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Black Phosphorus for directed molecular assembly with weak electronic coupling
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The combination of two-dimensional materials with organic molecules offers the possibility to obtain low dimensional hybrid materials with tailored properties. Black phosphorus is a monoelemental semiconducting material with a non-planar puckered atomic structure. Here, we study porphyrin molecules on black phosphorus and show that they self-assemble with an epitaxial relationship indicating that the molecule-surface interaction largely dominates the molecule-molecule interaction. The atomic structure of black phosphorus is found to be at the origin of the substrate driven self-assembly. Despite this strong interaction with molecules, the electronic coupling is found to be weak allowing the molecules to maintain the properties of their gas phase, which is the usual behaviour for van der Waals materials. Therefore, the combination of the peculiar puckered structure with the van der Waals nature of black phosphorus provides this material with the ability to interact strongly enough with adsorbed molecules to drive their assembly but weakly enough to keep their electronic properties intact.

Introduction

The combination of organic molecules with two-dimensional (2D) materials provides a rich playground for the realization of hybrid materials with improved performances beyond the pristine materials. The molecule-substrate interface is the place where several physical phenomena occur such as charge transfer [1], gap renormalization [2], self-assembly [3], redox reactions [4]. Mastering these interactions would open the route toward interfacial engineering with various potential applications. Molecule-graphene hybrids have been used to create a bandgap in graphene with potential applications in graphene based electronic devices [5]. The functionalization of graphene with metalloporphyrins has been demonstrated to improve the performances of graphene based photodetectors and chemical sensors [6]. On black phosphorus (BP), non-covalent functionalization has been achieved with expected applications in electronics, optoelectronics, energy storage, sensors, and fillers for composite reinforcement [7]. Non-covalently or covalently bonded molecules on BP have been used for surface passivation [8,9,10,11] together with the formation of ohmic contact and charge transfer that are ideal for BP based transport devices [12]. On 2D van der Waals materials, the molecule-surface interaction is generally weak [13], which has two major consequences. Firstly, the weak electronic coupling allows the molecules to maintain the electronic properties of their gas phase [13]. Secondly, molecular assembly on these materials can occur independently of the structure of the 2D material, except when the properties of the 2D materials are modified by the interaction with a substrate which often leads to the formation of moiré patterns [14,15]. Indeed, molecular assembly on surfaces depends on the interplay between molecule-molecule and moleculesurface interaction [3,16,13]. On non-interacting surfaces, the assembly is driven by intermolecular interactions which determine the molecular lattice parameters [17,18,19]. On interacting surfaces, the molecule-substrate interaction dominates and the substrate governs the assembly [20,21,22,23]. In principle, on weak interacting surfaces, the forces driving the self-assembly and the electronic coupling are not directly linked since the former involves electrostatic and van der Waals interaction and the later involves hopping integral between molecules and surfaces wavefunctions. However, the case of interacting surfaces, where the substrate drives the molecular assembly is generally found on metallic surfaces, where the electronic coupling is non negligible. On van der Waals materials, the molecule-substrate interaction force is weak, and the electronic interaction is weak. An intermediate regime where a weak electronic coupling would combine with a strong adsorption force would allow to govern the molecular assembly by the substrate geometry while preserving their electronic properties. So far, interfacial effects on molecule/2D hybrids have been explored at the atomic scale with scanning tunneling microscopy (STM) on various substrates including graphene, hexagonal boron nitride and transition metal dichalcogenide [24,13]. However, little is known for molecules on black phosphorus (BP). In contrast with other 2D materials, black phosphorus is a van der Waals material with a non-planar puckered structure. Its physical properties have been thoroughly investigated at the atomic scale by STM [25,26] revealing anisotropic structural and electronic properties. Here, we study the interaction of iron tetraphenylporphyrin (FeTPP) molecules with BP. We show that the puckered nature of the atomic structure of BP provides to this material the property to drive the self-assembly process of organic molecules leading to a commensurable 3 × 4 molecular lattice. We evidence the weak electronic interaction between FeTPP and BP by comparing the properties of FeTPP/BP with FeTPP/graphene, that serves as a reference for non-interacting 2D material, and combining STM and density functional theory (DFT) calculations. Our results show that the van der Waals nature of BP combined with its non-planar structure gives to BP the property to have a strong interaction with molecules that drives the molecular assembly, while preserving the gas phase electronic properties of the molecules.

