
ABSTRACT 

Probing Interactions among Molecules, Substrate, and Tip 

using Tip-Enhanced Raman Spectroscopy 

Blake Birmingham, M.S. 

Mentor: Marlan O. Scully, Ph.D. 

Co-Mentor: Zhenrong Zhang, Ph.D. 

Tip-Enhanced Raman Spectroscopy (TERS) has shown that spatial resolution <1 

nm is possible, but is technically challenging and difficult even in Ultra-High Vacuum at 

low temperatures with plasmonic substrates. Here we demonstrate that in ambient 

conditions it is possible to obtain Raman signal from isolated molecules on Au and 

submonolayer molecular islands on bulk MoS2. Analysis of the relative Raman peak ratio 

and the Raman peak position shift from the spatial TERS mapping show differences in 

the adsorbates-adsorbates interaction and the adsorbates-substrates interaction on Au and 

MoS2. TERS tips can influence the shape and diffusion of surfaces and adsorbates. We 

show the directional growth of Ag island stripes at room temperature via tip-assisted 

coarsening of hexagonal islands on Ag(111) using scanning tunneling microscope 

(STM). Tip-assisted island growth is not directly related to the tunneling current, bias 

voltage, tip composition or atmospheric O2 content but strongly depends on tip 

morphology. 
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CHAPTER ONE 

 

Introduction 

 

 

Understanding surface structure dynamics and molecular interaction on 

semiconducting and metal surfaces is important for the design and implementation of 

nanoscale sensors and devices, optoelectronics, photovoltaics, catalysis and much more. 

Scanning probe microscopies (SPM) such as Scanning Tunneling Microscopy (STM) and 

Atomic Force Microscopy (AFM) are sensitive tools for imaging nanoscale structure and 

adsorbate interaction from the large scale (hundreds of nanometers) to the single atomic 

level. The drawback of SPM is lack of chemical information.  

Imaging molecules with both topographical information and chemical information 

is important for many fields such as catalysis, biosensing, and material science. In recent 

years, Tip-Enhanced Raman Spectroscopy (TERS) has been developed into an 

astounding tool for studying interaction of individual molecules with surfaces. The 

technique has proven that scanning probe techniques capable of obtaining topographical 

images with high spatial resolution coupled with Raman spectroscopy can be used to 

achieve nanometer scale confinement of Raman excitation. Individual molecules, 

intermolecular interactions, and even intramolecular excitations have been imaged with 

chemical vibrational fingerprints on single crystal Au and Ag surfaces in ultra-high 

vacuum (UHV) at cryogenic temperatures [1, 2]. 

Nanoscale chemical mapping with TERS is not technically limited to low 

temperatures. Imaging of individual molecules has been conducted on Ag single crystal 

at room temperature [3]. While experiments conducted in UHV allow for control over 
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surface roughness and adsorbate selection, TERS has been proven to be robust even in 

ambient conditions. TERS and tip-enhanced photoluminescence of carbon nanotubes and 

monolayer two-dimensional material, WS2, MoS2, or graphene are routinely imaged in 

ambient with atomic force TERS systems on Au and Ag surfaces. 

While plasmonic noble metal substrates such as Au and Ag offer the highest 

spatial confinement of Raman enhancement due to a tip-sample gap plasmonic mode, 

there is a need for imaging molecules on nonmetallic substrates in various applications. 

TERS of molecular films has been observed on semiconducting substrates [4, 5]. Certain 

semiconducting substrates, such as MoS2 and graphene, even exhibit a chemical 

enhancement of Raman scattering that has been amplified by TERS. However, sub-

monolayer molecule TERS resolution has not yet been demonstrated on a bulk 

semiconducting substrate such as MoS2. It is important to push the limits of detection 

using TERS on both conducting and semiconducting substrates in ambient conditions for 

studying molecule-molecule interaction and organic molecule-substrate interaction. 

MoS2 has a range of applications from photovoltaics, energy storage and 

optoelectronics to catalysis. MoS2 has been shown to be a catalyst for industrially 

relevant processes such as hydrodesulfurization and hydrogen evolution [6, 7]. While 

these catalytic reactions have been extensively studied, the specifics of structure and 

mechanism of activation sites in reactions are not fully understood. TERS possess the 

capability to lend new insight into adsorbate interaction and reaction on bulk MoS2. 

MoS2 is two-dimensional transitional metal dichalcogenide with a hexagonal 

arrangement of Mo and S atoms covalently bonded into single layers of S-Mo-S. The 

interactions between layers are through weak van der Waals forces. The structural 
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dependence of photoluminesence of monolayer MoS2 has been resolved with 20 nm 

resolution on Au substrates with TERS. However, bulk MoS2, consists of many 

covalently bonded layers up to several millimeters thick, precluding the formation of a 

tip-sample gap mode. It is not known if non-gap mode TERS can resolve individual 

molecules on a bulk semiconducting substrate. 

Here, we utilize copper phthalocyanine (CuPc) as a probe molecule to understand 

the molecule-molecule interaction and organic molecule-substrate interaction on MoS2. 

CuPc is an organic molecule with semiconducting properties applicable to photovoltaics, 

light-emitting diodes, organic field effect transistors, and optoelectronic devices. CuPc 

has strong Raman scattering and the coverage of molecule can be well-controlled to sub-

monolayer using physical vapor deposition. 

TERS is highly dependent on the tip structure and interaction with the surface. 

For TERS typically STM or AFM is used to maintain the probe distance to sample while 

simultaneously determining the topography of the surface. In STM, tip-sample distance 

of a few angstroms is controlled by maintaining a tunneling current between the tip and 

sample and varying the tip height to maintain a constant tunneling current. While for 

AFM operated in tapping mode, the surface is scanned maintaining the oscillation 

frequency of a cantilever at a specified resonance by varying tip distance to surface. In 

both cases, the tip is effectively in contact with the surface and constantly interacting 

with the surface and any adsorbates. Understanding how TERS may affect the structure 

and Raman spectra of the target being probed is important to minimize its impact on the 

result and construct an understanding of the interactions of only the surfaces or 

adsorbates being probed.   
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Chapter Two, Tip-Assisted Directional Growth of Atomically Thin Ag Islands, 

was accepted to the Journal of Modern Optics in October of 2016 and was authored y 

Yaobiao Xia, Blake Birmingham, Ke Zhu, Dmitri V. Voronine, Kenneth T. Park, Marlan 

O. Scully and Zhenrong Zhang.  The principle investigator was Zhenrong Zhang with 

secondary supporting professors Dmitri V. Voronine, Kenneth T. Park and  Marlan O. 

Scully.  All experiments and were conducted by Yaobiao Xia and Blake Birmingham and 

the publication was written by them as well.  Equipment maintenance and assembly was 

carried out by Blake Birmingham, Yaobiao Xia, and Ke Zhu. 

Understanding nanoscale fabrication and patterning of metallic structures is 

necessary for an immense range of applications. Surface-Enhanced Raman Spectroscopy 

relies on specific shapes and patterns of nanostructures to detect individual adsorbates 

and has been used extensively to detect very low concentrations of particles. Optical 

quantum computing and quantum dot based technologies rely heavily on nanoscale 

optical and plasmonic waveguide structures. Further, surface-mediated catalytic chemical 

reactions occur at defects sites and on step-edges of surfaces and controlling such 

structures can allow scaling reaction rates to industrially useful levels.  

