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Using scanning tunneling microscopy and spectroscopy (STM/STS), we report the 

electronic structures of self-assembled zinc phthalocyanine (ZnPc) and hexadecafluorinated zinc 

phthalocyanine (F16ZnPc) monolayers on the Si(111)-B surface. We show that interfacial charge 

transfer occurs in the F16ZnPc monolayer, which gives rise to a pronounced spatial variation of 

the occupied molecular state across the molecular assembly, a feature not observed in the 

molecular states of the ZnPc overlayer without the presence of interfacial charge transfer. We 

attribute this observation to the inhomogeneous electrostatic screening of the intra-orbital 

Coulomb interaction in molecular adsorbates arising from the substrate boron distribution. This 

study highlights the impact of the substrate electrostatic environment on molecular electronic 

structures, an essential aspect in the applications of organic and molecular electronic devices. 
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I. Introduction 

Understanding and control of hetero-interfaces between organic and inorganic materials 

are critical for the development of organic electronics, molecular electronics, 

molecular/biological sensors, and energy harvesting devices.[1-6] A central problem among 

various interfacial phenomena is the charge behavior. Charge transfer or charge redistribution 

can result in the formation of an interfacial dipole layer or band bending.[1,7,8] Interface states, 

defects and disorders in organic materials, in addition, may act to pin the Fermi level of the 

hybrid system.[1,9,10] All these factors are crucial in determining the energy level alignment at 

hetero-interfaces which ultimately impacts charge injection/collection in organic electronic 

devices.  

 What further complicates organic-inorganic hetero-interfaces is that molecular electronic 

structures are often susceptible to polarization and electrostatic environments.[11-15] This is due 

to the weak intermolecular interaction and overlap of wave functions in organic semiconductors 

which tend to localize charge carriers. From a theoretical perspective, the localization of charges 

necessitates the consideration of charging energy (U) originating from the on-site Coulomb 

electron-electron interaction that is beyond the single-particle or mean-field description, as 

molecules are temporarily charged by the injection or extraction of electrons during electronic 

structure measurements. It is known that the energy of an N-electron molecule, with the 

consideration of U, can be approximated as ( ) ( )
1
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represents the net charge of the molecule, iε the mean-field molecular energy levels, and μ the 

chemical potential of the substrate that the molecule adsorbs on. The charging energy can be 

attenuated by a variety of factors such as substrate screening and polarization of neighboring 
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molecules, resulting in a molecular electronic structure that is highly susceptible to the 

electrostatic environment and molecular packing. [5,16-19] Moreover, the frontier molecular 

energy levels that are relevant to device operation, i.e., the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO), could also be altered by the 

orientation of molecules within the film owing to the quadrupole field that shifts the local 

vacuum level outside the molecular layer.[5,14,20-22]  

 Thus far, most of the studies on molecular electronic structures and interfacial properties 

were conducted on metallic and insulating substrates. However, due to the need for integrating 

organic semiconductors with their inorganic counterparts in modern device architectures, it is 

imperative to explore the growth of organic thin films on inorganic semiconductors and to 

establish a comprehensive understanding of the electronic structure and energy level alignment at 

the associated hetero-interfaces. A notable challenge along this line of research is that the 

prevalence of surface states on inorganic semiconductors, such as Si, typically results in the 

formation of covalent bonds with molecular adsorbates, which hinders molecular diffusion and 

self-assembly.[23] To address this issue, methodologies for passivating or deactivating the 

surface states have been developed.  

Recently, it has been shown that the growth of molecular structures can be facilitated on 

the Si(111)-B √3 ൈ √3 surface where free radicals in the surface dangling bonds are depleted by 

the trivalent boron atoms segregated in the third-atomic layer.[24-27] Furthermore, owing to the 

low defect-density of the surface, the anisotropic step-flow growth of metal phthalocyanine, 

which exhibits long-range molecular ordering in both in-plane and out-of-plane directions, has 

been demonstrated.[28-32] Despite these initial successes in the molecular growth, molecular 

electronic structures and interfacial energy level alignment have not been well studied in this 
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system. It is important to note that the deactivation process which creates the Si(111)-B √3 ൈ √3 

surface could result in an inhomogeneous subsurface boron distribution beyond the third atomic 

layer, potentially influencing the electrostatic environment and thus the electronic structure of 

the molecular overlayer.[33] However, these effects cannot be well isolated in ensemble 

averaged electronic structure measurements such as ultraviolet photoemission spectroscopy 

(UPS) or x-ray photoemission spectroscopy (XPS). Thus, local probe techniques that can resolve 

simultaneously the molecular ordering and electronic structures are necessary. 