Results and discussion

A monolayer of FeTPP on BP forms a rectangular lattice as shown in Figure 1a. There are two types of molecules characterized by a bright or dark center. The molecules with a bright center correspond to FeTPP with a chlorine bonded to the Fe atom forming a FeTPP-Cl molecule [27,28]. Those with a dark center correspond to FeTPP. We focus our study on FeTPP only, since the spectroscopic measurements on FeTPP-Cl often induce removal of the Cl ion and tip modification [29]. The unit cell vectors of the molecular lattice have lengths 1.25 ± 0.01 nm along the [100] direction and 1.31 ± 0.01 nm along the [010] direction (see more examples in supporting information Figure S1) which are smaller than the intermolecular distance obtained in FeTPP layers (and other TPP molecules) on other surfaces (see supporting information Figure S2). Indeed, on Au(111) FeTPP arrange in a rectangular lattice with a periodicity of 1.40 ± 0.05 nm and 1.55 ± 0.05 nm [27], on Ag(111) it forms a square lattice with a period of 1.43 ± 0.01 nm [30], on graphene [28] we have found a square lattice with a periodicity of 1.4 ± 0.02 nm (see supporting information Figure S3). Generally, tetraphenylporphyrin molecules adopt a square lattice with a period of 1.40 nm irrespective of the presence and nature of a central metal atom [31,18]. Here the distance between adjacent molecules is shorter than on metallic substrates or graphene, which is due to the interaction with BP that forces the molecules to follow the BP atomic lattice. As a consequence, the density of TPP molecules on BP is increased by 20% with respect to TPP on other substrates. This could be advantageous in TPP based data storage systems such as H 2 TPP on surfaces. Indeed it has been shown recently that the control of tautomerisation in self-assembled H 2 TPP molecules on graphene allows to store binary information on each molecule [32]. The increase of molecular density on BP can be used to increase the storage density on such systems. It can be noted that the molecular density found here is also higher than tin phtalocyanine (SnPc) that have been used as molecular lattice for data storage on graphene even though single Pc molecules have a smaller size than TPP derivatives [33]. Moreover, due to the epitaxial relationship, TPP derivatives on BP form an addressable system where the position of the molecules is predetermined by the atomic lattice of the substrate. Another implication of the increased molecular density on BP is the potential gain of efficiency in hybrids materials involving TPP derivatives for catalysis. FeTPP is an efficient catalyst for O 2 reduction [34] and CO 2 reduction [35] reactions. The immobilization of porphyrin on 2D materials has been shown to improve the catalytic activity of porphyrin compounds for CO 2 reduction [36]. The increase of in-plane density may further improve the performances of such hybrid materials. This comes from the interaction with the BP substrate which forces the molecules to follow the BP atomic lattice.