Here, we report the tip-assisted directional growth of the Ag(111) islands on a 

large scale (hundreds of nm2) via a combination of the intrinsic atom diffusion and tip-

assisted atom diffusion. By varying the tunneling parameters, chamber pressure, and O2 

exposure over a large range, we conclude that the tip-assisted growth strongly depends on 

the properties of the tip. 

Coarsening of metallic nanoislands plays an important role in a wide variety of 

processes in many branches of the physical sciences including thin film growth, 
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heterogeneous catalysis, optical and electron scattering in nanostructures [8-10]. The 

growth of nanostructures requires the understanding of the atomic-scale diffusion 

processes governing the growth and equilibration phenomena. These processes have been 

studied extensively using scanning tunneling microscope (STM) on various surfaces [9, 

11-15]. Most studies have focused on understanding the intrinsic kinematics of the 

coarsening processes. For example, statistical analyses of the decay of vacancy and 

adatom islands were used to infer activation energies and diffusion barriers[14-16]. 

Recently, STM was used to examine the effects of thermally excited defects on the 

current-biased displacement of nanoscale monatomic islands on single-crystal Ag(111) 

[9, 12]. 

Interaction between STM tip and substrate is at the heart of many innovative 

experimental nanoscience techniques. Fascinating atomic-scale structures have been 

fabricated via low temperature atom manipulation experiments revealing novel quantum 

phenomena [17, 18]. Surface reactions of single atoms and molecules have been activated 

at an atomic level during tunneling [19-21]. The influence of the tip-surface interaction 

has been raised in the STM measurements of decay of the nanoislands [22-25]. A 

considerable amount of influence of the STM tip on atomic diffusion even at sub-nA 

tunneling currents on Ag(110) surfaces was reported,[24] and was related to the scan 

direction[22, 25]. On densely packed Ag(111) surfaces, the tip effect is not conclusive. 

Mugele et al. reported observations of tip-induced step fluctuations at low gap resistances 

of the order of 1 GΩ, which corresponds to a tunneling current (It) of 1 nA and a bias 

voltage (Ub) of 0.9 V. The amount of tip perturbation showed a strong variation from tip 

to tip [26]. Unexpected rapid linear adatom-island decay at moderate tunneling 



6 

 

parameters of 5 nA and −0.5 V [27] and removal of atoms from flat terraces followed by 

re-nucleation as adatom islands (It = 5 nA, Ub = −0. 5 V) [28] are reported by other 

groups. Other studies report no evidence for tip-assisted mass transport taking place at 

steps for moderate tunneling parameters (It = 1~3 nA , Ub = 0.6 ~ 1 V, corresponding to 

a gap resistance of 0.2 ~ 1 GΩ) for dense metal surfaces like Ag(111) [29]. Varying the 

tunneling parameters in a large range is suggested as the approach to ensure that the 

results are not influenced by the measurement process. Therefore, tip-assisted 

growth/decay of large scale structures (hundreds of nm2) has been less explored. 

Understanding such large-scale growth could play an important role in nanofabrication 

and patterning. 
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CHAPTER TWO 

 

Tip-Enhanced Raman of Submonolayer CuPc on MoS2 and Au 

 

 

Abstract 

Tip-Enhanced Raman Spectroscopy has shown that single molecule resolution of 

less than 1 nm is possible, but is technically challenging and difficult to achieve even in 

Ultra-High Vacuum at low temperatures with plasmonic substrates. Here we demonstrate 

that in ambient conditions it is possible to obtain Raman signal from isolated molecules 

on Au and submonolayer molecular islands on bulk MoS2. Analysis of the relative 

Raman peak ratio and the Raman peak position shift from the spatial TERS mapping 

show differences in the adsorbates-adsorbates interaction and the adsorbates-substrates 

interaction on Au and MoS2 substrates. The Raman peak corresponding to vibration of 

the metal center of the CuPc molecule experiences a shift in relative Raman peak ratio 

due to differences in molecule-substrate interaction. In comparison to other vibrational 

modes, vibrational modes of surface interacting moieties, metal center, experience the 

smallest shift in Raman peak position on both Au and MoS2 substrates. Further the 

distributions of Raman peak position and relative intensity are narrower at the center of 

the island with respect to those of the isolated molecules due to adsorbate-adsorbate 

interaction. 
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Introduction 

Imaging molecules with both topographical information and chemical information 

is important for many fields such as catalysis, biosensing, and material science. In recent 

years, Tip-Enhanced Raman Spectroscopy (TERS) has been developed into an 

astounding tool for studying interaction of individual molecules with surfaces. The 

technique has proven that scanning probe techniques capable of obtaining topographical 

images with high spatial resolution coupled with Raman spectroscopy can be used to 

achieve nanometer scale confinement of Raman excitation. Individual molecules, 

intermolecular interactions, and even intramolecular excitations have been imaged with 

chemical vibrational fingerprints on single crystal Au and Ag surfaces in ultra-high 

vacuum (UHV) at cryogenic temperatures [1, 2]. 

Nanoscale chemical mapping with TERS is not technically limited to low 

temperatures. Imaging of individual molecules has been conducted on Au single crystal 

at room temperature [3]. While experiments conducted in UHV allow for control over 

surface roughness and adsorbate selection, TERS has been proven to be robust even in 

ambient conditions. TERS and tip-enhanced photoluminescence of carbon nanotubes and 

monolayer two-dimensional material, WS2, MoS2, or graphene are routinely imaged in 

ambient with atomic force TERS systems on Au and Ag surfaces. 

While plasmonic noble metal substrates such as Au and Ag offer the highest 

spatial confinement of Raman enhancement due to a tip-sample gap plasmonic mode, 

there is a need for imaging molecules on nonmetallic substrates in various applications. 

TERS of molecular films has been observed on semiconducting substrates [4, 5]. Certain 

semiconducting substrates, such as MoS2 and graphene, even exhibit a chemical 

enhancement of Raman scattering that has been amplified by TERS. However, sub-
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monolayer molecule TERS resolution has not yet been demonstrated on a bulk 

semiconducting substrate such as MoS2. It is important to push the limits of detection 

using TERS on both conducting and semiconducting substrates in ambient conditions for 

studying molecule-molecule interaction and organic molecule-substrate interaction. 

MoS2 has a range of applications from photovoltaics, energy storage and 

optoelectronics to catalysis. MoS2 has been shown to be a catalyst for industrially 

relevant processes such as hydrodesulfurization and hydrogen evolution [6, 7]. While 

these catalytic reactions have been extensively studied, the specifics of structure and 

mechanism of activation sites in reactions are not fully understood. TERS possess the 

capability to lend new insight into adsorbate interaction and reaction on bulk MoS2. 