In this work, using scanning tunneling microscopy and spectroscopy (STM/STS), we 

show that zinc phthalocyanine (ZnPc) and hexadecafluorinated zinc phthalocyanine (F16ZnPc) 

both form ordered self-assemblies on the Si(111)-B √3 ൈ √3 surface, with the latter inducing a 

downward band bending in the bulk Si which is indicative of electron transfer from the F16ZnPc 

molecules to the substrate. This charge transfer is further accompanied by pronounced energy 

level variations of an occupied molecular state across the F16ZnPc assembly, not observed for the 

unoccupied molecular orbital of F16ZnPc nor in the molecular states of the ZnPc overlayer which 

does not undergo any charge transfer with the substrate. We attribute this observation to the 

inhomogeneous electrostatic screening of the intra-orbital Coulomb interaction in molecular 

adsorbates arising from the substrate boron distribution. This mechanism only impacts the 

molecular orbital that is directly involved in the interfacial charge transfer process. 

II. Experimental Methods  

 Experiments were carried out in an ultrahigh vacuum (UHV) setup, using a commercial 

LT-Omicron scanning microscope operated at 77K. STM images were taken at constant current 

mode with a tungsten tip. STS acquisition was achieved with the lock-in technique at a constant 
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tip-sample distance controlled by the voltage (Vs) and current (It) set points before the feedback 

loop is disabled. Typical modulation bias and frequency were 26 mV and 1 kHz, respectively. 

Spectra on Ag(111) were taken periodically as a reference to confirm tip consistency. In order to 

prepare the Si (111)-B √3 ൈ √3 surface, we used degenerately boron-doped Si(111) wafers with 

a resistivity of 0.01 − 0.001 Ω·cm. The substrate was first cleaned via RCA1 and RCA2 

procedures before it was loaded into the UHV environment for thermal treatment. The sample 

was annealed by direct heating with repeated flash annealing at 1200oC, followed by an hour of 

annealing at 800oC to induce boron segregation on the third atomic layer. ZnPc and F16ZnPc 

were purified by sublimation processing before being loaded into the UHV system. The 

molecules were then degassed prior to use. ZnPc and F16ZnPc monolayers were grown by 

thermal evaporation with the substrate held at room temperature and 110oC, respectively. 

III. Results 

A. Topography and Geometric Structure of Molecular Overlayers 

In the following discussion, the Si(111)-B √3 ൈ √3 surface is abbreviated as Si(111)-B. 

Figure 1 shows the STM topography images of the Si(111)-B surface, and the ZnPc and F16ZnPc 

overlayers grown on this supporting substrate. As illustrated in Fig. 1(a-b), the atomically 

smooth Si(111)-B surface is formed by the segregation of boron atoms in the third atomic layer 

which substitute Si at the S5 sites.[34] During this process, the trivalent boron atoms deplete 

electrons from the dangling bonds of the topmost Si adatoms, leading to a deactivated surface 

with a large surface band gap as displayed in Fig. 2(a). The chemical inertness and atomic 

flatness of the surface make Si(111)-B an ideal template for exploring the formation of organized 

organic molecular assemblies on inorganic substrates. 
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Self-assembly of ZnPc and F16ZnPc molecular adsorbates into monolayers with well-

defined epitaxial registration to the Si(111)-B substrate is guided by the delicate balance between 

the molecule-molecule and molecule-substrate interactions.[28,29] As shown in Fig. S1[35], 

both assemblies adopt a tilted molecular configuration. This is due to the corrugated surface 

potential landscape of Si(111)-B, originating from the relatively large lattice constant of the 

surface, as well as the comparable strength of the molecule-molecule and molecule-substrate 

binding energies, leading to the molecules sacrificing a portion of the surface adsorption energy 

to maximize the ߨ െ ߨ  intermolecular interaction with increasing molecular coverage.[30] 