In order to understand the role of the BP lattice on the molecular assembly, one has to determine the relationship between the molecules and the underlying BP atomic lattices. Usually, this information is not accessible by STM since the substrate underneath the molecules cannot be visualized. Here, to be able to visualize the substrate below the molecular layer, we have removed all the molecules using molecular manipulation on large scale with the STM tip. We have scanned the surface several times with a reduced tip-sample distance in order to sweep away the molecules. After several scanning with various setpoint parameters, we were able to recover a good tip state allowing to visualize the atomic lattice of the BP on the same area. This procedure is similar to the one that we have used in our previous works on graphene [37,28,4]. The image of the BP surface shows the phosphorus zigzag rows (Figure 1b). Indeed, a single BP layer has a puckered structure made of two planes of phosphorus atoms. In the following we will refer to top and bottom P atoms in a BP layer depending on whether the atoms are in the top (facing the vacuum side) or bottom (facing the bulk side) plane. The atomically resolved STM image corresponds to the top P atoms that form zigzag lines. The measured BP unit cell vectors length are | a| = 4.17 ± 0.1 Å along the armchair direction [100] and b = 3.27 ± 0.1 Å along the zigzag direction [010]. Consequently, the FeTPP layer remarkably matches the BP atomic lattice with a ratio of 3 along the armchair direction and 4 along the zigzag direction, leading to a 3 × 4 pattern. This epitaxial relation is further evidenced in the FFT image of Figure 1c that reveals the periodicity of BP and FeTPP. The FFT was obtained from a combined image made of the addition of the images of Figures 1a and1b. This procedure allows to visualize in one single image the FFT of the BP and the FeTPP lattices and to highlight the 3 × 4 pattern. This epitaxial relationship indicates that the molecule-surface interaction is the dominating force that stabilizes the molecular lattice. The relaxed structure of FeTPP on BP from our ab initio calculations reveals that the molecules adsorb on the surface with the Fe atom located above the topmost zigzag row of BP as shown in Figure 1d. The molecular axis represented in Figure 1d (connecting two opposite phenyl groups) is rotated by an angle of 35.5 • with respect to the molecular lattice vector which is aligned with the zigzag direction. This azimuthal angle corresponds to an intermolecular interaction of "T-type" consisting of an edge to face arrangement of the phenyl groups [31]. In order to understand the driving force for the molecular self-assembly on BP we have performed ab initio calculations including van der Waals forces. First, we have determined the adsorption energy of one FeTPP molecule on the BP surface. To this end, we have considered a 3×4 unit cell of BP composed of 3 atomic layers. The FeTPP molecule has been placed on top of the BP slab, and the full system has been optimized until the forces went below 0.1 eV/ Å using the localized-orbitals basis set DFT code Fireball [38]. From the optimized configuration, we have then calculated the interaction energy between the FeTPP molecule and the BP (defined by the difference in total energies E F eT P P +BP -E F eT P P -E BP ) at different heights from the BP surface. Van der Waals interactions have been taken into account through the use of a specific formalism, the LCAO-S 2 +vdW approach [39], previously used for similar systems [40,41]. The calculated interaction energies are presented in Figure 2a. We compare this interaction energy with the case of FeTPP on graphene that we take as a reference for weakly coupled FeTPP [28]. The optimized equilibrum configuration on BP is presented in Figure 2b. As it can be clearly seen, the adsorption energy on BP is much higher (about 2.4 eV) than the one obtained on graphene (about 1.5 eV). Note also that the most stable position of the molecule on BP is obtained for the molecule center on a zigzag row of top P atoms. Secondly, we have determined the interaction energy of a molecule in the network of its neighboring molecules. Using the same approach as for the interaction with the BP surface, we have considered a set of nine molecules isolated in a plane, and we have calculated the interaction of the central molecule with its neighbors as a function of the intermolecular distance. The result is represented in Figure 2c, and the corresponding molecular network at equilibrium is represented in Figure 2d. The obtained interaction energy is about 0.78 eV per molecule, namely three times less than the interaction of the molecule with the BP surface. Also the intermolecular distance in a free standing layer obtained in this calculations is 13.85 Å in one direction and 14.35 Å in the other one, in both cases much bigger than the lattice parameters determined experimentally for the molecules on BP. Therefore, the molecular network is constrained upon adsorption on the BP surface. This constraint can be roughly estimated energetically at around 2.5 eV loss in the interaction energy between molecules, when extrapo-lating the curve in Figure 2c. This could appear to be huge, but it has to be compared to the interaction energy with the substrate presented in Figure 2a which is about 2 eV. Moreover, we have to stress that the results presented in Figure 2c arise from a static calculation, starting from fully optimized isolated molecules, arranged in a network and displaced rigidly without further optimization. Obviously, the very high repulsion found in Figure 2c would be attenuated through a further optimization, leading to a more important substrate-molecule interaction than the molecule-molecule repulsion. In other words, these findings fully confirm the fact that the BP substrate stabilizes the molecular network in a constrained phase. The surface-driven molecular organization is due to the unique puckered atomic structure of BP. Indeed, along the armchair direction, the van der Waals interaction results in high energy gain when the molecule locates above the top P atoms because the molecule-phosphorus distance is much shorter as compared to the bottom P atoms. This allows to understand that along the armchair direction, the molecules match the BP atomic lattice. Along the zigzag direction, a first intuitive argument would be that all the P atoms are at the same height and therefore the molecules should not be constrained in that direction. In order to gain a deeper insight into the driving force of the self-organization, we plot the charge redistribution between BP and FeTPP in Figure 2e,f. In Fig 2e the isosurface of the charge density difference shows that above BP the charge redistribution is dominated by the top P atoms. This charge redistribution is a consequence of the puckered structure of BP that leads to a reduced interaction between bottom P atoms and FeTPP as compared to the top P atoms. This is in line with the argument given above that the van der Waals interaction is weaker for the bottom P atoms. Strikingly, in contrary to the first intuitive expectation, a strong corrugation in the charge redistribution is also present along the zigzag direction (Figure 2f). This indicates that the molecule 'see' a non uniform potential also along the zigzag line. This is a consequence of the atomic structure of BP, not only the buckling that occurs in the armchair direction, but also the large interatomic distance between the top P atoms. Indeed, in the [010] direction, the P atoms are separated by a distance of 3.3 Å which is larger than the standard P-P bond-length. As a consequence a strong variation of the potential occurs in that direction and the van der Waals interaction is non uniform leading to a constrain in the molecular assembly in the zigzag direction. Therefore, the constrained self-assembly that occurs on BP is a consequence of the geometry of the atomic lattice that leads to strong periodic variations of the van der Waals interaction between the molecule and the surface along the armchair and zigzag direction. On other 2D materials such as graphene, the shorter interatomic distance prevents such strong variations of the force interaction and charge redistribution leading to a smooth potential variations on the surface and to molecular assembly driven by intermolecular forces which is opposite to the molecule-surface dominating interaction on BP. The BP appears to be an interacting substrate that drives the organization of adsorbed molecules. Therefore a strong electronic interaction between BP and FeTPP is expected. Surprisingly this is not the case. The first information on the electronic properties of FeTPP on BP is obtained by visualizing the HOMO and LUMO states from STM topographical images (Figure 3). The central part of the molecules appears as a protrusion at negative bias (-1 V, Figure 3a,c) and as a depletion at positive bias (+2 V, Figure 3b,d). Note that at negative bias both the FeTPP-Cl molecules and FeTPP appear with a protrusion at the center and that FeTPP appear brighter than FeTPP-Cl unlike what is observed at positive bias. The images of FeTPP on BP are very similar to the ones of FeTPP on graphene [28] at -1 V and +2 V. On graphene the image at -1 V arises from the HOMO state localized on the Fe atom, and the image at +2 V arises from the LUMO and higher unoccupied states localized on the organic part. The same trend is observed here, on BP. A close look at the images in Figure 3c,d reveals four lobes at the periphery of the molecule corresponding to the phenyl groups (as indicated by the molecular model superimposed to the experimental images). The corresponding azimuthal angle θ with the [010] axis of BP measured in Figure 3c is 31±4 • , close to the value obtained in our calculation. From these topographical images we conclude that the HOMO state is localized on the iron atom, and that the azimuthal angle is in agreement with the calculations, which corresponds to a T-type interaction between molecules. More insight is given by the spectroscopy measured at different positions above a FeTPP molecule. In Figure 4, we show the spectra measured above the Fe atom, a pyrrole group, and a phenyl group. Two peaks are visible at negative bias corresponding to the HOMO-1 at -1.38 V, and the HOMO at -1 V.

