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A. EXECUTIVE SUMMARY: 
 
This research consisted of a theoretical investigation of the properties of surface-based 

nanostructures, having as a main goal the deeper understanding of the atomic-scale mechanisms 
responsible for the formation and stability of such structures.  This understanding will lead to the 
design of improved systems for applications in diverse areas such as novel electronic devices, 
sensors, field-effect transistors, substrates with enhanced hydro-phobic (water repelling) or 
hydro-philic (water absorbing) behavior for coatings of various surfaces used in bioengineering, 
flexible displays, organic photovoltaics, etc. 

The research consisted of developing new theoretical methodologies and applying them 
to a wide range of interesting physical systems.  Highlights of the new methodologies include 
techniques for bridging different scales, from the quantum-mechanical electronic level to the 
meso-scopic level of large molecular structures such as DNA, carbon nanotubes and two-
dimensional assemblies of organic molecules. These methodologies were successfully applied to 
investigate interactions between systems that are large on the atomic scale (reaching the scale of 
microns in length or milliseconds in time), but still incorporating all the essential elements of the 
atomic-scale structure.  

While the research performed here did not address applications directly, the implications of 
its finding are important in guiding experimental searches and in coming up with novel solutions 
to important problems. In this sense, the results of this work can be incorporated in the design of 
many useful applications. Specifically, in addition to elucidating important physical principles on 
how nano-structures are stabilized on surfaces, we have used our theoretical investigations to 
make predictions for useful applications in the following fields:  

a) we proposed new types of nanotubes that can overcome the limitations of the carbon 
nanotubes whose properties depend sensitively on the structure which cannot be 
controlled experimentally; 

b) we showed how carbon nanotubes can be employed in optical determination of the DNA 
base sequence, an exciting application for ultra-fast  DNA sequencing;  

c) we proposed a nano-structure (titanium dioxide nano-wire) based design for organic 
photovoltaics using natural dyes, and showed that it will be an efficient system for the 
absorption of light and the charge transfer from the dye to the wire. 
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B. COMPARISON OF ACCOMPLISHMENTS WITH GOALS AND OBJECTIVES: 
 
The goals and objectives of the project can be summarized as three different items: 

1. The formation of Cooperative Research Team (CRT) of experimentalists and theorists to 
tackle important problems in the area of surface-base nanostructures. 

2. The advancement of theoretical tools and new computational methodologies through 
collaborations between members of the Computational Materials Science Network 
(CMSN) with different areas of expertise, in order to construct realistic models of 
important physical systems. 

3. The application of these theoretical tools and new methodologies to interesting systems, 
in order to suggest new directions for experimental research and to propose possible 
novel approaches to important technological problems.  

The project had great success in all of its objectives.   
In the first goal, a very successful team was formed, consisting of the theorist 

participating in the CRT (K.M. Ho, Z.Y. Zhang, M.Y. Chou, T. Einstein, J. Evans, C.Z. Wang, 
and the current PI, E. Kaxiras), which held bi-annual coordination meetings in which the specific 
research projects were defined, and in-depth discussions with invited experimental groups were 
conducted.  Some experimental groups, whose work motivated several of the theoretical 
investigations discussed below, are M. Aziz and J. Golovchenko (Harvard U.), P. Evans and M. 
Lagally (U. Wisconsin), H. Weitering (ORNL/U. Tennessee), M. Tringides (Ames./Iowa State 
U.), C.K. Shih (U. Texas), E. Williams (U. Maryland). Specific examples of experimental work 
that directly impacted and inspired theoretical research carried out in the present project 
includes: the work of P. Evans on organic semiconductors deposited on inert substrates; the work 
of M. Tringides on Pb nanostructures on stepped surfaces; the work of E. Williams on epitaxial 
growth on vicinal surfaces; the work of M. Aziz on titanium-oxide nanostructures and their use 
in phovoltaic systems; the work of J. Golovchenko on the use of carbon nanotubes in the optical 
sensing of DNA; the work of C.K. Shih on thin Ag films; the work of H. Weitering on the 
surfactant effect in the incorporation of magnetic dopants in group IV semiconductors; the work 
of M. Lagally on metal-covered semiconductor surfaces and on organic semiconductors.  