 

 

 

Molybdenum 

Sulfur 

b a 

Figure 1.1. Diagram of a) MoS2 monolayer and b) CuPc molecule. 
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 MoS2 is two-dimensional transitional metal dichalcogenide with a hexagonal 

arrangement of Mo and S atoms covalently bonded into single layers of S-Mo-S. The 

interactions between layers are through weak van der Waals forces. The structural 

dependence of photoluminesence of monolayer MoS2 has been resolved with 20 nm 

resolution on Au substrates with TERS. However, bulk MoS2, consists of many 

covalently bonded layers up to several millimeters thick, precluding the formation of a 

tip-sample gap mode. It is not known if non-gap mode TERS can resolve individual 

molecules on a bulk semiconducting substrate. 

CuPc is an organic molecule with semiconducting properties making it applicable 

to work such as to photovoltaics, light-emitting diodes, organic field effect transistors, 

and optoelectronic devices. Here, we utilize copper phthalocyanine (CuPc) as a probe 

molecule to understand the molecule-molecule interaction and organic molecule-substrate 

Table 2.2 Peak assignments of CuPc on MoS2 and Au and associated vibrational modes. 

CuPc/MoS2 

(cm-1) 

CuPc/Au 

(cm-1) 
Bonds 

676 675 In plane nonmetal bound N-Cu stretch and outer ring stretches 

742 742 In plane ring symmetric N-Cu stretch 

829 832 In plane full symmetric N-Cu stretch 

948 948 In plane diag symmetric N-Cu-N bend and N-Cu stretch 

1105 1105 In plane diag symmetric N-Cu-N bend 

1140 1139 In plane ring symmetric and outer rings breathing 

1342 1339 In plane full symmetric N-C stretch and ring C-C Stretch 

1452 1452 In plane ring symmetric outer ring C-C stretch 

1528 1526 In plane ring symmetric non-metal bound N-C stretch 
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interaction on MoS2. CuPc has strong Raman scattering and the coverage of molecule can 

be well-controlled to sub-monolayer using physical vapor deposition. The typical center 

values of the Raman peaks and the vibrational modes associated with each are listed in  

Table 2.2.  

 

Experimental Methods 

Bulk MoS2 was mechanically exfoliated to remove surface impurities and 

adsorbates. Au foil was sonicated for three cycles with ethanol and acetone to remove 

adsorbates. The MoS2 and Au were placed into a high-vacuum chamber. Copper 

Phthalocyanine (CuPc) molecules were then thermally deposited onto the bulk MoS2 and 

Au foil via physical vapor deposition in high-vacuum using a low temperature effusion 

cell (UMC Corp.). To keep the coverage comparable, CuPc were evaporated onto Au foil 

and MoS2 sample simultaneously. The coverage was controlled via deposition time. After 

deposition, the samples were taken out of the high-vacuum deposition chamber and 

loaded into an Ultra-High Vacuum (UHV) Scanning Tunneling Microscope (STM, 

SPECS) chamber. The surface coverage and the distribution of the molecules are 

Figure 2.2. STM images of a) isolated CuPc moleucles on bulk MoS
2
 after 3 s CuPc deposition, b) 

CuPc island on bulk MoS
2
 after 30 s CuPc deposition, c) isolated CuPc molecules on bulk MoS

2
 after 

30 s CuPc deposition, and d) surface of Au foil. 
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determined from the STM images. The images are taken at bias voltage (~1.20 V) and 

tunneling current (~0.10 nA). The samples were independently imaged using an Atomic 

Force Microscope (AFM, MultiView4000, Nanonics Imaging, Ltd) configured for TERS 

with a iHR550 Horiba Scientific CCD spectrometer. The tip used was a 40 nm diameter 

Au sphere on a silicon AFM cantilever and was excited with 660 nm laser. 

 

Results 

Figure 2.2a shows STM images taken on a MoS2 surface after a 3s CuPc 

evaporation. Well isolated CuPc molecules are observed randomly distributed on the flat 

MoS2 surface. The arrow indicates one of the isolated CuPc molecules in the STM image, 

the other small bright features are other CuPc molecules. Inset in Figure 1a is an 

atomically resolved STM image of the MoS2 surface, which shows the individual sulfur 

atoms. The lattice constant of the MoS2 surface is 3.2 Å as expected for bulk MoS2 [30]. 

The circle marks a single CuPc molecule. The CuPc molecule appears as a dark hole in 

the center of the bright ring, which is expected for the 4-leaf clover shaped CuPc 

molecule [31]. The large dark spots visible in the Figure 2.2a are defects in the MoS2 

surface. The defects were prevalent on the MoS2 surface and ranged from 0.2 nm to 1.5 

nm deep, about half of a monolayer to several layers deep [32].  

The 30 s CuPc evaporation onto bulk MoS2 produced a non-uniform 

submonolayer coverage of molecules. There are regions of self-assembled molecular 

islands and regions of isolated molecules on the surfaces. Figure 2.2b is taken on a CuPc 

island, where CuPc molecules self-assembled into an ordered structure. The pattern of 

bright and dark rows is the close-packed CuPc molecules with a rectangular unit cell of 

14.1 Å x 13.1 Å. The size of the unit cell is consistent with the close-packed structure 
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reported previously. The formation of islands is a result of the attractive interaction 

between the molecules. [31, 33-35] 

Figure 2.2c is an STM image taken from a different position on the same surface 

as Figure 2.2b, this image shows isolated individual molecules, which is similar to the 

low coverage surface. The presence of both isolated molecules and assembled molecules 

indicates that islands of assembled molecules on the surface are surrounded by isolated 

molecules. The interface between the ordered and disordered areas tend to consist of non-

oriented loosely packed clusters of molecules [36]. These islands have several regions of 

interest in regard to the use of TERS to probe varied molecular interaction on the single 

molecule level. As expected, the longer deposition time (60 s) results in the ordered 

monolayer coverage of CuPc on MoS2 (data not shown). 

STM images taken on the Au foil after a 3 s deposition is shown in Figure 2.2d. 

The measured root-mean-square surface roughness of the Au foil is ~3.0 nm. As seen 

from the image, the surface features on the Au foil were too high and too irregular to 

resolve single molecules, which has a height of ~ 3 Å via STM at room temperature. It is 

known that CuPc is mobile on single crystal Au(111) at room temperature [36]. However, 

the irregular structures on the Au foil surface will serve as defects. Any long range 

mobility of the molecules is likely to be hindered by the roughness of the surface. In 

addition, there is a dominant substrate-mediated repulsive intermolecular interaction 

between the CuPc molecules on metal surfaces [37]. Therefore, it is reasonable to assume 

that the molecular distribution is similar to that of the simultaneous 3 s evaporation on 

MoS2. The CuPc would appear as isolated molecules on the surface of the Au foil. Due to 
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the roughness of the Au foil, the molecules are likely to be in a wide array of orientations 

and rotations. 

