonly observed in these 

type-II heterostructures.  Similar PL quenching was reported in VOPc/MoS2 heterostructures as 

well.43, 45   

The dynamic of IX formation and the energy of various IX states are measured by time-

resolved two photon photoemission spectroscopy (TR-TPPE). The sample is excited by a visible 

(1.87 eV) pump pulse and excited electrons are photoionized by a time-delayed probe UV (4.64 

eV) pulse. This pump photon energy excites both ML-MoS2 and TiOPc. For reference, the 

absorption spectrum of the heterostructure is provided in the supporting information (Fig. S3). 

Previously, we used the same approach to probe the IX formation in ZnPc/ML-MoS2 

heterostructure.31 Details on how the spectrum can be interpreted can be found in Ref. [31]. Here, 

we highlight some key observations found in the TiOPc/ML-MoS2.  

Figure 2a shows the spectrum of a 0.8-nm TiOPc on ML-MoS2 sample. The TPPE intensity 

is represented by the pseudo-color. The excited state energy (also known as the intermediate state 

energy) is referenced with respect to the TiOPc’s HOMO peak energy. This energy scale (E-EHOMO) 

corresponds to the exciton energy if the exciton has its hole residing in the TiOPc layer.31, 55 For 

instance, the signal at an energy ~ 1.8 eV can be attributed to the TiOPc’s singlet (S1) state.56 All 

signal near t = 0  is mainly contributed by TiOPc’s S1 excitons because our probe is not sensitive 

to the intralayer exciton in MoS2.31, 57 Indeed, the signal from bare MoS2 is an order of magnitude 

weaker (Fig. S4 in the supporting information). We note that the S1 peak is broad (extending from 

1.5 to 2.0 eV), A similar broad S1 peak is also observed in control experiments done on a thicker 

TiOPc layer (Fig. S5) and 0.8-nm TiOPc on hBN (Fig. S6), in which only the TiOPc’s exciton can 

be probed. As shown in Fig. 2b, the intensity at ~ 1.8 eV decays rapidly for the 0.8-nm sample, but 

it decays slower at larger TiOPc thicknesses (e.g., 5 nm). The initial rapid decay in the signal for 
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the ultrathin sample can be attributed to the ET from TiOPc to the underlying materials31, 55, 58, 59 

because the ET depopulates the S1 exciton state.  A fit of the fast decay component to an 

exponential function (dashed line) reveals a time constant of ~ 350 fs. The ET time is a bit slower 

compared to the typical ET time (~ 100 fs) observed in similar molecule/TMDC heterostructures.31, 

43, 44, 57 Figure 2c shows the TPPE spectra of the 0.8 nm sample collected at various delay times 

(t). As mentioned above, the signal at ~ 1.8 eV quenches rapidly in the first 0.3 ps. At t ~ 0.5 – 1 

ps, only a single peak at ~ 1.56 eV is observed (labeled as IXu), which is assigned to the IX. For t 

> 0.5 ps, most TiOPc’s S1 excitons are quenched as the ~1.8 eV shoulder is absent. For comparison, 

the spectrum of the TiOPc/hBN sample exhibits the high energy shoulder at all delay times (see 

Fig. S6). Finally, we note that the IX can also be produced by hole transfer from MoS2 to TiOPc. 

However, we cannot determine the hole transfer time because 1) our probe is not sensitive to 

intralayer excitons in MoS2; 2) the spectral overlapping between S1 and IXu peaks avoids us to 

determine the IXu rise time.   

While sub-ps ET and IX formation are also observed in our earlier work on ZnPc/ML-

MoS2,31 a unique feature can be found in the TiOPc/ML-MoS2’s TR-TPPE spectrum on the ~10 

ps timescale. Figure 2d shows the 2D spectral map of the 0.8 nm TiOPc/ML-MoS2 sample for 

larger times. The intensity of the original IX peak (IXu) decreases with increasing time, while 

another peak at a lower energy (~1.46 eV) emerges (labelled as IXd). The gradual transfer of the 

intensity from IXu to IXd can also be observed by plotting spectra at different times (Fig. 2e). The 

observed energy relaxation can be attributed to the IX hopping to lower energy sites. Energy 

relaxation on this timescale is not observed in ZnPc/ML-MoS2 conducted under the same 

experimental condition (Fig. S7 in the supporting information). The major difference between 