In the second goal, the theoretical team worked closely in developing new tools, 
especially as far as multi-scale methodologies are concerned, to advance the field in the ability to 
model realistically complex systems.  The present PI worked most closely with Z.Y. Zhang in 
the development of concepts for multiscale simulations of growth phenomena, especially the 
identification of key atomistic mechanisms and the calculation of the relevant activation barriers 
for use within the context of kinetic Monte Carlo (KMC) simulations.  Close interaction was also 
pursued with other members of the CRT, including J. Evans on the efficiency of KMC 
computations and with K.M. Ho and C.Z. Wang on the reliability of tight-binding schemes for 
the molecular dynamics and electronic structure simulation of semiconductor and insulator 
surfaces. These interactions were crucial in developing the models and in setting up the specific 
simulations discussed in the following section (see Activities and Products). Highlights of the 
theoretical advances were the development of a new framework for understanding the key 
factors that determine the wettability of surfaces, taking into account finite-size effects of the 
nucleation process and the nano-scale features of the substrate; the elucidation of electronic 
effects on the energetic barriers for diffusion across surface steps, which is of fundamental 
importance in understanding trends in heteroepitaxial growth of metals and formation of 
nanowires on stepped metal surfaces; and the development of a new computational method for 
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the concurrent time propagation of electronic and ionic degrees of freedom, which is of great 
importance in modeling processes that involve absorption or emission of light.  

Finally, the last goal of using the theoretical tools and the motivation from experimental 
results to understand surface-based nanostructures and to propose new directions and possible 
applications to technological problems, was also very successful, with several important results. 
Specifically, several model systems were investigated which provided insight and suggested 
particular approaches for improved performance in various applications.  Examples are: the 
proposal for building novel nanotubes based on cyanide-transition-metal structures which have 
robust electronic properties essentially independent of size and chirality, in contrast to the 
existing carbon nanotubes which exhibit a very sensitive dependence of their electronic 
properties on these features; the proposal of a new model to understand the optical and electronic 
properties of various forms of melanin, a substance of great importance in biology for 
photoprotective purposes, and of potential practical applications for the capture of solar energy 
and its conversion to other energy forms; the proposal of a new organic-inorganic system for the 
efficient absorption of visible light and its conversion to electric current, employing a nanowire 
of titanium dioxide in combination with natural dies.  
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C. PROJECT ACTIVITIES AND PRODUCTS (PUBLICATIONS): 
The theoretical and computational work performed in this project was directly motivated by 

the interaction with experimental participants in the CRT, and in close collaboration with several 
members of the CMSN.  The closest collaborator of the group was Z.Y. Zhang (one of the two 
Team Coordinators), who was a co-author in most of the publications that resulted from the 
work.  The work itself consisted of three types of effort: first, the development of fundamental 
concepts for the understanding of important physical phenomena related to the stability of 
surface-based nanostructures, such as the finite-size effects on the thermodynamics of surface 
wettability or the effects of electronic structure on determining diffusion energy barriers on 
stepped surfaces; second, the development of computational techniques for addressing complex 
physical phenomena, such as the concurrent time evolution of electronic and ionic degrees of 
freedom for the modeling of phenomena that involve electronic excitation/de-excitation by light; 
third, the application of the theoretical concepts and computational methodologies to specific 
systems for finding new solutions to important problems, like flexible organic electronic or 
photovoltaics with improved efficiency and stability.   

This being a theoretical research project, the only product of the work was papers published 
in the scientific literature, and a PhD Thesis of the student partially supported by this grant. All 
the work is described below briefly, arranged by the relevant publication in which it was 
presented in detail.  