Figure 2.3a shows a representative map of the tip-enhanced Raman signal taken 

on the surface of Au foil after 3 s CuPc deposition. The map is composed of pixels taken 

as the tip is raster scanned across the surface in 10 nm increments. At each pixel, a 

Raman spectra is taken with the tip in contact with the surface, <1 nm, and with the tip 

moved by more than 10 nm away from the surface. The map shows the tip-out spectra 

subtracted from the tip-in spectra at each pixel, referred to as the TERS signal. The 

Figure 2.3. a) TERS map of isolated CuPc Raman signal on Au surface, b) 

Raman spectra of adjacent tip positions separated by 10 nm taken from the 

TERS map of CuPc on Au surface. 
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intensity of each pixel of Figure 2.3a is the integration of the spectral range (1330-1570 

cm-1) highlighted in Figure 2.3b. This spectral range of CuPc contains the three major 

CuPc peaks 1340 cm-1, 1445 cm-1, and 1530 cm-1 associated with the in-plane symmetric 

N-C and C-C stretches of molecule. The brightest pixels are those with the highest 

intensity of CuPc peaks while the dark pixels indicate little to no Raman signal. 

The TERS map on Au shows isolated bright pixels, with pixel intensity greater 

than double that of nearest neighboring pixels. For example, in Figure 2.3b, spectrum 2 is 

from the highest intensity pixel of an isolated molecular signal as marked in Figure 2.3a. 

The spectra 1 and 3 were taken at tip positions 10 nm to either side of position 2. Clearly, 

there is a sharp decrease in overall signal intensity given the small tip movement.  

This data demonstrates the resolution of individual molecules using TERS in 

ambient conditions. The molecular density is approximately 15 molecules/900 nm2 as 

determined by STM in Figure 2.2a. Complete loss of signal with 10 nm tip movement 

indicates that spatial resolution, the exciting field confinement of the tip-enhanced signal, 

is at least 10 nm.  

In addition to the overall integrated intensity variation, the Raman signal of 

different pixels on the TERS map exhibits variations in the relative ratio of different 

excited vibrational modes. In spectrum 2 of Figure 2.3b the 749 cm-1 peak is nearly twice 

as intense as the peak at 1530 cm-1, however in spectrum 3, both 749 cm-1 and 1530 cm-1 

peaks are nearly the same height. Further, there is a shift in the position of certain Raman 

peak’s center wavenumber. There is an observable difference in the center of the 1530 

cm-1 peak between spectra 2 and 3 as indicated by the vertical dotted line. These relative 

peak ratio and peak position shifts will be discussed in detail. 
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Figure 2.4a is a TERS map resolving a self-assembled island of CuPc molecules 

on the MoS2 surface after 30 s CuPc deposition. The presence of molecular islands was 

confirmed on the same sample via UHV STM as shown above. TERS map, Figure 2.4a 

are measured from the same sample on which the STM images, Figure 1b and c, was 

taken. The TERS map was produced by raster scanning the tip across the surface, taking 

a tip-in and tip-out spectra at each pixel in 17 nm increments. Integrating the same 

highlighted spectral range as marked in Figure 2.4b produced the TERS intensity map. 

Figure 2.4a contains a 200 nm long, 170 nm wide stripe of CuPc island with high 
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Figure 2.4. a) TERS map of island of CuPc molecules self-

assembled on a bulk MoS
2
 surface, scale bar is 150 nm, b) 

Raman spectra of CuPc along the perimeter and center island 

feature of the TERS map and far-field spectrum. 
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intensity CuPc Raman signal. The pixels close to the center of the island show highest 

intensity as indicated by blue and white. They are surrounded by small edge regions on 

either side, which shows lower CuPc intensity. The black pixels away from the stripe 

contain no discernable Raman  

The SERS spectra of Figure 2.4b is a far-field spectrum taken without tip in 

contact with the sample. Two major peaks of CuPc are discernable at 1530 cm-1 and 749 

cm-1 but were very weak with respect to the resonant signal from the bulk MoS2 at 770 

cm-1 and 825 cm-1. The resonant MoS2 peaks were not enhanced and are of equal 

intensity in the tip-in and tip-out spectra. Therefore, they do not appear in the resultant 

TERS spectra from the center and edge of the island. The introduction of the tip produced 

an average increase of signal intensity of ~20 times. Without tip-enhancement, the CuPc 

island feature was not resolved, which is expected since the laser spot size (1 µm) is 

larger than the size of the island. 

Similar to the Raman spectra acquired on the Au sample, the ratio of excited 

Raman modes of CuPc on MoS2 varies for individual spectra comprising the mapped 

island. The 749 cm-1 peak of the center spectrum of Figure 2.4b is approximately 10% 

less intense than the 1530 cm-1 peak, but for another single spectrum taken from the edge 

of the island, the peak intensities are nearly the same. There is also a small but 

statistically discernable shift of each of the major Raman peak’s center wavenumber, 

such as for the 1530 cm-1 peak between the edge and center spectra of Figure 2.4b. The 

implications of the relative peak ratio and peak position differences will be discussed in 

detail. 
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Resolving single molecules using plasmonic substrates has been demonstrated in 

UHV and the previous section showed that isolated molecules can be resolved on Au in 

ambient conditions. However, resolving few molecules on non-plasmonic substrates 

presents a significant challenge due to the lack of highly confined electromagnetic 

enhancement without a gap mode between tip and plasmonic sample. Here we 

demonstrate detection of a well-defined molecular sub-monolayer on bulk MoS2 in 

ambient conditions. 

Each TERS map contains dozens of Raman spectra of CuPc. Throughout the data 

noticeable shifts in the Raman peak center positions (< 10 cm-1) were observed. Figures 

2.5d, h, and l display representative spectra of the 1530 cm-1 Raman peak of CuPc on Au 

and MoS2. The peak position shift is apparent. To understand the origin of the peak shift, 

we did statistical analysis of the peak position shift for three CuPc Raman peaks which 

have been organized as histograms. The results for the three predominant Raman peaks, 

749 cm-1, 1340 cm-1, and 1530 cm-1 peaks are shown in Figure 2.5. The peak position 

information was obtained by Lorentzian fitting of those major Raman peaks of each 

spectrum of the TERS maps of Au and MoS2. The fitted center value of each Raman peak 

is plotted along the horizontal axes of the histograms of Figure 2.5 and the vertical axes 

are the number of occurrences for the center value of each Raman peak. To compare the 

peak position distributions, the histogram data was Gaussian fit to determine the center 

(𝜇) and standard deviation (𝜎) each dataset.  

Figures 2.5a, b, and c show the peak position distributions of these CuPc Raman 

peaks from the TERS maps (e.g. Figure 2.3) of isolated molecular signal observed on Au 

foil. The width of the 749 cm-1 position distribution (Figure 2.5a) is half as wide as those 
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Figure 2.5. Histograms of Raman peak center positions of spectra from TERS maps of a)-c) isolated 

molecular signal on Au, e-g) the edge of the molecular island on MoS2, and i)-k) the center of the 

molecular island on MoS2. d,h,l) Spectra displaying1530 cm-1 peaks with shifted centers. 

  

  

 

of the 1340 cm-1 and 1530 cm-1 (Figure 4b and c). As discussed above, with 3 s CuPc 

deposition, molecules on the Au surface are too sparsely distributed to form any ordered 

structure and will be randomly oriented. The roughness of the Au will also lead to 

molecules in a given area having widely different tilts as they lie along hills and valleys 

on the surface.  