TiOPc and ZnPc is that TiOPc has a permanent dipole at the center of the molecule, which results 
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in the formation of a slipped stacked structure as illustrated in Fig. 1a.  This structure can produce 

a periodic electrostatic potential in the ML-MoS2. We propose that this periodic potential can 

spatially localize the electron in MoS2 at sites where the potential is minimum, which results in 

the observed energy relaxation process. Similar exciton localization process has been observed for 

monolayer MoSe2 in the presence of the moiré potential created by a nearby twisted hBN bilayer.60  

 To demonstrate that an array of molecular dipoles can induce periodic electron trapping 

sites, we use DFT calculations to determine the electrostatic potential created by the TiOPc bilayer. 

The atomic structure for bilayer TiOPc, as shown in Fig. 3a and b, is adopted from the molecular 

crystal structure61 from the Cambridge Structural Database.62 Although the centrosymmetric 

TiOPc bilayer has a zero total polarization, its near-field electrostatic effects can be significant34, 

63 at a distance comparable to the interlayer spacing (a few angstroms). Since the CBM of the ML-

MoS2 at Κ point is mainly contributed from the Mo dz
2 orbital,64 the electrostatic potential 

modulation from the molecular bilayer is calculated and averaged for distances within 5.68 ± 0.78 

Å from the Ti atom in the bottom TiOPc layer, where 5.68 and 0.78 Å correspond to the location 

of the plane of Mo atoms, and half of the vertical distance between Mo and S atoms, respectively.  

As shown in Fig. 3a and in Fig. 3c, the molecular bilayer generates an electrostatic potential 

superlattice for electrons in the MoS2. Hence, an electron locating at positions where the potential 

is negative will have a low potential energy.  A potential valley can be found at the down site. On 

the other hand, the electrostatic potential is higher at the up site. We note that the deep potential 

valley at the down site is mainly contributed by electropositive H-atoms at the peripheral of the 

phthalocyanine ring rather than the out-of-plane Ti=O bond. This potential superlattice produces 

two types of sites for IX – one with a lower energy (down sites) and another one with a higher 

energy (up sites).   
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The peak-to-peak electrostatic potential modulation defined as the difference between the 

maximum and minimum potentials is about 0.092 V. In our experiment, the energy difference 

between the IXd and IXu states is around 0.1 eV, which agrees well with the calculated potential 

difference. The potential superlattice, as found in other 2D heterostructures,60, 65 can modulate the 

band-edge energy for adjacent 2D materials consistent with the in-plane change of the electrostatic 

potential, which in turn provides trapping sites for excitons. We propose that the IXu state shown 

in Fig. 2b corresponds to IXs located at up sites (the potential crest in Fig. 3). This IX state can be 

populated initially by the CT process because the phthalocyanine ring of the TiOPc molecule at 

the up site is located right next to the MoS2. This orientation provides a better wave function 

overlapping between TiOPc and MoS2 for CT to occur. Moreover, the smaller energy difference 

between the intralayer exciton and the IXu (as compared to the IXd) can allow the CT process to 

populate the IXu preferentially. Then, the IX can diffuse to a neighboring down site where the 

electron in the MoS2 can be localized by the potential valley. Such relaxation process requires the 

IX to hop in the in-plane direction, which should be limited by the hole mobility in the TiOPc 

layer. For TiOPc films with a face-on orientation, the in-plane mobility at room temperature was 

reported to be ~ 10-2 cm2/Vs.66 Using the Einstein relationship, the diffusion constant (D) can be 

found to be 2.6 × 10-4 cm2 s-1. For 2D diffusion and a hopping distance of ~ 1 nm, D ~ 2.6 × 10-4 

cm2 s-1 corresponds to a hole hopping rate of 1011 s-1. This rate agrees roughly with the relaxation 

time (~ 10 ps) observed in Fig. 2d-e.  