 
(a) Water wetting and ice growth on a surface are among the most common observations in 

nature; these processes are of fundamental importance in technological applications such 
as corrosion, catalysis, electrochemistry, solar and fuel cells, and even in biomedical 
applications, as is evidenced by the existence of anti-freezing proteins. The competition 
between wetting and ice growth is partly due to the fact that hydrogen bonds (H-bonds) 
among neighboring water molecules have similar strength to bonds between water 
molecules and surface atoms for many common surfaces. Despite the numerous studies 
of water wetting and ice growth, a microscopic understanding of water wettability is still 
lacking. In this project, we constructed a microscopic theory of wetting and ice growth on 
the close-packed metal surfaces. Our theory provides a natural way to understand water 
wetting on these surfaces, without having to assume partial dissociation of water 
molecules. We argue that the commonly employed criterion in literature, that is, a 
comparison of surface adsorption energy to the formation energy of bulk ice, which does 
not take into account growth kinetics and substrate effects, is inappropriate and can even 
be misleading. Instead, we propose that water wets the surface whenever its overlayer has 
larger adsorption energy than 3D clusters. This criterion explains successfully water 
wetting on Pt, Ru and Rh surfaces, as well as the hydrophobic nature of Au. Using the 
same criterion, we also predict the growth mechanism on particular substrates to be either 
of the layer-by-layer (for Ru and Rh) or of the SK type (for Pt). 

 
Publication: “Water wettability of close-packed metal surfaces”, S. Meng, E. Kaxiras 
and Z.Y. Zhang, J. Chem. Phys.  127, 244710 (2007). 

 
 

(b) The nature of heteroepitaxial growth on stepped metal surfaces is important in order to 
understand how nano-scale surface features can be utilized to build useful structures for 
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applications. Heteroepitaxial growth is governed by the dynamics of atoms around 
surface features such as steps, and the energetic barriers to atomic motion across these 
steps. In this project we examined trends in step-edge (also called Schwoebel-Erlich) 
barriers by considering two different substrates (the Cu(111) and Pd(111) surfaces) and a 
number of different adatoms on each surface.  This is continuation of work from the 
previous year, in which detailed analysis of the results had revealed interesting 
correlation between the adatom-substrate relative valence and the magnitude of the step-
edge barrier.  Based on this analysis, we performed additional calculations that relate 
these trends to the binding energy of the adatoms, thus providing a simple and convenient 
way of predicting step-edge barriers.  These calculations have completed the picture on 
this issue. 

 
Publication: "Electronic nature of step-edge barriers against adatom descent on transition-metal 
surfaces", Y.N. Mo, W.G. Zhu, E. Kaxiras and Z.Y. Zhang, Phys. Rev. Lett. 101, 216101 (2008). 

 
 
(c) Organic semiconductors are very promising for future electronic applications because of 

their low cost and their flexibility.  However, incorporating them on standard substrates is 
difficult because of stability issues. In this project we investigated the stability of 
pentacene layers, the organic molecule of choice in many experimental studies of organic 
semiconductors, on two common substrates. We performed an extensive set of molecular 
dynamics (MD) simulations of pentacene structure and diffusion on two inert substrates, 
the C(111) surface with H-termination and quartz surfaces with either -H or -OH 
termination. These materials are very promising for low-cost electronic device 
applications using organic semiconductors and are vigorously pursued by several 
experimental groups. For these studies, which involve extensive exploration of the 
configurational space, we employed classical MD simulations using force-fields from the 
CHARMM code. Our calculations indicate that the previously assumed structures of 
pentacene molecules standing up on their long axis on the substrate may not be realistic.  
We find that other structures, with the molecules lying on their long sides on the surface 
in multiple interlaced layers may be more stable and more realistic.  This finding changes 
dramatically the interpretation of the experimental results on this system and can lead to 
new ways of forming the organic semiconductor layers and better controlling their 
properties. 

 
Publication: The results are included in the PhD Thesis of Dr. Yina Mo: Chapter 5, pp. 75-87, 
“Growth Processes and Electronic Properties of Nanostructures”, Harvard University, June 
2007. 