Furthermore, geometric structures, as illustrated in Fig. S1, reveal that the ZnPc overlayer adopts 

an incommensurate epitaxial registration to the Si(111)-B surface, while F16ZnPc forms a point-

on-line coincident structure. The distinct epitaxial relationship between the molecular overlayers 

and the substrate surface gives rise to the contrast variation observed in the STM topography 

images (Fig. 1(c-d) and Fig. S1).[30] Lastly, as discussed earlier, molecular electronic structures 

are subjective to its electrostatic environment. The uniform molecular packing and molecular 

orientation realized for both the ZnPc and F16ZnPc structures on the Si(111)-B surface, thus, 

uniquely allows for the disentanglement of the electrostatic effect of the substrate from that of 

the neighboring molecules. 

B. STS of Deactivated Si Surface 

Figure 2(a) shows the characteristic STS curves taken on the ZnPc monolayer, the 

F16ZnPc monolayer, and the Si(111)-B supporting substrate with colors corresponding to the 

outlines of the images shown in Fig. 1. To understand the STS curves and the associated 

molecular electronic features, we first look into the band structure of the Si(111)-B surface.  The 

dangling bond deactivation process leads to the formation of two unoccupied surface states, SS1 
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and SS2, as well as occupied surface states that originate from the Si(adatom)-Si(second layer) 

and Si(second layer)-B(third layer) backbonds.[33,36-39] These backbond states are positioned 

at least 0.56 eV below the valence band maximum (at the Γ point), depending on the location in 

k-space.[37] Thus, due to the overlap between the occupied surface states and the Si bulk 

valence states, the precise rise of the filled density of states is extremely sensitive to the STS set 

points and consequently the tip-sample distance. For instance, at a large tip-sample distance 

(controlled by the voltage and current set points before the STM feedback is disabled), we see a 

rise of the filled DOS at ~ െ 0.5ܸ (Fig. 2(a)), suggesting that the surface states are the primary 

contributing factor to the STS spectra. However, when the tip-sample distance is small, the DOS 

of the bulk Si valence band becomes the predominant factor, causing the DOS to rise near the 

Fermi level, as shown in Fig. 4(c). This is expected for the degenerately boron-doped Si sample. 

It is important to note, however, that the small tip-sample distance as established in Fig. 4(c) is 

experimentally difficult to realize in molecular assembly studies. Because of the low electrical 

conductivity of the molecular overlayer, a relatively large tip-sample distance has to be utilized 

to prevent any damage to the molecular structures and the tip.  

On the positive side of the spectrum, in contrast, we observe an overall consistent rise of 

the DOS features regardless of the tip-sample distance (Fig. 2(a) vs. Fig. 4(c)). To address the 

nature of these states, we first take a close look at the band structure calculated by density 

functional theory (DFT).[37] It shows that SS1 is the lowest lying state around the Γ point, 

followed by the SS2 state which is convoluted with the bulk conduction band. Since the effective 

tunneling decay constant, ߢ ൌ ටቀଶౘమ  ݇||ଶቁ , is a function of the parallel momentum, it is 

expected that the larger the ݇|| , the weaker its contribution to the overall tunneling 
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spectra.[40,41] Note that me is the electron mass and  Φ the tunneling barrier. Therefore, 

although the bulk states will be probed at the small tip-sample distance as we have discussed 

earlier, we still observe the rise of SS1 first, owing to the much stronger tunneling into the states 

around the Γ point where ݇|| is minimum. This results in no noticeable change in the rise of the 

empty states between Fig. 2(a) and Fig. 4(c). Furthermore, Gaussian fitting of the spectral feature 

(see Fig. S2[35]) suggests that the SS1 and SS2 states are centered at ~1.4V and ~1.8V, 

respectively, which is consistent with the previous report.[36]  

C. Electronic Structures of Molecular Assemblies 

 When molecules are deposited on the Si(111)-B surface, however, electrons will tunnel 

into the molecular overlayer first then into the supporting substrate during the STM/STS 

measurements. Provided the surface states of the underlying Si(111)-B can be probed through the 

molecular layer, they will serve as the reference during the analysis of interfacial band alignment 

as the energy levels of these states are fixed relative to the band edges of the bulk Si. For the 