 

 

Figure 2.5e, f, and g show the distributions of CuPc Raman peaks from the edge 

of the molecular island observed on MoS2 (Figure 2.4a). The width of 749 cm-1 peak 

position distribution (Figure 2.5e) is again half as wide as those of the higher frequency 
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Raman peaks along the island edge (Figure 2.5f and g). Interestingly, the distributions for 

all three predominant CuPc peaks positions on MoS2 are comparable to the distributions 

on Au with isolated CuPc molecules. As shown from the STM images (Figure 2.2), the 

MoS2 surface is much flatter than the Au surface, having surface variation of only several 

individual layers over the observed area. Molecules distributed along the edge of the 

island will still be randomly oriented as they will not be close-packed, but will lie flat 

against the surface of the MoS2. There will be only very small variations in the tilt of the 

molecules on MoS2. Despite the difference in molecular tilt and orientation between the 

Au and MoS2 surface, the peak distributions appear very similar.  

Analysis of the center of the CuPc island on MoS2 show that the width of 749 cm-

1 peak position distribution (Figure 2.5i) is again half as wide as those of the higher 

frequency Raman peaks (Figure 2.5j and k). The similarities between these three 

situations (isolated molecules on Au, loosely distributed on MoS2, and closely packed on 

MoS2) clearly indicates that the difference in peak position distribution between the low 

frequency modes and the high frequency modes is not due to the adsorbate-adsorbate 

interaction, but relates to similar molecule-substrate interactions. The 749 cm-1 peak 

corresponds to a vibrational mode of the metal center of the molecule. This would 

indicate that the molecule-substrate interaction inhibiting excitation variation of the 749 

cm-1 vibrational mode. 

However, the statistical analysis of the peak position distribution also shows a 

difference between the center and the edge of CuPc island on MoS2. The widths of peak 

position distribution of all three peaks, 749 cm-1, 1340 cm-1 and 1530 cm-1 along the 

center of the molecular island on MoS2 (Figure 2.5i, j, and k) are nearly half as narrow as 
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those taken from both the edge of the island on MoS2 and the Au foil. This indicates that 

the molecule-molecule interaction must inhibit variation of all these excited vibrational 

modes. The details of this implication will be discussed further. 

Throughout the TERS maps, fluctuations of the relative Raman peak intensity 

were also observed. As discussed above, spectra in Figures 2.3b and 2.4b display 

variation in the relative intensity of the Raman peaks. We did statistical analysis of the 

relative Raman peak intensity for five CuPc Raman peaks. For each pixel of each TERS 

Figure 2.6. Histograms showing distribution of Raman peak intensity relative to 1530cm
-1

 peak 

for major Raman peaks of CuPc taken from: a-d) single molecule TERS maps on Au, e-i) edge of 

a CuPc island on MoS
2
, and j-m) center of CuPc island on MoS

2
. 
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map containing CuPc Raman signal, the ratio of the intensity of a given peak relative to 

the 1530 cm-1 peak was calculated and the number of occurrences of each value is plotted 

as a histogram in Figure 2.6.  

Figure 2.6a-d displays the ratio of the intensity of the 749 cm-1, 1160 cm-1, 1340 

cm-1, and 1440 cm-1 peaks intensities relative to the 1530 cm-1 for every spectrum from 

the Au TERS maps that contain CuPc Raman signal. Generally, the 1530 cm-1 peak is of 

higher intensity than the lower frequency CuPc Raman peaks observed on Au. For 

example, in Figure 5a the distribution center of the ratio is close to 0.65 for 749/1530 and 

there are only a few occurrences of the 749 cm-1 peak intensity being higher than the 

1530 cm-1. The 1530 cm-1 peak corresponds to the symmetric breathing vibrational mode 

of the four benzene rings of the CuPc molecule.  

The 1530 cm-1 mode is the most excited mode from the edge of the CuPc island 

on MoS2 as well. However, the distribution of the 749/1530 ratio of CuPc Raman from 

along the edge of the island on MoS2 (Figure 2.6e) is centered at 0.9. There are 

occurrences of 749/1530 ratio greater than 1.2 along the island edge which were not 

observed from the isolated molecules on Au. The 1160/1530, 1340/155, and 1440/1530 

ratio distributions do not exhibit any appreciable differences on the edge of the island on 

MoS2 than from isolated molecules on Au. This indicates that there is some difference in 

interaction of CuPc with the surface for MoS2 and Au that contributes to a shift for only 

the 749/1530 ratio distribution. The 749 cm-1 corresponds to vibration of the metal center 

of CuPc and is known to exhibit strong interaction with the surface [38]. This difference 

in excitation ratio between MoS2 and Au lends to some discussion about the molecule-

substrate interaction below. 
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Further, each distribution along the island center (Figure 2.6j-m) is narrower than 

their counter parts from the island edge (Figure 2.6e-i). Notably the 749/1530 ratio from 

the center (Figure 2.6j) is about 30% narrower than the ratio from the edge (Figure 2.6e). 

Here, similar to the peak position distributions, the distributions of the peak intensity 

ratios of all vibrational modes also point to a difference between the center and the edge 

of CuPc island. The spacing of the molecules is greater toward the edge of the island. The 

center of the island will be close-packed and the molecules will be locked into a lattice, 

but near the edge of the island the lattice will break down into clusters of disordered 

molecules [35]. This indicates that there is a further contribution from adsorbate-

adsorbate interaction to the relative excitation of Raman modes of CuPc on MoS2. 

 

Discussion 

Statistical analysis of the TERS data on Au and MoS2 shows the Raman peak 

position and relative excitation can be affected by both adsorbate-substrate and 

adsorbate-adsorbate interaction. Figure 2.5 shows that the peak position distribution of 

the Raman peaks corresponding to the center of the molecule (749 cm-1) has a 

distribution half as wide as the distribution of the 1340 or 1530 cm-1 peaks on both Au 

and MoS2. The 749 cm-1 peak corresponds most closely to a vibrational mode of the Cu 

center of the molecule while the 1340 cm-1 and 1530 cm-1 correspond to stretching modes 

of the benzene rings. The molecule-substrate interaction of CuPc on Au and MoS2 has 

been studied. On noble metal substrate, the bonding of CuPc with surface is via 

overlapping of occupied molecular states with the electronic state of substrate. The 

occupied molecular states are dominated by Cu electronic density. Therefore, the copper 

atom is located below the nitrogen atoms, which in many cases lie below the molecular 
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plane of carbon atoms [39]. In the case of MoS2, which is semiconducting the charge 

transfer is weaker [40]. Our analysis indicates that vibrational modes of surface 

interacting moieties experience the smallest shift in Raman peak position on both Au and 

MoS2 substrates.  

The maximum peak position shift that was observed throughout our TERS maps 

was <10 cm-1, with the smallest being only 1 cm-1. However, these small shifts should not 

be due to the limits of our equipment as the 749 cm-1 position distribution of Figure 2.5 is 

consistently much narrower than both the 1340 and 1530 cm-1 distributions. Moreover, 

the distribution of the 749 cm-1 position along the center of the island on MoS2 is 

narrower than both that from the edge of the island and Au. The molecular spacing will 

be different along the edge of the island than at the center. The molecules will be much 

more closely packed along the center. The narrowing of the 749 cm-1 position distribution 

at the center of the island is evidence of adsorbate-adsorbate interaction hindering the 

variation of excited Raman state energy as discussed below. 