 
 

(d) Since the discovery of carbon nanotubes (CNT), they have received extensive attention 
because of their potentially useful electronic and mechanical properties. Single wall 
carbon nanotubes have been found to act as Luttinger liquids, and proximity-induced 
superconductors, and are efficient in hydrogen storage. Unfortunately, it has proven very 
difficult to produce nanotubes of a specific helicity consistently. Theoretically, a carbon 
nanotube's electronic properties are fully determined by the helicity of the tubes. 
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However, when growing nanotubes, it is not possible to control the helicity and one is 
reduced to testing the electronic properties of the tubes after production and hoping for 
success. In this project, we propose another type of structurally simple and electronically 
stable nanotubes: Cyanide nanotubes. They are composed of the X transition metals Ni,  
Pd or Pt and the cyanide base (CN)2. We find that the layered structures of crystalline 
Ni(CN)2, Pd(CN)2, and Pt(CN)2 square lattice can lead to semiconducting tubular 
structures (with calculated band gaps ~2-3 eV). The electronic and mechanical properties 
of the Ni(CN)2, Pd(CN)2 and Pt(CN)2 tubes are all similar. The advantage of these 
structures is that they represent stable nanotubes with band gaps that are essentially 
structure-independent. Our calculations show that these tubes have robust electronic 
properties, they could be easily doped and they are also mechanically strong (with bulk 
moduli smaller than those of carbon nanotubes).  

 
Publication: “Semiconducting cyanide-transition-metal”, Y.Mo and E. Kaxiras, SMALL 
3, 1253-1258 (2007). 

 
 

(e) The interaction between DNA and carbon nanotubes (CNTs) is subject of intense current 
interest. Single strand DNA (ssDNA) sequences of different length, either small 
oligomers consisting of tens of bases or long genomic strands (>100 bases), have been 
found to wrap around single-wall CNTs forming tight helices. DNA and CNTs have 
complementary structural features which make it possible to assemble them into a single, 
stable structure: DNA is a flexible, strongly hydrophilic biopolymer while CNTs are stiff, 
strongly hydrophobic nanorods. A variety of applications for the DNA-CNT system are 
being explored, such as DNA transporters, biosensors, field effect transistors, and agents 
for CNT dispersion and sorting in solution. There is also an increasing interest in the use 
of CNTs for supporting and detecting DNA through electrochemical or electronic means, 
which could lead to ground-breaking, ultrafast DNA sequencing.  Electronic detection of 
DNA bases using transverse conductance measurements depends sensitively on the tip-
base distance and relative orientation, factors that can overwhelm the signal dependence 
on base identity and severely limit the efficacy of single-base detection methods. Since 
attaching DNA on a CNT fixes the base geometry on the CNT wall, these difficulties 
may be overcome in the combined system. We studied the interaction of DNA bases with 
single-walled carbon nanotubes (CNTs), and analyzed in detail their optical and 
electronic properties. The systems under consideration represent an ideal case where the 
issues of growth on a substrate (attachment of individual DNA bases on the CNT surface) 
come into play, and require multiscale description ranging from the meso-scale structure 
and dynamics which determine the overall structure to the microscopic atomic-scale 
calculation of electronic (optical) properties. With our studies we demonstrated  that it is 
indeed possible to identify the different DNA bases attached to the CNT by using their 
optical signatures. 

