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Which PV-technology holds the most promise? 



New Hampshire EPSCoR  THE POWER OF 
PARTNERSHIPS 

EPSCoR RII 2008-2011 - Nanotechnology Projects 

Progress toward novel Nano-Photovoltaics and Nano-Sensors  

w/ improved efficiencies, dimensions, lifetimes and cost 

Collaboration with Glen P. Miller (PI) - Chemistry Department & MSP 

•  Synthesis of Organic semiconductors                          
(CNTs, Fullerenes, Graphene, Acenes) 

•  Bottom up self-assemblies 

•  Scanning Tunneling Microscopy (STM) studies 

•  Single crystal X-ray structure determinations 

•  Modeling substrate-molecule and intramolecular 
interactions 

•  Quantum mechanical (DFT) calculations on organic 
semiconductors 
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Teaching and Mentoring Students 

•  Graduate student training 
•  State-of-the-art, multi-disciplinary research projects 

•  Next generation of  teachers, scholars, high-technology work force, innovators 

 

•  Research Experiences for Undergraduates 

  working alongside graduate students and post-docs. 

 

Undergraduate research has a long tradition at UNH ––– UNH hosts 

largest  annual undergraduate research conference in the country. 
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Teaching and Mentoring Students 



New Hampshire EPSCoR  THE POWER OF 
PARTNERSHIPS 

•  K-12 Teachers: 
•  Conferences, workshops, and research experiences for teachers, 

•  Regular weekly classes ––– e.g. “Nano Science for HS teachers.” 

 

9th annual K-12 Nanotech Teacher Conference 2013 
 50-70 teachers attending every year since 2005 

 

•  K-12 Students: 

•  classroom visits & field trips to UNH,  

•  Summer Nano camps & FIRST Lego leagues, 

•  Weekly laboratory experiences for HS seniors, 

•  Project SMART at UNH. 

Over 4000 K-12 students have been impacted since 2005 

Public Service & Outreach 
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Public Service & Outreach 



The Power of Outreach Partnerships

New Hampshire  EPSCoR
Experimental Program to Stimulate Competitive Research 

The Power of Outreach Partnerships

Project REIS @ UNH
(Research Experience in Science)

What do teachers do during the summer? Some go back 
to school. Since 2007, both high school and middle

In 2007, the program was sponsored by an NSF-funded Research 
Experiences for Teachers (RET) grant to the Center for High-Rate

Nanotechnology Research Experiences for Teachers (RET)

to school. Since 2007, both high school and middle 
school science teachers have worked in laboratories at 
UNH, doing research alongside professors and graduate 
students. 

They typically work fulltime for three weeks, receiving a 
stipend and a certificate documenting 120 professional 
development hours. They prepare posters that describe 
their research to bring back to their classrooms to 
d t t d t b t t h l

Thirty-two students from 27 inner-city 
high schools in New York and New 
Jersey spent a week in New Hampshire 
in July 2008 to participate in Project 
REIS @ UNH, a residential Research 
Experience in Science program hosted 
by the University of New Hampshire for 
the Harlem Children Society (HCS)

Experiences for Teachers (RET) grant to the Center for High Rate 
Nanomanufacturing at UNH, UMass-Lowell, and Northeastern 
University.

In 2008, NH EPSCoR provided support for two teachers: Aurora 
Merry, a biology teacher at Salem High School, under the 
supervision of Glen Miller, professor of chemistry and materials 
science; and Jim Fabiano, a chemistry teacher at Newmarket High 
School, with Brad Kinsey, associate professor of mechanical 

i i d t i l ieducate students about nanotechnology.the Harlem Children Society (HCS).

The HCS Science and Engineering 
Mentoring Program serves students 
from under-resourced schools, 
comprising more than 300 students in 
the United States and an additional 300 
students around the globe.

“The experiences that I have had at UNH as a scientist will be an asset to my professional career 
as a teacher. Over my short three week time in the lab, I was able to use the scientific method to 
study the fluorescence of 12 pentacene derivatives that were synthesized by members of the 
Miller Research Group. Fluorescence spectra often mimic electroluminescence spectra which are 
utilized to determine the potential utility of compounds in display technologies.

“During these three weeks I was immersed in an individual research project with the support of

engineering and materials science.

