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ABSTRACT  

Quantum confinement effects can induce the formation of discrete nanostructures with well-

defined preferred heights in thin metallic films. In most systems such electronic growth modes are 

weak and limited to cryogenic conditions. Recently, however, we have discovered that metals 

grown upon van der Waals surfaces can exhibit electronic growth at, or even above, room 

temperature to spontaneously form well-defined and highly stable nanostructures. Here, we 

explore the initial stages of room temperature deposition of Pd onto MoS2. We found that, even 

for minimal thicknesses, Pd spontaneously formed discrete islands with three atomic layers. The 

islands maintained this preferred height for nominal coverages below three atomic layers. At 

higher coverages, the preferred height switched abruptly to six atomic layers. Unlike previous 

studies using Au or Ag, the islands did not increase laterally with coverage, but rather increased 

in number with lateral size remaining about the same. The preferred heights in Pd/MoS2 correlate 

to the Pd Fermi surface topography and are also consistent with thicknesses showing minima in 

the density of states at the Fermi level, which suggests that the electronic growth modes are the 

driving factors in these self-assembled Pd nanostructures. The Pd system shows a preference for 
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island nucleation compared to Au and Ag which grow laterally with increasing coverage. This is 

likely related to differences in bonding at the interface as Pd is typically much more reactive than 

Ag or Au.  
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INTRODUCTION 

Pd has a number of well-known applications for its catalytic properties in areas such as 

petroleum cracking, hydrogenation and other organic reactions [1]. Pd has also shown to be 

effective in the hydrogen energy sector for hydrogen storage and as a catalyst for hydrogen 

production. [2, 3]. Pd nanostructures are potentially more effective in these areas with potentially 

higher storage densities and catalytic rates tunable with physical size and density [4]. These factors 

make it desirable to determine methods for the controlled self-assembly of Pd nanostructures, 

which can be accomplished by understanding the growth mode of Pd on a given substrate. One 

substrate of interest is MoS2, a semiconducting layered material belonging to the family of 

transition metal dichalcogenides (TMD). MoS2 on its own is relatively inert, but also has various 

applications such as field-effect transistors (FETs) [5, 6], optoelectronic devices [7, 8], and notably 

hydrogen storage [9, 10]. With control over the growth of Pd on and in MoS2, the Pd/MoS2 system 

could find applications as a catalyst or in hydrogen storage.  

Recently, it was shown that Au and Ag follow an electronic growth mode on MoS2 [11, 12]. 

In these systems, the metals try to minimize their total energy by reducing the component 

associated with their electronic structure. On the nanometer scale, gaps can open at the Fermi level 
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(EF) when the spatial dimensions correspond to the directional Fermi wavelength, which induces 

gaps at the Fermi energy and reduces the number of high energy electron states. In most systems, 

energy considerations due to the electronic structure are inconsequential as compared to surface 

kinetics, strain due to lattice mismatch, and surface free energy. Consequently, electronic growth 

modes are only observed in a small number of material systems and typically require cryogenic 

conditions for growth and stability [13-16]. The observation of this form of growth in Au and Ag 

on MoS2 is believed to be the result of the weak interactions between the metal and the MoS2 van 

der Waals surface. The interaction at the interface is sufficient to induce oriented growth in the 

<111> direction but the weak coupling allows high surface mobility to reach equilibrium 

conditions and minimizes issues related to strain. In fact, it is surprising to find epitaxial growth at 

all given the roughly 9% lattice mismatch of these metals with MoS2 [17, 18].  

Pd is a more reactive metal than either Ag or Au, but lattice mismatch between Pd and MoS2 

is only 0.5% [19]. Therefore, the Pd/MoS2 system is promising for potential electronic growth 

research. Metal nanostructures exhibiting electronic growth modes spontaneously form discrete 

nanostructures with well-defined shapes and/or heights. Hence, this could provide a natural 

method for inducing self-assembled Pd nanostructures.  

In this paper, we have used scanning tunneling microscopy (STM) to study the initial growth 

of Pd(111) on MoS2. Our measurements indicate that Pd forms islands with preferred heights 

determined from local maxima in the height distribution relative to the MoS2 substrate. These 

heights occurred at 0.61 ± 0.06 nm and 1.45 ± 0.09 nm, corresponding to three and six atomic 

layers, respectively. These preferred heights have a three atomic layer periodicity that strongly 

correlates with features in the Pd Fermi surface and also with Pd thicknesses that have minima in 

the calculated density of states (DOS) at the Fermi level (EF). This correlation to the Pd electronic 
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structure suggests that the preferred heights seen in Pd/MoS2 are indeed due to an electronic growth 

mode.  