 
Publication: “Determination of DNA-base orientation on carbon nanotubes through directional 
optical absorbance”, S. Meng, W.L. Wang, P. Maragakis and E. Kaxiras, NanoLett. 7 , 2312-
2316 (2007). 
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(f) In order to investigate the mechanisms responsible for light absorption in photovoltaics, 
we needed to develop new theoretical tools for handling the electron-ion interaction and 
evolution in real time.  To this end, we searched for a model natural system where light 
absorption processes are of central importance, and the coupling to ionic motion 
determines the response of the system to excitation.  Our choice of such a system was 
eumelanin. Eumelanin, the dominant subclass of melanin, is composed by derivatives of 
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole 2-carboxylic acid (DHICA). Its 
primary role as photo-protectant from damages caused by UV exposure in all living 
organisms has received intense interest, because of its unique optical properties such as 
featureless broadband absorbance, extremely low scattering (<6%) and emission 
(<0.1%), ultrafast relaxation dynamics, and even transforming γ ray energy into chemical 
energy analogous to photosynthesis. About 90% of energy absorbed by eumelanin at UV 
excitation of ~350 nm dissipates as heat within a timescale of less than a nano-second, 
effectively blocking UV damages as a major protecting mechanism in biology.  We 
therefore developed our time-dependent quantum mechanical methodology for light-
matter interaction at the nano-scale and applied it to elucidate the function of eumelanin 
protomolecules. This established the validity of our methodological approach, and at the 
same time elucidated the mechanisms for light absorption and dissipation in an important 
physical system of very wide interest. 

 
Publication: “Mechanisms for ultrafast nonradiative relaxation in electronically excited 
eumelanin constituents”, S. Meng and E. Kaxiras, Biophysical J. 95, 4396-4402 (2008). 
 

 
(g) The dye-sensitized solar cell (DSSC), often called “Gratzel cell” after its inventor, is a 

promising route toward harvesting solar energy in the effort to address the daunting 
global energy and environment challenges of the 21st century. Since its invention in 
1991, it has attracted extensive attention from both fundamental and practical 
perspectives. The central idea is to separate the light absorption process from the charge 
collection process, mimicking natural light harvesting procedures in photosynthesis, by 
combining dye sensitizers with semiconductors. This enables the use of widegap but 
cheap oxide semiconductors such as TiO2. To be effective, it requires the highest 
occupied molecular orbital (HOMO) of the dye to reside in the bandgap of the 
semiconductor, and its lowest unoccupied molecular orbital (LUMO) to lie within the 
conduction band of the semiconductor. The efficiency is determined by two main factors: 
(i) the maximum photocurrent density, related to the charge injection rate from the dye 
HOMO to the semiconductor conduction bands, and (ii) the open circuit potential, related 
to the energy difference between the HOMO and the conduction band minimum (CBM). 
Consequently, the DSSC has advantages in both low-cost and high-efficiency relative to 
the more established technologies based on monocrystalline Si and nanocrystalline thin-
film solar cells. Despite intensive experimental and theoretical studies on surface-based 
(2D) and nanoparticle-based DSSCs, the mechanism and electronic coupling between a 
TiO2 nanowire and a dye molecule, especially a natural one, has never been addressed. 
The goal of the present work is to elucidate the coupling between a TiO$_2$ nanowire 
and natural dyes and to provide insight into charge injection mechanisms of natural-dye 
sensitized nanowire solar cells. In particular, our extensive calculations based on time-
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dependent density functional theory, show that electrons can be injected from cyanin 
dyes to the TiO2 nanowire within 50 fs after excitation, although the dye LUMO is lower 
than the TiO2 CBM by 0.1-0.3 eV. This extends the current understanding of the 
mechanisms of DSSC operation and thus can enhance the ability to optimize their design 
and efficiency. 

 
Publication: "Natural dyes adsorbed on TiO2 nanowire for photovoltaic applications: 
Enhanced light absorption and ultrafast electron injection", S. Meng, J. Ren, and E. 
Kaxiras, Nano Lett. 8, 3266-3272 (2008). 
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D. PERSONEL SUPPORTED: 
 
The persons supported by this grant were: 
Yina Mo, graduate student, Department of Physics, Harvard University – partial support (50%) – 
PhD received June 2007.  After graduation, Dr. Mo decided to pursue a career in patent law and 
is working for a law firm in Boston while pursuing a law degree. 
Sheng Meng, Postdoctoral Fellow, Department of Physics, Harvard University – partial support 
(25%).  Dr. Meng is still a member of the Kaxiras group at Harvard, currently applying for junior 
faculty positions. 