A previously reported TERS experiment conducted at low temperature showed 

peak position shift of up to 20 cm-1 for multiple vibrational modes of Rhodamine [41]. 

Van Duyne, et al. reported that modes corresponding to moieties in closest proximity to 

the surface exhibit the greatest perturbation in scattered Raman peak position, while other 

modes remain unshifted. Contrary to the reported result, our analysis shows clear 

evidence that vibrational modes of surface interacting moieties experience the smallest 

shift in Raman peak position on both Au and MoS2 substrates. 

Our results also show a statistical difference in the relative excitation (relative 

peak ratio) of the metal center mode on Au versus MoS2. The distribution of relative 
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excitation of the metal center vibration mode to that of the benzene ring vibrational mode 

(749/1530) is lower on Au than it is on MoS2. The center of the 749/1530 distribution on 

Au foil is about 0.65 where the center of the ratio from the edge of the MoS2 island is 

about 0.9. On Au, the 749 cm-1 peak is excited two-thirds as much as the 1530 cm-1 peak 

than it is along the edge of the island on MoS2. Our excitation source of 660 nm is close 

to resonance with the vibrational modes of CuPc. When considering resonance Raman, 

the relative peak intensity can be thought of as the difference between the ground and 

excited state structure. A change in the energy or geometry of the excited state can result 

in differences in the relative intensities of the emitted Raman frequencies. Further, Van 

Duyn et al. showed that resonance Raman of adsorbed molecules will be orientation 

independent [42]. Orientation dependence stems from rotation of the vector of the 

transition dipole that results in Raman scattering, but under resonant excitation the 

excitation conditions become mode independent. Theoretical calculations provide 

convincing evidence that the fluctuations are not the result of diffusion, orientation, or 

local electromagnetic field gradients but rather are the result of subtle variations of the 

excited state lifetime, energy, and geometry of the molecule.  

Resonant Raman excludes any orientation dependence brought on by the surface 

roughness, therefore it enables a direct comparison between molecules on the flat MoS2 

and relatively rough Au. The change of the center of the relative peak intensity of 749 

cm-1 observed between isolated molecules on Au foil and molecules along the edge of the 

island on MoS2 can reasonably be contributed to be due to the difference in the molecule-

substrate interaction. This is expected due to the stronger charge transfer between CuPc 
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and Au than that between CuPc and MoS2. Analysis of the relative resonant Raman peaks 

can provide information regarding the substrate-adsorbate interaction.  

Further, Figure 2.6 shows that along the center of the molecular island, the 

distributions of the relative intensity of the 749, 1160, 1340, and 1440 cm-1 peaks are 

narrower than distributions of the corresponding peaks from along the edges of the island. 

Independent then from the adsorbate-substrate interaction, there is a narrowing of the 

peak distribution brought on by the change of molecular spacing. The formation of island 

is a direct evidence of the attractive interaction between the molecules. This indicates that 

the attractive adsorbate-adsorbate interaction hinders the variation of the excited states of 

the benzene rings. 

 

Conclusions 

We have studied the interaction of submonolayer CuPc molecules on Au and 

MoS2. We demonstrate that it is possible to obtain Raman signal from isolated molecules 

on Au and submonolayer molecular islands on bulk MoS2 using TERS in ambient 

conditions. Statistical analysis of the TERS data on Au and MoS2 shows the Raman peak 

position and relative excitation can be affected by both adsorbate-substrate and 

adsorbate-adsorbate interaction. Vibrational modes of surface interacting moieties 

experience the smallest shift in Raman peak position on both Au and MoS2 substrates. 

The distribution of relative intensity of the metal center vibration mode to that of the 

benzene ring vibrational mode (749/1530) is lower on Au than it is on MoS2. This reflects 

the difference in the molecule-metal and molecule-semiconductor charge transfer 

interaction. The distributions of the relative intensity of all the vibrational modes 

collected from CuPc islands are observed narrowed with respect to those collected along 
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the edges of the island. This indicates that the attractive adsorbate-adsorbate interaction 

hinders the variation of the excited states.  
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Tip-Assisted Directional Growth of Atomically-Thin Ag Islands 

 

Xia, Y.; Birmingham, B.; Zhu, K.; Voronine, D. V.; Park, K.; Scully, M. O.; Zhang, Z., 

Journal of Modern Optics 2017, 64 (9), 936-941. 

 

 

Abstract 

 

The growth and decay of metal nanostructures are important in many areas of 

physical science and catalytic chemistry. Here, we show the directional growth of Ag 

island stripes at room temperature via tip-assisted coarsening of hexagonal islands on 

Ag(111) using scanning tunneling microscope (STM). The mechanism of this process is 

attributed to the alignment of the adatom and vacancy islands along the scanning 

direction via tip-sample interaction during the process of the intrinsic decay of the 

metastable Ag islands. We find that this tip-assisted island growth is not directly related 

to the tunneling current and the bias voltage. Experiments performed using Ag tips and 

W tips show similar coarsening effects. The chamber pressure and the O2 exposure also 

do not have systematic effects on the rate of island growth. The tip-assisted coarsening 

strongly depends on the tip morphology. 

 

Introduction 

Coarsening of metallic nanoislands plays an important role in a wide variety of 

processes in many branches of the physical sciences including thin film growth, 

heterogeneous catalysis, optical and electron scattering in nanostructures [8-10]. The 

growth of nanostructures requires the understanding of the atomic-scale diffusion 

processes governing the growth and equilibration phenomena. These processes have been 
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studied extensively using scanning tunneling microscope (STM) on various surfaces [9, 

11-15]. Most studies have focused on understanding the intrinsic kinematics of the 

coarsening processes. For example, statistical analyses of the decay of vacancy and 

adatom islands were used to infer activation energies and diffusion barriers [14-16]. 

Recently, STM was used to examine the effects of thermally excited defects on the 

current-biased displacement of nanoscale monatomic islands on single-crystal Ag(111) 

[9, 12]. 

Interaction between STM tip and substrate is at the heart of many innovative 

experimental nanoscience techniques. Fascinating atomic-scale structures have been 

fabricated via low temperature atom manipulation experiments revealing novel quantum 

phenomena [17, 18]. Surface reactions of single atoms and molecules have been activated 

at an atomic level during tunneling [19-21]. The influence of the tip-surface interaction 

has been raised in the STM measurements of decay of the nanoislands [22-25]. A 

considerable amount of influence of the STM tip on atomic diffusion even at sub-nA 

tunneling currents on Ag(110) surfaces was reported,[24] and was related to the scan 

direction [22, 25]. On densely packed Ag(111) surfaces, the tip effect is not conclusive. 