EXPERIMENTAL AND COMPUTATIONAL METHODS 

Samples were prepared by depositing Pd onto the cleaved surface of commercially available 

MoS2 (SPI supplies) in a vacuum chamber with a base pressure of 1×10−9 mbar. Deposition 

occurred at room temperature using a 2 mm Pd wire (99.95% pure) in a mini electron-beam 

evaporator (MANTIS QUAD-EV). A flux monitor was used to maintain a consistent deposition 

rate calculated to be approximately 0.1 Å/s from the resulting scanning tunneling microscopy 

images. Nominal thickness is defined as the thickness of the Pd film if it forms an atomically flat 

surface over an atomically flat substrate. Nominal thickness was determined from STM images 

and the error is estimated to be +/- 10% and used to calibrate the internal flux monitor. Coverages 

ranging from approximately 0.2 to 1.6 nm were prepared and transferred in situ to the adjacent 

STM head (Omicron). STM tips were electrochemically etched from a 0.25 mm W wire in a 5 M 

potassium hydroxide solution with a 5 Vrms bias. Scanning parameters used in this study were 

relatively consistent. The tunneling bias typically ranged from 0.75 to 1.5 V and the current set 

point varied from 0.5 to 5 nA. No significant differences were observed in the data between 

extremal scanning parameters.  

We performed density functional calculations (DFT) of thin-film Pd in the (111) direction for 

film thicknesses from 0.46 to 3.00 nm. We used the projector augmented-wave method (PAW) 

[20], implemented in the Vienna ab initio simulation package (VASP) [21] within the generalized-

gradient approximation (GGA) [22]. The integration method [23] was used with a 0.05 eV width 

of smearing along with a plane-wave cut-off energy of 500 eV and energy convergence criteria of 

10-2 meV for atomic relaxation (resulting in the Hellmann-Feynman forces being less than 0.005 
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eV/Å), and 10-3 meV for the total energy and electronic structure calculations. A k-point mesh of 

72 × 72 × 1 was used for the Brillouin-zone integration. Convergence of the results with respect 

to the k-mesh and cut-off energy was tested. A vacuum layer of 20 Å was imposed in all 

calculations to avoid the overlap of surface wave functions. Periodic boundary condition was 

imposed in all cases. For all calculations, the lattice geometry was fully optimized to obtain 

equilibrium structures. Some of the results and figures are obtained using the MedeA® software 

environment [24]. Most of the calculations are performed using Extreme Science and Engineering 

Discovery Environment (XSEDE) resources located at the Pittsburgh Supercomputing Center 

(PSC) [25], and the resources of the Center for Functional Nanomaterials (CFN) at Brookhaven 

National Laboratory (BNL). 

RESULTS and DISCUSSION 

Previous STM studies indicate Pd islands follow (111) growth on MoS2 [26]. Although not as 

proliferant as in the images of Au and Ag on MoS2 [11, 12, 27], some Pd islands form triangular 

shapes as seen in the images of Fig. 1 and expected from (111) growth. Cross sections of Pd islands 

reveal plateaued surfaces that were stable for at least several days at base pressure. The islands 

generally had a uniform distribution of heights (FWHM typically less than 1.0 nm) as exemplified 

by the height distributions depicted in Fig. 1. In these plots, the MoS2 surface is marked by a 

dashed line and the location of the preferred height is labeled. The error of the preferred height is 

estimated to be equal to about 0.23 nm, a single monolayer of Pd(111) [28]. These results are 

typical across multiple depositions.   

At the lower coverages found in Figs. 1a – 1c, Pd islands maintain a preferred height of about 

0.6 nm as additional material is added to the surface. To accommodate the additional Pd without 

a change in height, the island density increases with little change in the lateral dimensions (within 
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the error associated with tip convolution). This is unlike the case of Ag or Au on MoS2, in which 

metal atoms form nanostructures with larger lateral extents. [11, 12]. This may indicate that surface 

bonding effects play a larger role in the Pd/MoS2 system, limiting the extent of epitaxial growth 

despite far superior lattice matching as compared to Ag and Au. As coverages exceed 0.6 nm, a 

new preferred height occurs at approximately 1.5 nm as seen in the height distributions in Figs. 1d 

– 1f. The island density also increases with coverage in this range with minimal change in the 

lateral dimensions. As the coverage approaches the preferred height, however, the islands do 

eventually coalesce into a relatively uniform film with pin hole defects extending down to the 

MoS2 substrate as seen in Fig. 1f.   