“The experience 
was awesome”

“Exceeded my 
expectations”

Aurora Merry
Biology teacher
Salem High School

During these three weeks, I was immersed in an individual research project with the support of 
Dr. Miller and members of his research group. I can honestly say that I felt like a research 
scientist. It is Dr. Miller’s intention to include the data that I obtained in a paper. This experience is 
one that most high school science teachers do not have an opportunity to experience. I feel it is 
vital to have experiences like this as a science teacher. Science teachers inspire future 
scientists ” 

The students who attended 
Project REIS @ UNH focused on 
the biotechnology of plants, with 
its myriad applications and 
implications to the food chain, to 
human nutrition and medicine, to 
the environment and the climate, 
and to biofuels and energy. Jim Fabiano, a chemistry teacher, spent three weeks with undergraduate and graduate 

– Aurora Merry

Jim Fabiano
Chemistry teacher
Newmarket Jr./Sr. 
High School

Collaborative learning: 
“I took part in a meeting in which graduate students 
discussed their projects and was impressed with 
how they offered to help each other solve problems. 
I can easily bring this concept of collaborative 
learning into my classroom. Next year, I will have an 
AP chemistry class. I am working on the idea of 

“Gave me a 
taste of college”

“Need a longer 
program”

Students also were introduced to 
nanotechnology, space science, marine 
and environmental science, which are 
other components of an established 
program at UNH, Project SMART. The 
one-week pilot program is intended to 
serve as a trial for merging the programs.

, y , p g g
students in electrical engineering and materials sciences.

Additional support for Project REIS @ 
UNH was provided by NH EPSCoR, 
NH Space Grant Consortium, NSF 
Center for High-rate 
Nanomanufacturing, Office of the 
Provost, the Vice Provost for Diversity, 
Office of Admissions, College of Life 
Sciences and Agriculture, College of 
Engineering and Physical Sciences, 
Office of Multicultural Student Affairs, 
the McNair Graduate Opportunity

breaking it up into four lab groups, each with their 
own project. Once a week we will have a class 
meeting. ”

Multidisciplinary learning:
“I took part in a statistics meeting which I found 
fascinating. I was ignorant of the process but I 
was able to understand how the process can 
vary. I would like to work with teachers from other 
disciplines in my school both to help my students

Ideas for student projects: 
• Develop an elaborate lifter system able to carry a payload, using many triangular 

shapes or totally different shapes.
• Produce nanotubes by electrospinning, which may involve coming to the university 

to use lab instruments. 

Jim Fabiano pictured with James Melfi, 
an REU student  at the Center for 
High-rate Nanomanufacturing

Robert Dalton, Director
UNH Office for Research Partnerships and Commercialization
NH EPSCoR Program

University of  New Hampshire
Gregg Hall, 35 Colovos Road
Durham, NH  03824
Tel. 603-862-4125

www.epscor.unh.edu

Project REIS photos courtesy of  Perry Smith and Lisa Nugent, UNH Photographic Services

October 2008

Photos of  Aurora Merry and Jim Fabiano courtesy of  Simka Ellis,
Administrative Assistant, Univ. of  New Hampshire CHN Group

This work is partially supported by NSF grant # EPS-0701730

the McNair Graduate Opportunity 
Program, and several members of the 
faculty. 

disciplines in my school, both to help my students 
succeed and to incorporate other ideas from 
colleagues.”

• Testing materials to produce bulk metallic glass, an amorphous metal.

– Jim Fabiano
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Leveraging EPSCoR RII  

•  NSF Nanoscale Science & Engineering Center for High-rate  

  Nanomanufacturing (Northeastern, UMass Lowell, UNH) 
     

  C H N  Initial Funding:  $12.5M   2004–2009 
   Renewal:  $12.5M   2009–2014 

•  Materials Science Program (UNH, est. 1999) 

•  Recent External Funding Successes:  

  NSF, DoD-DMEA, Army, Navy, DARPA, ACS-PRF, Green Launching Pad 
 
•  Cluster hire in flexible electronics –- 1st step toward an MRSEC 

 Physics, Chemistry, Electrical Engineering, Space Science  
 
•  UNH Spin-Off  Company INNOVACENE, Inc. 2011 by Glen Miller 
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Industrial Engagement 

•  NH Nanotechnology Industrial Advisory Board  
 with currently 15 industrial members  

 business or technology leaders of NH-based high-tech companies 

 

•  Industrial Partners: 

 Velcro Group USA  
 Amberwave Systems 
 Foss Manufacturing 
 Presstek 
 Nano-C 
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New Hampshire Innovation Research Center 

•  Provides state funding for academy & industrial collaborations 
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Leveraging EPSCoR RII  (con’t)  

 
 

New Hampshire is poised for national prominence  
in the areas of  

materials science and nanotechnologies 
 
 
 

EPSCoR RII enabled us to overcome fundamental 
weaknesses:  