Mugele et al. reported observations of tip-induced step fluctuations at low gap resistances 

of the order of 1 GΩ, which corresponds to a tunneling current (It) of 1 nA and a bias 

voltage (Ub) of 0.9 V. The amount of tip perturbation showed a strong variation from tip 

to tip [26]. Unexpected rapid linear adatom-island decay at moderate tunneling 

parameters of 5 nA and −0.5 V [27] and removal of atoms from flat terraces followed by 

re-nucleation as adatom islands (It = 5 nA, Ub = −0. 5 V) [28] are reported by other 

groups. Other studies report no evidence for tip-assisted mass transport taking place at 
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steps for moderate tunneling parameters (It = 1~3 nA , Ub = 0.6 ~ 1 V, corresponding to a 

gap resistance of 0.2 ~ 1 GΩ) for dense metal surfaces like Ag(111) [29]. Varying the 

tunneling parameters in a large range is suggested as the approach to ensure that the 

results are not influenced by the measurement process. Therefore, tip-assisted 

growth/decay of large scale structures (hundreds of nm2) has been less explored. 

Here we report the tip-assisted directional growth of the Ag(111) islands on a 

large scale (hundreds of nm2) via a combination of the intrinsic atom diffusion and tip-

assisted atom diffusion. By varying the tunneling parameters, chamber pressure, and O2 

exposure over a large range, we conclude that the tip-assisted growth strongly depends on 

the properties of the tip.  

 

Experimental Methods 

Experiments were performed in an ultrahigh vacuum chamber. The UHV system 

(base pressure < 1  10-10 Torr) is equipped with a variable temperature STM (RHK 300), 

quadrupole mass spectrometry (SRS), and an ion gun (SPECS). The single crystal 

Ag(111) (Princeton Scientific) was prepared by multiple cycles of sputtering (13 keV) 

and annealing (~850 K). Vacancy islands were created on a clean surface by 0.5 keV Ar+ 

sputtering at room temperature for 1 to 2 min at 1 µA. O2 was introduced to the sample 

surface by a molecular doser either with the STM tip retracted or while the tip was 

scanning. The chamber pressure was varied by air backfilling from the load lock. STM 

images were acquired with electrochemically etched W or Ag tips and recorded in a 

constant current mode at room temperature. The image is scanned line by line from the 

bottom to the top. The scan direction of each line is horizontal in the STM images. The 

STM images were processed and edited by WSxM software [43].  
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Results and Discussion 

Figure 3.1 shows the representative tip-assisted directional growth of Ag islands. 

Figure 3.1a shows a Ag(111) surface with adatom and vacancy islands after a mild 

sputtering. The hexagonal shape of the islands corresponds to the equilibrium shape for 

the Ag(111) surface.22 These islands distribute randomly with the average diameter of ~ 

30 nm (ranging between 10-50 nm) and the height of several atomic steps (0.236 nm per 

step). After a Ag tip continuously scanned the area of Figure 3.1a (500 nm× 500 nm) for 

20 minutes, another STM image was obtained on a larger area (1 µm × 1 µm) with the 

continuously scanned area in the middle. The continuously scanned area is now 

dominated by the stripes of Ag adatom and vacancy islands elongated along the 

horizontal scan direction (blue arrow). The width of the stripes is ~ 60 nm. On the 

contrary, the hexagonal shape of the islands in the surrounding area remains unchanged.  

The surrounding area was scanned several times before and after the continuous 

scanning. Figure 3.1 clearly shows that the tip interacts strongly with the surface and 

   

Figure 3.1. Representative tip-assisted directional nanoislands rearrangement: (a) STM image (500 

nm× 500 nm) of a typical Ag(111) surface (It = 0.2 nA, Ub= 1.0 V) showing the hexagonal 

vacancy islands and adatom islands,  (b) atomically-thin Ag nanostripes formed in the center of the 

STM image of a large area (1 µm×1 µm, It = 0.2 nA, Ub= 1.0 V) after tip continuously scanned 

the central area (a) for 20 minutes. The scan direction is marked by the blue arrow. 

ba
vacancy 
island adatom

island
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assists the formation of the striped islands at a normal scanning condition (It = 0.2 nA, Ub 

= 1.0 V). Our results are different from the previous reports of the absence of tip effects 

on the island growth at normal scanning conditions [14, 29]. A close examination of the 

circled areas in Figure 3.1a shows the duplications of the islands on the right-hand side of 

the islands, which is a clear indication of a double tip [44, 45]. Note that most of the area 

on Figure 3.1a shows no indication of the double tip since the STM images is the 

convolution of the surface and the tip, and strongly depends on the height difference 

between the two apexes of the double tip and their shapes relative to the scan direction 

and terrace orientation. The apex that is closest to the surface dominates the imaging on 

the flat surface in Figure 3.1a. The height difference and the separation of the double 

features (highlighted in circles) measured from line profiles are the direct measurement of 

 

Figure 3.2. Snapshots of the STM movie (S6) that show directional tip-assisted alignment of Ag 

nanoislands:  (a) t = 0 s; (b) t = 126 s; (c) t = 186 s; (d) t = 246 s; (e) t = 486 s; (f) t = 726 s (It = 0.2 

nA, Ub= 1.0 V, 250 × 500 nm2). 
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the height difference (4.1 Å) and the separation (14 nm) of the two apexes, respectively. 

The separation varies between 10 nm and 16 nm and the height difference varies between 

1.8 Å and 6.5 Å during the 20 minutes scanning, which indicates the dynamic change of 

the tip morphology due to the interaction of tip and sample.  

The snapshots (Figure 3.2) from the representative STM movie show the detailed 

directional tip-assisted alignment of Ag islands on Ag(111). We focus the discussion on 

the formation of the stripped Ag islands in the area marked by the black rectangle. In 

general, the observation is that the island stacks align themselves along the scan direction 

during the decay and the coalescence processes. From Figs. 3.2a to 3.2b, there are several 

changes that happened for the island stacks A1-A6. At the left- and the right- hand sides 

of the adatom island stack A1, the bridges that separate the vacancy islands break up. 

This process can be viewed as the intrinsic coalescence of two vacancy islands. For the 

adatom island stack A2, while the top layer decays and disappears, the second layer 

grows much larger and almost doubles its size. These processes are accompanied by 

decreasing of the island sizes in stack A2' located near stack A2. This suggests that these 

islands decay via another intrinsic island decay process, Oswald ripening, i.e. the growth 

of larger islands at the expense of the smaller ones [10, 13]. The decay of adatom island 

stacks A3 and A4 involves a coalescence of their second layers and the diffusion of stack 

A4, which indicates Smoluchowski ripening (SR), i.e., diffusion and coalescence of 

islands [10]. During these decay processes, stack A3 moves upwards and stack A4 moves 

downward, aligning themselves along the scan direction. Interestingly, the terrace 

(marked by blue dotted lines), which supports A2, A3, and A4, reshapes and aligns along 
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the horizontal scan direction. The alignment indicates that the tip had an additional 

directional effect on the intrinsic decay processes. 