At positive bias, a broad peak appears for which 2 contributions can be distinguished at 1.95 V and 2.2 V. The measured HOMO-LUMO gap is 2.95 V. The peak of the HOMO state dominates the spectrum at the center of the molecule, revealing that the HOMO state is localized on the Fe atom. The HOMO-1 and the peaks at positive bias are localized on the pyrrole and phenyl groups. The localization of the states can be further evidenced from dI/dV maps which are shown in Figure 4d. These electronic properties are very similar to those of FeTPP on graphene [28] (see supporting information Figure S4) where a HOMO-LUMO gap of 2.9 V was measured and the localization of the molecule electronic states was similar. A noticeable difference is found at positive bias where 3 sharp peaks could be clearly distinguished on graphene around the LUMO state, whereas a broad peak is observed here and only two contributions can be distinguished. This discrepancy comes from a difference in the electronic properties of graphene and BP. While the local density of states (LDOS) of graphene increases linearly with the energy and symmetrically around the Dirac point, the LDOS of BP exhibits a bandgap but also a strong asymmetry with a strong increase of the measured LDOS at positive sample bias voltage as shown in Figure 4c. Around the Fermi level, the spectrum shows a gap of 0.3 V with a valence band edge close to the Fermi level indicating that the BP is p-doped. The measured gap corresponds to the expected value for bulk BP and the spectroscopy is in agreement with previous STM reports [25,26]. At larger bias, we observe the presence of a peak at 1.5 V. The asymmetry of the dI/dV spectrum with a large value at positive bias explains that the molecular states around the LUMO undergo a large broadening as compared to the states at negative bias. This explains why on BP the molecular spectrum around the LUMO state is not as resolved as on graphene.