ZnPc spectrum displayed in Fig. 2(a), Gaussian analysis reveals four distinct peaks which 

altogether construct the main DOS feature at positive sample bias (see Fig. S2). The locations of 

these unoccupied density of state peaks are summarized in Table 1. Specifically, those located at 1.37 േ 0.04 ܸ and 1.81 േ 0.04 ܸ align with the SS1 and SS2 surface states of the bare Si(111)-

B substrate, suggesting that the adsorption of the ZnPc overlayer does not disturb the charge 

distribution in the substrate. This is consistent with earlier DFT calculations which demonstrates 

a negligible charge transfer and/or charge redistribution between ZnPc and Si(111)-B.[30] 

Therefore, the ZnPc/Si(111)-B hetero-interface is anticipated to follow vacuum-level alignment, 

as depicted in Fig. 2(b). Additionally, with the aid of differential conductance (dI/dV) mapping, 

capable of revealing the spatial distribution of the density of states, we attribute the other two 
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peaks, centered at 1.20 േ 0.03 ܸ and 1.59 േ 0.06 ܸ , to the LUMO and LUMO+1 of the ZnPc 

molecular overlayer, respectively. The dI/dV map of the LUMO+1 molecular orbital is 

illustrated in the inset of Fig. 3(a), which shows distinctly different features from the DOS 

distribution of the SS1 and SS2 surface states (see Fig. S5 for more details[35]). The asymmetric 

appearance of the molecular lobes in each individual ZnPc molecule is likely a result of 

degeneracy lifting of the molecular orbitals, resulting in a C4 to C2 symmetry reduction.[42-45]. 

Note that due to the tilted molecular configuration where only the top two pyrrole-like rings are 

visualized, we do not expect to observe the nodal planes in the dI/dV map as for the flat lying 

molecules. 

Regarding the F16ZnPc spectrum, the entire STS curve appears to shift towards more 

negative energies (sample biases) in comparison to spectra collected on the ZnPc or the bare 

Si(111)-B surface. Similar to the previous discussion, we can apply a Gaussian analysis to 

deconstruct the unoccupied DOS feature residing within the Si(111)-B surface gap. Among the 

three Gaussian-fit peaks centered at 0.73 േ 0.03 ܸ, 0.94 േ 0.03 ܸ, and 1.16 േ 0.05 ܸ , peak 1 

and 3 share the same separation in energy, within experimental error, as that observed between 

the SS1 and SS2 states of the bare Si(111)-B surface. If we assume that these two peaks are 

indeed associated with the surface states of the substrate, their shift towards the Fermi level (~ 

0.6 eV) provides direct evidence of downward band bending in the bulk Si, as illustrated in Fig. 

2(c). Electron transfer from F16ZnPc molecules to the Si substrate is anticipated to be the origin 

of this band bending. It is worth pointing out that the Fermi level (at zero sample bias in the STS 

spectra) represents the charge equilibrium of the entire system and therefore is determined by the 

bulk Si regardless of molecular adsorption on the surface. Lastly, the electron density 

distribution of peak 2, as revealed in the dI/dV map (inset of Fig. 3(b)), displays an alternating 
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contrast along the F16ZnPc molecular stripes, very much alike the topography of the overlayer 

(see detailed structural analysis in Fig. S1). This suggests that  peak 2 corresponds to a molecular 

orbital, and the distinctive molecular registration to the Si(111)-B surface gives rise to the 

observed contrast in the dI/dV map.[29]  

 Thus far, our discussion has been concentrated on the band structure analysis guided by 

the SS1 and SS2 states of the Si(111)-B surface. Next, we will examine how the differentiating 

interfacial charge transfer behavior between ZnPc/Si(111)-B and F16ZnPc/Si(111)-B impacts the 

occupied molecular states. The inset of Fig. 3(a) shows the dI/dV maps of ZnPc taken at -1.0V 

and -1.5V, which illustrate asymmetric molecular features similar to those observed for the 

dI/dV map associated with LUMO+1. Figure 3(a) also illustrates the overlay of STS curves taken 

on multiple locations of the ZnPc overlayer. Highly consistent features are observed with the 

DOS peaks overlapping in energy positions and only differing slightly in intensity. Intriguingly, 

when curves taken on the F16ZnPc overlayer are put together, significant peak position variation 

as large as several hundred meV can be identified for the occupied molecular orbital at negative 

sample bias, whereas the empty states, e.g., LUMO, SS1, and SS2, remain fixed (Fig. 3(b)). 