 (1) High-End Instrumentation 

 (2) Competitive Proposals in Materials Science 

 (3) Collaborations with Industry  



Innovacene: High Performance Organic 
Semiconductors 
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Innovacene: Organic Semiconductors For Clean 
Energy And High Efficiency Lighting 

•  Soluble, Processable 
•  Stable, Long Lived 

•  Tunable Electronic Properties 
•  Low Cost 

•  Reduced Carbon Emissions 
•  Mercury Free 

Konarka Power Plastic Siemens OLEDs 

Light Produced 
(OLED) 

Electricity Produced 
(OPV) 

Organic 
Semi- 

conductor 

® 
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Synthesis of Pentacene 
Derivatives with Truly Exceptional 

Photooxidative Resistances  



Acenes 

Cons  

•  Photooxidative Stability 

•  Poor Solubility 

Pros 

•  Smaller HOMO-LUMO Gaps 

•  Higher Charge Carrier   

   Mobilities 



Solution to the Problem:  

Structural Modification 



Kinetics of  Photooxidation 

Change in UV-vis spectrum of pentacene derivative  

upon exposure to light  & air  
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Ø   Locational, Steric and Electronic substituent effects can  
     be synergistically combined using a single substituent, 

     the Phenethylthio group 

Careful Designing of  Substituent to Impart 
Extraordinary Stability  
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Pentacene Derivative Conformer Rel. E. 
(kcal/mol) 

6,13-Bis(phenethylthio)pentacene (1) 
 

Stretched 6.40 
Hug 5.42 

Sandwich 0.00 
 

6,13-Bis(pentafluorophenethyl) 
Thiopentacene (2) 

 

Stretched 23.21 

Sandwich 0.00 

 
DFT Analysis of  Pentacene Derivatives 

B971/6-311+G (2d, 2p) (ecp)//MM2  
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FET Studies 

FET measurements were made by Erfan Kheirkhahi and  
Dr. Nicol McGruer at Northeastern University  

Drain current vs. drain-source voltage  
for several gate voltages  

SEM image of the device with channel  
dimension of W=2000µm, L=10 µm.  

n-Si Gate 

Insulator 

     S     D 

Pentacene film µ= 0.0035 cm2V-1s-1 

on/off ratio = 104 



Molecular Self-Assembly for Novel Organic Electronics 

studied by Scanning Tunneling Microscopy	




Novel Photovoltaic Materials 

explored by Scanning Tunneling Microscopy	




•  Progress toward novel Nano-Photovoltaics and Nano-Sensors w/ 
vastly improved efficiencies, dimensions, lifetimes (and cost.) 

–  by studying the atomic and molecular building blocks in model systems, 

–  via STM in ultra-high vacuum. 

–  Choice of molecular species determined by application. 

Molecular self-assembly: Objectives 



Example – Organic Photovoltaics 

•  Controlled self-assembly of C60 and Acene derivatives on metal surfaces: 

•  C60   –   model electron acceptor: 
•  designable structures by changing the functionality of C60 molecule 
•  by attaching alkane chains of various length to C60 cages 

•  non-compact C60 structures  

•  interpenetrating molecular networks:   nano-photovoltaics 

 

•  Acence derivatives   –   model electron donor: 
•  excellent solubility and resistance to photo-oxidation, 
•  adjustable HOMO-LUMO gaps. 
•  e.g. 6,13-dichloropentacene (DCP)  
•  gap 2.16 eV vs. 2.29 eV (bare pentacene) 

 

“long”: F-C60-18C  “medium”: F-C60-12C “short”: F-C60-6C 



Home-built UHV-VT-STM for fast and large-scale imaging 

Cryogenic and in vacuum damping stage: 
 

• Variable Temperature (VT) 
⇒  90 K (LN2 coolant) to 700 K 
 

• Large cold reservoir    
⇒  ~ 3 K/h @ 100 K warm up  
 

• Two stage damping      
⇒  excellent vibration isolation w/o external damping 
 

• Sample holder 
⇒   fast cool down time  (350 K to 90 K in 10 min)  
⇒   annealing up to 2000 K  (image refractory metals) 
 

•  In situ tip sputtering stage 

STM scanner: 
 

•  High axial symmetry, Invar / Tantalum body 
⇒  low drifts due to thermal gradients 
 

•  Thermally isolated from the sample holder 
⇒   resolution and range independent of  sample temperature 
 

•  Coarse motors 90° piezostacks  
⇒  both vertical translation and rotation  
⇒  ability to find the same nanometer area on the sample 
 

•  Long 4 quadrant scanner piezotube 
⇒  8 µm x 8 µm scan range 
⇒   2 pm vertical resolution over entire range  (limited by HV amp.) 