To interpret the experimental spectra we have carried out DFT calculations using plane wave electronic structure package Quantum ESPRESSO (QE) within local density approximation (in Perdew-Zunger parametrization) for exchange-correlation potential. We have applied a Hubbard-like correction of U = 5 eV to Fe d orbitals, as in our previous paper for FeTPP on graphene and Au(111) [28], in order to compare to those results. The calculations for FeTPP on three-layers BP slab reveal that the lowest energy state has a spin state S=1 with a (d xy ) 2 (d xz ) 1 (d yz ) 1 (d z 2 ) 2 configuration as demonstrated in Figure 5 where total, molecular and Fe d-orbital resolved DOS are presented. This state is generally found to be the ground state of isolated FeTPP [42,43,44,45]. On BP, this state is lower in energy by about 80 meV compared to other S=1 states with configurations (d xy ) 2 (d xz ) 2 (d yz ) 1 (d z 2 ) 1 or (d xy ) 2 (d xz ) 1 (d yz ) 2 (d z 2 ) 1 , which is similar to the case of graphene [28] (but different from Au(111)) indicating relatively weak electronic hybridization of molecular states with BP substrate. One can observe, in particular, that HOMO, located at about 1 eV below the Fermi energy, is heavily dominated by the mentioned above Fe (spin down) d z 2 orbital (shown in green) which extends largely in the vacuum and can be therefore readily probed by STM, in agreement with experimental observations. Unocuppied molecular states are, on the contrary, localized on molecular skeleton (which also agrees with the experimental STS spectra) and are non spin-polarized. The present results are very close to those for FeTPP on graphene and to the fundamental state of a free FeTPP molecule [28]. These electronic properties, together with the self-assembly described above show that BP is a material that interacts strongly enough with molecules to govern their assembly, but weakly enough to preserve their intrinsic electronic properties. In that respect, BP is a unique material that can combine these 2 properties which usually exclude each other.

Conclusion

In conclusion, we have studied the interaction of black phosphorus with FeTPP molecules. The molecules self-assemble on the surface following the periodicity of BP. This assembly is due to the molecule-surface interaction that dominates the molecule-molecule interaction. The unique structure of BP combining zigzag and armchair rows leads to an energy gain of the system due to van der Waals interaction that dominate the energy loss induced by the reduced intermolecular distances. As a consequence, the molecules adopt a dense lattice to fit with the periodicity of BP. The elecronic spectra of the adsorbed molecules reveal a S=1 groundstate similar to the one previously observed on graphene and to the free molecule. These results show that BP allows to drive molecular self-assembly while preserving the electronic prop-erties of the molecules. This opens new avenues for functional surfaces based on 2D materials.