More examples of this phenomenon can be found in Fig. S3.[35] It is worth mentioning that the 

STS curves are taken in areas away from the assembly edges to prevent the disturbance of the 

local electrostatic environment by the reduced molecular coordination at the edges.[16]  

A natural question that arises is how to account for the spatial variation of the occupied 

molecular level in the F16ZnPc monolayer which is not observed for its LUMO state or in the 

molecular states of the ZnPc layer. As discussed earlier, the electronic structure of organic 

molecular thin films can be modulated by the molecular orientation, packing, or local 

ordering.[5,14,20-22] However, as shown in the STM images (Fig. 1) as well as in an earlier 
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study,[29] F16ZnPc molecules are packed uniformly with a universal tilted orientation in the 

overlayer. Molecular orbital levels may also move relative to the substrate Fermi level by the 

formation of an interface dipole.[1,6] Nevertheless, if this would be the case, HOMO and LUMO 

should shift rigidly together which is different from what has been observed in the STS spectra in 

Fig. 3(b).  

D. Inhomogeneous Substrate Screening 

Another potential contribution to the tailoring of the molecular electronic structure is 

electrostatic screening from the substrate.[16-19] The thermal annealing process for creating the 

deactivated Si(111)-B surface inevitably introduces an inhomogeneous distribution of boron 

substituents in the bulk. Since the dielectric constant varies with doping concentration in 

degenerately doped Si,[46,47] the subsurface boron inhomogeneity can result in a modulated 

local electrostatic environment for molecular adsorbates, which may consequently influence their 

electronic structures. To illustrate this correlation, we first explore the spatial variation of the 

subsurface boron distribution in the Si(111)-B substrate. Although STM is a surface sensitive 

technique, imaging of subsurface dopants is feasible, especially when the surface states lie in 

energies that do not mask the bulk dopant states.[33,48-50]  

Fig. 4(a) and Fig. 4(b) display the STM topography image of the Si(111)-B surface taken 

at -0.1V and 1.3V, respectively. Hillocks, as pointed by the red arrow, are observed in the filled 

state image, which correspond to the more or less dimmer areas in the empty state image. To 

explain this contrast that is likely related to the boron distribution in the bulk, we further perform 

site-specific STS (Fig. 4(c)) at a small tip-sample distance (set point: ௦ܸ ൌ െ0.5ܸ, ௧ܫ ൌ  (ܣ300

where the tunneling current is more sensitive to the bulk states. The STS taken on the hillock in 

Fig. 4(a) displays an earlier rise of the filled state and a later rise of the empty state with respect 
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to the Fermi level, in comparison to the spectrum obtained on the dark area (blue arrow). This 

phenomenon is expected to arise from the Coulomb potential of the thermally ionized boron 

dopants which inhibit/enhance the downwards/upwards tip-induced band bending during the 

filled/empty state tunneling, as illustrated in the inset of Fig. 4(c). Consequently, areas with 

higher concentration of subsurface boron will appear brighter in the filled state images due to the 

larger integrated density of states, and vice versa. Since the Coulomb potential, /

04
sr rqV e

rπε ε
−=  

( sr : screening length within the bulk), is attenuated rapidly by the screening factor in 

degenerately doped Si,[51] the hillocks are expected to correspond to boron atoms near the 

surface, e.g., in the fourth atomic layer, which will spread into more extended but less protruding 

regions when boron atoms are positioned in deeper layers. It should also be noted that due to the 

screening effect the magnitude of the band bending modulated by the Coulomb potential is rather 

small (see detailed analysis in Fig. S4[35]), which falls within the uncertainty of the Gaussian 

fits as listed in Table 1. As a result, when the STS curves are taken on the Si(111)-B surface at a 

large tip-sample distance and over a wide voltage span, no noticeable modulation on the apparent 

band gap or DOS features can be identified between the boron-rich and -deficient areas, as 

shown in Fig. 4(d). 