The data in Fig. 1 suggests that certain discrete heights of Pd islands are highly preferred over 

others. To further investigate this possibility, the preferred island heights are plotted as a function 

of nominal thickness in Fig. 2. The two plateaued regions seen in this plot corroborate the existence 

of energetically favorable island heights. The dashed lines on this plot indicate the average height 

of each plateau, excluding the four data points around the transitional point at approximately 0.6 

nm. The first height of increased stability occurs at 0.61 nm ± 0.06 nm and the second occurs at 

1.45 nm ± 0.09 nm, which corresponds to three and six Pd(111) atomic layers, respectively.  

The samples were found to be highly stable with respect to time within the vacuum chamber, as 

our results remained consistent for at least several days. The relatively weak coupling between Pd 

and MoS2 allowed the Pd islands to sometimes decouple from the MoS2 surface during scanning. 

This phenomena, which has been seen in other metal-dichalcogenide interfaces [11], created 

significant challenges for systematic measurements. This could be one of the reasons there have 

been relatively few STM studies of the growth mechanism of Pd on MoS2 and even fewer that 

explore the island heights at low coverage. One STM study indicates Pd islands grown at room 
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temperature have a consistent preferred height of approximately 0.85 nm at multiple low coverages 

[19], within one atomic layer of those in our study.  

As discussed previously, the preferred heights seen here have many similarities to the electronic 

growth modes discovered in the growth of Au and Ag on MoS2 [11, 12]. While Pd is more reactive, 

the much smaller lattice mismatch between Pd and MoS2 would likely enhance the potential for 

epitaxial growth in this manner. Examination of the Fermi surface of Pd indicates a set of nesting 

vectors at approximately 0.65 nm [29]. Nesting vectors are a group of identical vectors that span 

parallel segments of the Fermi surface. If the dimensions of the structure match an integer value 

of a nesting vector, then a gap will form on the nested portions of the Fermi surface, reducing the 

overall electronic energy of the system.  

This set of nesting vectors in Pd can be visualized in the 3D view of the portion of the Pd Fermi 

surface centered around Γ shown in Fig. 3a. It can be seen they span the inflection points of this 

portion along the surface normal direction, corresponding to the STM measurements showing an 

average preferred height interval of 0.7 +/- 0.1 nm. By symmetry, these nesting vectors span all 

the surface facets, representing a significant amount of the Fermi Surface DOS. 

This gap opening at the Fermi energy would also be apparent in the DOS at the Fermi level. 

DFT calculations of free standing Pd(111) slabs also show periodic dips in the DOS at EF at both 

three and six atomic layer thicknesses (Fig. 3b). This finding, in combination with correlation 

between Fermi nesting vectors and the preferred heights, indicate the Pd/MoS2 system is highly 

influenced by electronic growth modes related to instabilities in the Pd electronic structure.  

 

CONCLUSIONS  
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We have shown that Pd(111) islands grown on MoS2 exhibit coverage dependent preferred heights. 

The periodic spacing of these heights is approximately three atomic layers, consistent with known 

nesting vectors on the Pd Fermi surface. These heights are energetically favorable due to the 

formation of gaps along the parallel faces associated with these nesting vectors, reducing the 

number of high energy electronic states. Further confirmation for an electronic growth mode is 

seen in DFT calculations of the DOS at the Fermi level of freestanding Pd(111) slabs. The 

quantization of island heights provides a measure of control over the dimensions of the Pd islands 

on MoS2. Interestingly, at each preferred height there exists a large coverage in which both the 

island height and lateral size remains nearly constant. This enables a fine tuning of the island 

density and overall surface area of the Pd nanostructures which could be used to control or 

maximize catalytic properties.   
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Figure 1: a) – f) Scanning tunneling microscopy images of Pd islands on MoS2 at different nominal 

thicknesses indicated on each image. Corresponding height distributions are shown to the right of 

each image. The dashed line indicates the location of the MoS2 substrate and the preferred island 

height is labeled on each plot. Each image is cropped to 40 nm × 50 nm.   
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Figure 2: Preferred island heights as a function of nominal thickness. Two heights of increased 

stability are apparent. Horizontal, dashed lines indicate the average height of increased stability 

occurring at approximately 0.61 nm ± 0.06 nm and 1.45 nm ± 0.09 nm. 
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Figure 3: a) Portion of 3D Fermi surface of palladium (adapted from [30]). The grey arrows 

represent nesting vectors corresponding to a periodicity of 0.65 nm. b) Calculated DOS of 

freestanding Pd(111) slabs at the Fermi level as a function of Pd thickness. The first two minima 

occur at approximately 0.67 and 1.35 nm, respectively. These values agree well with the 

experimentally determined thicknesses of increased stability shown in Fig. 2.   
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