Experimental Section

Black phosphorus samples were purchased from HQ Graphene. The samples were cleaved under ultrahigh vacuum conditions. All STM measurements were performed with a low-temperature STM apparatus (Omicron) working at 4.6 K at a pressure lower than 1 × 10 -10 mbar. The dI/dV spectra were acquired using a lock-in detector at a frequency of ca. 823 Hz and a modulation amplitude of 35 mV. The measurements were performed with an electrochemically etched tungsten tip. Before measuring on graphene, the tip was calibrated on a Au(111) surface until it showed the Shockley surface state feature in the spectroscopic measurements. 
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Iron tetraphenylporphyrin molecules on black phosphorus are studied by scanning tunneling microscopy. The epitaxial relation between molecules and black phorphorus, and the local spectroscopy reveals that the interaction of black phosphorus with molecules is strong enough to drive their assembly while the electronic coupling is weak enough to allow the molecules to maintain the electronic properties of their gas phase.

Figure 1 :

 1 Figure 1: Assembly of FeTPP on BP. (a) STM image (2 V, 10 pA) of self-assembled FeTPP molecules adsorbed on BP. The black arrows indicate the crystallographic directions of BP, the yellow arrows and square indicate the unit cell of the FeTPP lattice. (b) STM image (-0.4 V, 200 pA) of the same area as in (a) after removing the molecules with the STM tip. The inset is a zoom of atomically resolved image with the BP unit cell indicated. (c) FFT of the superposition of the STM image of the FeTPP molecules with the image of the BP atomic structure. The peaks corresponding to the FeTPP lattice are marked with red circle, those of the BP atomic lattice are marked with black circles. Intermediate spots along the two main axis are indicated with white markers. (d) Relaxed structure of FeTPP on a BP monolayer. Color code: Black for phosphorus, yellow for carbon, blue for nitrogen, red for Fe, white for hydrogen.

Figure 2 :

 2 Figure 2: (a) Interaction energy of FeTPP on black phosphorus as a function of the molecule-surface distance, compared to the interaction energy for FeTPP on graphene. (b) Side view of the optimized structure of FeTPP on BP. (c) Interaction energy of one FeTPP molecule in the middle of the self-assembled network of its neighboring molecules, as a function of the Fe-Fe distance between neighboring molecules showing a minimum for a Fe-Fe distance of 14.35 Å. (d) Structure of the FeTPP layer considered for the interaction energy calculated in (c). (e,f) Side view of the charge density difference (isovalue 0.01 e).

Figure 3 :

 3 Figure 3: Bias voltage dependent STM images of FeTPP. STM images of FeTPP on BP measured at (a) -1 V, 10 pA and (b) 2 V, 10 pA. (c,d) Zoomed images of (a,b) on FeTPP without Cl atom with a superimposed model of FeTPP as a guide to the eye.

Figure 4 :

 4 Figure 4: Electronic properties of FeTPP on BP. (a) STM image (2 V, 40 pA) of a FeTPP molecule with a model that serves as a guide to the eye. (b) dI/dV spectra measured at the locations indicated by crosses in (a). (c) dI/dV spectrum of BP. The inset is a close view in a small voltage range around the Fermi level showing the bandgap of BP. (d) Topography (2 V, 60 pA) and dI/dV maps of four FeTPP molecules on BP (image size 2.8 nm × 2.8 nm).

Figure 5 :

 5 Figure 5: Spin-resolved DOS for FeTPP on three-layer slab of BP. Top: total DOS (black), as well as DOS projected on FeTPP (red) or on Fe (blue). Bottom: PDOS (projected DOS) on different Fe d-orbitals. The right panels show the relaxed geometry of the FeTPP on BP.

Acknowledgements

This project received funding from the European Union's Horizon 2020 research and innovation programme under Grant Agreement No. 766726. DFT calculations have been performed using HPC resources from GENCI-CINES (Grant A0100910407).

Supporting Information

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