 In order to visualize the spatial variation of the occupied molecular level in the F16ZnPc 

overlayer, we image the F16ZnPc/Si(111)-B surface at -2.5V. As shown in Fig. 5(a), well-

pronounced inhomogeneity is observed. This is strikingly different from the uniform features 

presented in the STM topography image of the same area at a positive sample bias shown in Fig 

5(b), suggesting that the contrast observed in Fig. 5(a) is electronic in nature. We speculate that 

the inhomogeneous electrostatic screening from the Si(111)-B substrate is the origin of this 



13 
 

phenomenon, as evidenced by the comparable length scale of the contrast variation between the 

filled-state images of the F16ZnPc overlayer and the bare Si(111)-B surface (see Fig. S6[35]). 

Nevertheless, there is still one question that needs to be addressed. As depicted in Fig. 3, the 

peak variation is neither observed in the LUMO of F16ZnPc, nor in the molecular states of the 

ZnPc overlayer which does not establish any charge transfer with the substrate. In order to reveal 

the underlying mechanism as to why the substrate screening only impacts the molecular orbital 

that is directly involved in the interfacial charge transfer process, a more thorough discussion on 

the charge transfer mechanism is required.  

IV.  Discussion 

The interaction between metal phthalocyanine (MPc) and inorganic substrate can be 

mediated by the central transition-metal ion, which is typically very strong when the metal center 

possesses a singly-occupied dz
2 orbital that can easily hybridize with protruding substrate orbitals 

such as Ag-spz states or the pz states of Si adatoms on Si(111)-B.[30,52] Studies of the growth of 

CoPc on the Si(111)-B surface shows that this strong interaction leads to flat-lying molecules 

with limited assembly sizes. Owing to the fully filled d-orbitals associated with the Zn center, the 

formation of strong chemical bonds between molecule and substrate is prohibited in Zn-based Pc 

molecules as evidenced by the ability of ZnPc and F16ZnPc to form long-range ordered structures 

on the Si(111)-B surface. Note that the F16ZnPc overlayer displays a better epitaxial registration 

to the surface (point-on-line coincident in comparison to incommensurate for the case of ZnPc) 

as a result of the additional electrostatic interaction due to interfacial charge transfer.[28-32] 

Nevertheless, the electronic characterization of the F16ZnPc overlayer has shown no indication of 

orbital hybridization, such as the formation of interface states.[42,52-54] This leads us to 
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conclude that F16ZnPc on Si(111)-B can be characterized as a weakly interacting system which is 

fundamentally different from a chemisorption scenario.  

In weakly interacting systems, electrons tunnel in integer amounts between frontier 

molecular orbitals and the substrate states, typically described by the Integer Charge Transfer 

(ICT) model.[3,53,55] As the excess charge originating from the interfacial charge transfer 

results in the partial occupation of the specific molecular orbital involved in the ICT process, 

additional tunneling into this orbital, either by the extraction or injection of an electron, will lead 

to the splitting of the orbital into the singly occupied molecular orbital (SOMO), below the Fermi 

level, and the singly unoccupied molecular orbital (SUMO), above the Fermi level. The SOMO 

and SUMO are energetically separated by U associated with the intra-orbital Coulomb repulsion 

(see schematics in Fig. S8).[19,35,52,55-59] It should be noted that the intra-orbital Coulomb 

repulsion will be necessarily larger than the intramolecular charging energy due to the more 

localized interaction between the incoming charge and the electron already present in the orbital. 

In the F16ZnPc/Si(111)-B system, specifically, the HOMO orbital is involved in the interfacial 

charge transfer, thus, it is expected to be split into SOMO/SUMO, which can also be described 

as HOMO-U/HOMO, respectively. The spatial variation of the SOMO/HOMO-U peak that is 

observed at negative sample bias seems correlated to the inhomogeneous screening effect from 

the subsurface boron distribution, whereas the SUMO/HOMO is likely positioned within the Si 

bandgap which prevents its observation due to the lack of resonant tunneling.[60,61]  

As has been described before, the charging energy, U, will be attenuated by a variety of 

factors such as the substrate screening and polarization of neighboring molecules. The substrate 

screening effect on the reduction of U can be estimated by the classical image-charge model: 
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, where d is the molecule-substrate distance, ' ( 1) / ( 1)q q ε ε= − +  is 

the effective image charge, and 0z  the effective position of the image plane.[16,62] Note that the 

latter two are both substrate dependent. In our system, areas of higher subsurface boron density 

are likely correlated to a more protruding image plane[63], resulting in a greater screening effect 

on the intra-orbital Coulomb interaction which moves the SOMO/HOMO-U peak closer to the 