For comparison, the electrostatic potential generated by a ML of ZnPc for the Mo atoms in 

the MoS2 at 4.62 Å below the Zn atoms is shown in Fig. S8 (supporting information). The atomic 

structure of ZnPc on MoS2 from our previous work is used.67, 68 We note that although the ZnPc 

layer can also produce potential superlattice in the nearby MoS2, there are two qualitative 
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differences in the potential landscape as compared to that in TiOPc/MoS2. First, the potential 

superlattice shows a deep potential valley right below the center of each ZnPc molecule. Hence, 

the IX will be pinned spatially at the molecule after the initial CT process. Second, because the 

ZnPc lattice does not have the slipped stacked structure, molecules in the second layer are located 

right on top of molecules in the first layer. Therefore, unlike TiOPc, there is only one type of IX 

site in the ZnPc/MoS2. Hence, it cannot produce alternating low and high energy sites for the IX.  

Finally, because the TiOPc lattice is incommensurate with the MoS2 lattice, a moiré pattern 

is expected to form. To probe whether this moiré pattern is important, we performed a series of 

DFT calculations using a single TiOPc molecule located in different positions above the MoS2 

layer. As shown in Fig. S9 (supporting information), the CBM levels of MoS2 remain unchanged, 

while the HOMO levels shift less than 0.03 eV in these different configurations, indicating that the 

moiré pattern will have minimal effects on the IX energy.  

In this work, the energy and dynamic of IXs in the TiOPc/ML-MoS2 heterostructure are 

investigated. Our TR-TPPE measurement shows that two IX states with an energy difference of 

about 0.1 eV can be formed. Based on the DFT calculation, we argue that these two IX states 

originate from the modulation of the electrostatic potential in the MoS2 produced by the near-field 

electrostatic effects of the molecular layer. Our investigation reveals that such modulating 

electrostatic potential can spatially localize electrons in the MoS2. Because the symmetry and size 

of these molecules can be changed readily, the molecules/2D heterostructure provides a promising 

platform for untuning the electronic structure of artificial exciton and electron lattices.  

 

 

 



11 
 

Figures and captions: 

 

TOC figure 

 

 

Figure 1: (a) A schematic illustrates a TiOPc bilayer structure on MoS2. The first and second layers 
have the oxygen atom pointing up and down, respectively, which we define as “up” and “down” 
sites in the figure. (b) The UPS spectra of the bare ML-MoS2, and TiOPc films deposited on the 
ML-MoS2. The nominal thickness of the TiOPc layer is shown on the label of each curve. (c) The 
position of the TiOPc’s HOMO (left) and the sample work function (right) as a function of the 
TiOPc thickness. (d) The energy level diagram of the heterostructure drawn based on the measured 
HOMO-VBM offset and the transport gap reported in the literature. The HOMO position of TiOPc 
obtained from the 0.8 nm sample and the VBM position of ML-MoS2 obtained from the bare MoS2 
sample are used. The excitonic levels measured in our TR-TPPE experiment are shown as the red 
line. (e) The PL spectra for the heterostructure (blue line) and its constituents (black – ML-MoS2; 
red – TiOPc). 
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Figure 2: (a) The TR-TPPE 2D-spectral map of the 0.8-nm TiOPc/ML-MoS2 sample at short delay 
times. (b) The normalized intensity at the energy corresponding to the TiOPc’s S1 state for the thin 
(0.8 nm) and thick (5 nm) TiOPc samples. The additional fast intensity decay near time-zero for 
the 0.8-nm sample can be attributed to the electron transfer from TiOPc to MoS2. An exponential 
fit (dashed line) shows a transfer time of ~ 350 fs. (c) The spectra of the 0.8-nm sample at various 
delay times. (d) The TR-TPPE 2D-spectral map of the 0.8-nm sample at longer delay times. 
Spectra at various delay times are shown in (e). Two IX states (labelled as IXu and IXd) can be 
identified. 
 

 

 

Figure 3: (a) Top view, and (b) side view of the atomic structure of bilayer TiOPc. A color map is 
overlaid on top of the structure to indicate the electrostatic potential for electrons as a function of 
the position. (c) The electrostatic potential for electrons from bilayer TiOPc at the position of Mo 
atoms, which is about 5.68 Å below the Ti atoms of the bottom TiOPc layer. 
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Supporting Information. Details on experimental and simulation methods. Additional optical and 

photoemission spectra from control experiments. Experimental and simulation data from the 

ZnPc/ML-MoS2 heterostructure. The band alignment determined by DFT calculations. 
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