B. Diaconescu, G. Nenchev, J. de la Figuera, and K. Pohl, Rev. Sci. Instrum. 78, 103701 (2007) 



STM data @ [110, 300] K  taken  

 with home-built UHV-VT-STM 

 

Ag films: PVD @ 1 ML / 15 min 

 step flow growth 

 

Sulfur as S2 from electrochemical source:  

 Ag | AgI | Ag2S | Pt  @  0.25 ML / 1.5 hr 

 

All fullerene & pentacene based molecules  

 are sublimated in UHV 

 1 SA ML in 30 ~ 45 min 

 

Au(111) is exposed to methanethiol gas 

 @  CH3SH pressure ~ 5 x 10-8 Torr   

 1 SA ML in ~ 1 min 

Experiments in ultrahigh vacuum 

All experiments performed in UHV 

@  chamber pressures < 1 x 10-10 Torr 

on pristine single crystal surfaces 



Home-built VT-STM: resolution performance 

Ru(0001) at 300 K SHB Ag / Ru(0001) at 110 K 

Vertical resolution < 2 pm at any temperature (noise of  the HV amplifiers) 



Basic principle of STMBasic principle of STM
A close look of STMA close look of STM

( ) exp( )I d const dv � u )
I: tunneling currentI: tunneling current
)): work function: work function
d: tunneling gapd: tunneling gap

quantum tunnelingquantum tunneling



Scanning Tunneling Microscopy

Imaging Principle:

d

Tip

Sample Surface

V
Contour of constant current

e-

ϕ

d

Ι ∝V exp −d ϕ( )Tunneling through barrier:

d ~ 5Å , Ι ~ 1 nA   ⇒   10× change in current per 1 Å

~1 Å = 10−10 m



Rastering Control System:

Feedback control maintains tip position
at constant tunneling current

Z

X–Y
I

V

PID
Feedback
Control

Iref

e-

HV amp

Piezo electric ceramic drivers

V

~ 50 Å/v

+
-

Raster Imaging

!Sub-Å Control required



Movie courtesy of !
Forschungszentrum Jülich, Germany!





http://www.almaden.ibm.com/vis/stm/gallery.html 

Nickel Atoms !

on the!

Ni(110) surface!







Versatile, unique home-built STM design!
for use in UHV                               and                 on bench top in Air!



SAM of F-C60-18C on Ag(111) 

•  Oblique 2D structure of  molecular SAM: unit cell size 4 nm x 2.5 nm with an angle of  80 degrees. 

F-C60-18C’s functional group contains 
two 2.2 nm long alkyl chains with 18 C 
atoms each, which bond covalently to a 
C60 cage via an ortho-xylylene linkage. 



Identification of the C60 signature 

STM images measured at 295 K, 

– 1 V sample bias voltage and  

0.4 nA tunneling current. 

F-C60-18C SAM / Ag(111) 
Pure C60 / Ag(111) Isolated F-C60-18C molecule 

HOMO 

LUMO 

0.5 nm 

DFT calculations STM data 

DFT simulated STM image for - 1 V 



Hierarchy of interactions I: polyethylene adsorption 

∆E = - 223 meV /C2H4 at h = 3.2 Å 

∆E = - 212 meV /C2H4 at h = 3.2 Å 

∆E = - 145 meV /C2H4 at h = 3.6 Å 

Most compact direction:  

P-type orientation  

C-C bond plane || to surface 

Least compact direction: 

S-type orientation  

C-C bond plane  |  to surface 

The most stable adsorption geometry is 

P-type along a most compact direction 

and with the polymer in the trough  



Hierarchy of interactions II: parallel versus V-shaped tails  

Parallel tails 

V-shaped tails 

On Ag(111): 

F-C60-18C V-shape on 
Ag(111) has an adsorption 
energy of  0.48 eV 

Including the polymer-
surface interaction,       
V-shaped geometry is 
more stable on Ag(111).  

In free space: 

parallel to V-shape 
requires an investment of  
energy of  0.42 eV   



Hierarchy of interactions III: SAM model 

SAM structure model: 

 

•   Surface - molecule interaction:  

•  V-shape of  the alkane tails, 

•  one of  the alkane tails aligns in a most 

compact direction of  Ag(111). 