Fermi level (see Fig. S7[35]). However, this inhomogeneous substrate screening should also 

perturb the intramolecular charging energy, and thus the apparent band gap of the molecular 

overlayer, which seems contradictory to the experimental observation of the stationary position 

of the F16ZnPc LUMO as well as the unperturbed ZnPc band gap. To address this issue, it is 

worth noting that the probing of SOMO/HOMO-U changes the charge state of the F16ZnPc 

molecule from +1 to +2, while the measurements of the ZnPc molecular levels and F16ZnPc’s 

own LUMO should involve the transition of the molecular charge states from 0 to  േ1, and +1 to 

0, respectively. Thus, the screening modulation from the inhomogeneous subsurface boron 

distribution is expected to be weaker in the latter two cases, due to the smaller change on the 

charge-prefactor, associated with the orbital probing process, in the image-charge equation. In 

addition, the polarization response of molecular adsorbates to the image-charge field is expected 

to reduce the magnitude of the substrate screening.[62] The more delocalized nature of 

F16ZnPc’s LUMO and ZnPc’s molecular orbitals will result in a greater polarizability[64-68], as 

compared to the F16ZnPc’s HOMO, leading to a larger reduction in the substrate screening. We 

speculate that the combination of these two effects is responsible for the experimental 

observation where the SOMO/HOMO-U of F16ZnPc is the only energetically varied orbital 

across the molecular overlayers. Nevertheless, the precise determination of location-dependent 
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,ᇱݍ  , as well as the polarization response which collectively impacts the screening reduction onݖ

U, will require extensive theoretical investigations in the future.[13,62,69,70]  

V. Conclusion and Prospects  

In conclusion, we have demonstrated that F16ZnPc molecular assemblies exhibit charge 

transfer with the Si(111)-B substrate, as corroborated by the downward band bending in the bulk 

Si. When the electronic structures of the F16ZnPc and ZnPc monolayers are compared, a 

noticeable variation in the energy level of the occupied molecular orbital is observed across the 

F16ZnPc overlayer, which is in sharp contrast to the constant energy levels of the ZnPc orbitals 

and F16ZnPc’s own LUMO. This is hypothesized to originate from the subsurface boron 

distribution in the Si(111)-B substrate, which causes an inhomogeneous electrostatic screening of 

the intra-orbital Coulomb interaction in F16ZnPc due to the partially filled HOMO resulting from 

the interfacial charge transfer process.  

In terms of integrating organic molecular systems with mainstream inorganic 

semiconductors in device architectures, this observation puts a strong emphasis on the 

homogeneity of semiconducting substrates. Although molecular thin films can be grown into 

long-range ordered structures with a high crystallinity on Si(111)-B owing to the deactivated 

surface with low defect density, variations in the subsurface dopant concentration, even a few 

atomic layers deep, can have drastic impact on the molecular electronic structures and 

consequently the charge injection/collection behaviors that are of paramount importance to the 

operation of organic and molecular electronic devices.  
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Figure 1: STM topography images of (a) Si(111)-B (Vs = 2V, It = 5pA), (c) ZnPc (Vs = 1.8V, It = 

60pA), and (d) F16ZnPc (Vs = 2V, It = 5pA) taken at 77K. Scale bars represent 2 nm. Lattice 

parameters of the three unit cells are given by: (a) ܽଵ ൌ ܽଶ ൌ 0.665 േ 0.005 ݊݉, ߙ ൌ 60, (c) ܾଵ ൌ 1.23 േ 0.01 ݊݉, ܾଶ ൌ 0.67 േ 0.01 ݊݉, ߚ ൌ 92 േ 1,  (d) ܿଵ ൌ 1.56 േ 0.02 ݊݉ , ܿଶ ൌ0.58 േ ߛ ,݉݊ 0.01 ൌ 89 േ 1. (b) Schematics of Si(111)-B in the top view (top) and side view 

(bottom), adapted from Ref. 30. The free radicals in the Si adatoms are deactivated by boron 

atoms located on the 3rd atomic layer directly beneath the adatoms.  
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Figure 2: (a) STS data taken on Si(111)-B (set point: Vs = -2V, It = 100pA, red), ZnPc molecular 

overlayer (Vs = -2V, It = 100pA, magenta) and F16ZnPc molecular overlayer (Vs = 2V, It = 50pA, 

blue). Energy band diagrams illustrated for (b) Si(111)-B/ZnPc, and (c) Si(111)-B/F16ZnPc. 