From Figure 3.2b to c, while the island stacks A1 and A6 decay, the bridges on 

both sides of those stacks are connected via adatom island coalescence [27]. At the same 

time, island stacks A2, A3 and A4 coalesce further, which shapes these adatom islands 

into stripes. In addition to the coalescence between adatom islands, vacancy islands also 

coalesce [46]. For example, from Figure 3.2b to c, the breakup of the bridge between the 

two vacancy island stacks V1 and V2 forms a new vacancy island stack, V1+V2, which 

elongates along the scan direction. The coalescence of both adatom and vacancy island 

stacks continues during the continuous scanning process and results in the formation of 

the striped islands observed in Figure 3.1. Our results show that in addition to the 

intrinsic decay of the islands, the tip has a strong effect on atom diffusion. It can assist 

and guide the decay of islands. Similar growth is observed on scan areas as large as 1.5 × 

1.5 µm2. 

To explore the mechanism of the tip-assisted directional island growth, we 

performed experiments with a variation of bias voltages and tunneling currents. More 

than 60 hours of movies were recorded over 26 different sets of experiments on slightly 

sputtered Ag(111) using several Ag tips at room temperature. Statistically, 60% of the 

experiments showed the tip-assisted island growth. Surprisingly no growth was observed 

in the other 40% of the experiments even after several hours of scanning. In the 

experiments where no growth was observed, the bias voltage was systematically varied 

from 1 V to 5.5 V with 0.2 V increment and tunneling current was kept constant at 0.2 

nA. No effect on islands decay has been observed although sometimes streaks are 
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observed on the images, which indicates the change of the tip-sample junction. The 

tunneling current was also varied from −0.2 nA to 1.5 nA with 0.2 nA increment 

excluding 0 nA and the bias voltage was kept constant at 1 V. No growth was observed 

after 4 hours of continuous scanning with the variation of tunneling parameters. Some of 

these scanning parameters (0.2 nA and 1 V) were identical to the parameters in Figure 

3.1. In the experiments where directional islands growth was observed, both bias voltage 

and tunneling current were varied in the similar range. No noticeable change of the 

growth/decay rate is observed. In comparison to the no growth situation, the decay rate is 

obviously dramatically different. Therefore, we conclude that the tip-assisted island 

growth is not directly related to the tunneling current and bias voltage. This indicates that 

the electric field within the tunneling gap does not play a dominant role in the tip-assisted 

growth process.  

Quantitative analysis following the decay rate of individual islands has been 

extensively used to determine the intrinsic decay mechanisms [10, 27, 29]. The variation 

observed here between growth and no growth corresponds to at least one order of 

magnitude of variation in the decay rate, which means that the intrinsic island growth 

alone cannot account for the large difference in decay rate. Other effects need to be taken 

into consideration. 

To investigate the effect of O2, Ag(111) surfaces were scanned after various O2 

exposures with the same scanning parameters (0.2 nA and 1 V). No difference was 

observed in the percentage of results showing island growth, e.g. 60% of the experiments 

showed the island growth. The Ag(111) surface was also scanned at various O2 pressures 

varying from 5 × 10-11 Torr (base pressure) to 2 × 10-9 Torr. The statistics are still the 



36 

 

same. Note that the O2 exposure was performed via a retractable tube doser. The local 

pressure near surface is estimated to be 100 times higher than the chamber pressure. 

Therefore, we exclude the possibility of the O2-accelerated tip-assisted island growth. 

Our results are different from the previously reported acceleration effects of O2 on the 

coarsening of the Ag nanoislands on Ag(100) [13].  

To investigate the effects of chamber pressure on the sample preparation and on 

the island growth, Ag(111) was sputtered and annealed under various base chamber 

pressures from 4 × 10-11 to 2 × 10-9 Torr varied by air backfilling or O2 exposure. Again, 

no difference is observed on the percentage of results showing island growth.  

To test the effect of the tip composition on the island growth, we performed 

similar experiments with W tips. A total of 300 hours of STM movies were recorded over 

30 different sets of experiments on slightly sputtered Ag(111) surfaces using W tips. The 

results are very similar to the results obtained using Ag tips. About 70% of the 

experiments showed the tip-assisted growth. For the movies obtained with either W or Ag 

tips that showed island growth, 80% of experiments showed direct evidence of the double 

tip as discussed above.   

Since the controllable experimental parameters have been extensively tested and 

no systematic effect has been observed, we speculate that the morphology of the tip, 

which is unknown, plays an important role in the tip-assisted directional diffusion of 

adatoms (Figure 3.3). Theoretical studies have shown that the presence of a STM tip has 

several effects at the tip-surface junction [47]. It can lower energies of adatom on sites 

close to the tip and lower the diffusion barrier of adatoms towards the tip. As a result, the 

density of adatoms will be higher in the tip region in comparison to other regions on the 
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surface. Since the diffusion barrier of adatom moving towards the tip is lower than that of 

adatom moving away from the tip, adatoms are trapped underneath the tip and move 

together with the tip during scanning. Recently, field ion microscopy studies directly 

observed that Au adatoms transfer onto the W tip upon tip approaching Au(111) surfaces 

with tunneling current as small as 6 pA [48, 49]. The mean diffusion distance of the 

transferred adatoms on the W(111) tip is greater than 10 nm at room temperature. The 

drastically changed tip apexes confirm the fact that STM at room temperature in UHV is 

a very dynamic process even at very small currents. Other studies also report that tip apex 

configurations can strongly affect the atomic manipulation process and tip-induced 

perturbation of the steps depends strongly on the tip [23, 24, 50].  

In the presence of a double tip, both apexes can serve as adatom traps and as 

adatom-tip transfer channels. Furthermore, the transferred adatoms could diffuse between 

the two apexes since the diffusion distance of the transferred adatoms can be greater than 

10 nm.  For example, the experimentally measured height difference and the separation 

  

Figure 3.3. Schematic of the tip-assisted diffusion of adatoms. 
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between the two apexes are not constant in the experiments shown in Figure 3.1. The 

separation varies between 10 nm and 16 nm and the height difference also varies between 

1.8 Å and 6.5 Å, which indicates the dramatic dynamic change of the double tip apexes. 

As illustrated in Figure 3.3, the transferring of adatoms between the surface and the tip 

and the diffusion of transferred adatoms between the two apexes can rearrange the shape 

of the double tip. A double tip with the height difference of only few angstroms and the 

separation of ~10 nm can affect a large area of the surface (~100 nm2) by acting as 

adatom trap. This is much larger than the range of impact (~1 nm2) estimated from a 

sharp tip [47]. Therefore, the intrinsic adatom diffusion along with the tip-assisted 

directional diffusion aligns the hexagonal Ag islands along the scan direction forming 

striped islands.  

Conclusions 

In conclusion, we demonstrate directional growth of large scale Ag islands on 

Ag(111) surfaces. Due to the tip-assisted adatom diffusion, Ag islands preferentially 

align along the scan direction during the decay processes. As a result, Ag island stripes 

were formed on Ag(111) in the continuously scanned area while the surrounding area 

kept randomly distributed hexagonally shaped Ag islands. However, the decay rate and 

the rearrangement of the islands differ even under similar scanning conditions. We 

studied the effects of tunneling current, bias voltage, tip composition, chamber pressure, 

and O2 exposure on the tip-assisted diffusion processes. None of these factors showed 

any systematic dependence on the diffusion processes. Instead, the rearrangement of the 

islands strongly depends on the tip shape. 
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