Energy levels are defined by STS peaks unless specified. For simplicity, it is assumed that there 

is no interface dipole so that the vacuum level is continuous at the F16ZnPc/Si(111)-B hetero-

interface. The energy range (~0.3 eV) of the occupied molecular orbital of the F16ZnPc 

overlayer, as provided in (c), is derived based on the analysis of Fig. 3(b). 

 

 

 

 

 

 

 

 

 



23 
 

Material Molecular Peak (V) Si SS1 (V) Molecular Peak (V) Si SS2 (V) 

ZnPc 1.20 േ 0.03 1.37 േ 0.04 1.59 േ 0.06 1.81 േ 0.04 

F16ZnPc - 0.73 േ 0.03 0.94 േ 0.03 1.16 േ 0.05 

Si(111)-B - 1.40 േ 0.04 - 1.79 േ 0.03 

 

Table 1: Averaged Gaussian-fit peak positions of the unoccupied density of state features in the 

STS spectra taken on ZnPc, F16ZnPc and Si(111)-B, respectively. Error bars are derived from the 

standard deviation of peak positions from multiple data sets, taking the lock-in modulation 

voltage (26 meV) as the lower bound. 
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Figure 3: (a) Multiple STS spectra (set point: -2V, 100pA) taken at various locations on the ZnPc 

overlayer. No peak variation is observed among the curves. The positive DOS feature is a 

convolution of the LUMO, LUMO+1 and Si surface states. The two well resolved occupied 

molecular states are located at ~ -1.4V and -1.1V. Inset: ݀ܫ/ܸ݀ map of ZnPc obtained at (ܫ௧ = 

100pA): -1.5V (left), -1V (middle), 1.4V (right). Magenta lines denote individual ZnPc 

molecules.  (b) Four characteristic STS spectra (set point: 2V, 50pA) taken at multiple locations 

on the F16ZnPc overlayer. The positive DOS feature that remains consistent (centered at ~1V) is 

a convolution of the Si surface states and molecular LUMO. The occupied molecular orbital 

observed on the negative sample bias, however, is shifted in energy position. Inset: ݀ܫ/ܸ݀ map 

of F16ZnPc at 1V, 50pA. Blue lines denote individual F16ZnPc molecules. Scale bars represent 1 

nm. 

 



25 
 

 

Figure 4: STM topography images of Si(111)-B obtained at 77K at (a) Vs = -0.1V, It = 100pA 

and (b) Vs = 1.3V, It = 300pA. Subsurface boron dopant (beyond the 3rd atomic layer) and 

surface dangling bond defect are indicated by the red and green arrows, respectively. The blue 

arrow points to a region with a low concentration of subsurface boron. (c) Averaged STS spectra 

taken at Vs = -0.5V, It = 300pA on the bright and dark regions indicated by the red and blue 

arrows in (a), respectively. Insets (i) and (ii) illustrate the tip induced band bending modulated by 

the Coulomb potential of thermally ionized boron dopants under the filled-state and empty-state 

tunneling conditions, respectively, where the dotted line in the schematics refers to the band 

structure on the bright areas (hillocks) with accumulated subsurface boron and the solid line 

refers to the dark areas where the boron accumulation is minimal.  (d) STS taken at Vs = -2V, It = 

100pA on bright (red) and dark (blue) areas as indicated by colored arrows in (a). The curves are 

vertically offset for clarity, and there is no noticeable modulation on the apparent band gap or 

density of states features.  
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Figure 5: STM topography images of F16ZnPc obtained at 77K at (a) Vs = -2.5V, It = 1pA and (b) 

Vs = 2V, It = 5pA. Significant contrast variation is observed in the filled state image across the 

molecular structure, which is likely correlated to the subsurface boron inhomogeneity observed 

in Fig. 4(a). Uniform features are observed in the empty state image, although small scale 

contrast variation, resulting from the epitaxial registration between the molecular assembly and 

the underlying Si lattice, can be identified from molecule to molecule. Blue bars represent 

individual F16ZnPc molecules.   

 