•   Intermolecular interaction: 

•  the average distance between carbon 

chains is 2 Ag atoms, 

•  alkane-alkane interaction of  0.06 eV 

per C2H4, 

•  C60-C60 interaction of  0.15 eV @ 1.0 nm, 

•  C60-alkane interaction of  0.27 eV. 

⇒ unit cell size is consequence of  molecular 

structure, 

due to adsorption geometry 

& intermolecular interactions. 

B. Diaconescu, T. Yang, S. Berber, M. Jazdzyk, D. Tománek, G. Miller, and K. Pohl, Phys. Rev. Lett. 102, 056102 (2009)  



Shorter alkane: F-C60-12C and -6C 

⇒  Would the SAM structure indeed change when using 

     functionalized C60 molecules with shorter alkane chains? 

⇒  The DFT calculations suggest that at shorter alkane chain 

     length, the functionalized C60 molecule might prefer to adopt 

     a different configuration than the V-shape configuration. 



SAM of F-C60-12C on Ag(111) 

•  Oblique 2D structure of  molecular SAM: unit cell size 2 nm x 1 nm with an angle of  80 degrees. 

F-C60-12C’s functional group contains 
two 1.47 nm long alkyl chains with 12 C 
atoms each, which bond covalently to a 
C60 cage via an ortho-xylylene linkage. 



0.6 nm 

SAM of F-C60-6C on Ag(111) 

•  triangular 2D structure of  molecular SAM: 

 unit cell size 1 nm x 1 nm. 

F-C60-6C’s functional group contains two 
0.7 nm long alkyl chains with 6 C atoms 
each, which bond covalently to a C60 cage 
via an ortho-xylylene linkage. 

For :  F-C60-nC the SAM is 0.6 nm tall 

 pure C60 the layer is 0.5 nm tall           

⇒  C60s  in  F-C60-nC  are lifted from the surface  



F-C60-12C and -6C: new T-shape conformation  

T-shape 

V-shaped 
C60-C60 distance of  1 nm  

&  SAM height of  0.6 nm:  

 

 ⇒  the V-shape of  F-C60 can 

not reproduce the observed STM 

data.  

 

What are the molecular 

conformations for  

F-C60-12C & -6C on Ag(111) ?  

 1.0 nm 

Small energy penalties to twist the 
bonds compared with alkane-
surface energy gains 



F-C60-12C and -6C: SAM model 

SAM structure model for F-C60-12C and -6C on Ag(111): 
 
•   Surface - molecule interaction:  

•  T-shape of  the alkane tails  
•  both alkane tails aligns in most compact direction  

•   Intermolecular interaction: 
•  same as for F-C60-18C 
•  C60-C60 interaction important due to T-shape 

conformation of  F-C60s resulting in compact rows of  
C60 cages 

 

⇒ unit cell size is consequence of  molecular structure, 

 due to adsorption geometry 

 & intermolecular interactions. 



•  single DCP molecule   

•  dispersed DCP molecules 

on Au(111) 

gold atoms & DCP orbitals resolved ! 

DCP self-assembly on Au(111) 



DFT simulated molecular orbitals of  isolated 

6,13-dichloropentacene(DCP) molecule 

HOMO LUMO 

Usample= + 1.3V 

positive sample tunneling 

bias yields unocc. orbitals: 

 –   LUMO   – 

Identify orbital structure by comparison with theory 



DCP Self-Assembled Monolayer (SAM) on Au(111) 

Ordered domains with six different orientations  

wrt the most/least compact direction of  Au(111) 



DCP Self-Assembled Monolayer (SAM) on Au(788) 

Perfectly ordered brick-wall SAM on a stepped Au surface: 

each 3.9 nm wide terrace holds 5 rows of  head-to-tail DCP molecules head-to-tail  



Molecular C60 – chains on ordered DCP film 



Moire’s  with  unit cell sizes: 

Experimental results 

1:     0.85 ± 0.10 nm 

2:     1.1 ± 0.10 nm 

3:     1.5 ± 0.10 nm 

4:     2.1 ± 0.10 nm 

5:     2.3 ± 0.10 nm 

6:     3.0 ± 0.10 nm 

1 

2 

3 

4 

5 

6 

Graphene: a transparent & conductive top electrode 



Molecular Self-Assembly: Conclusions 

•  Self-assembled monolayer of  F-C60 & DCP molecules: 

⇒  Functionalized Fullerenes and Pentacene derivative can be assembled as sharp 

interfaces in bilayer heterostructures. 

⇒  SAM unit cell due to molecule-surface and intermolecular interactions 

⇒  SAM unit cell due to molecule-surface and intermolecular interactions 

⇒  Design SAM structures and functionality by choosing functional groups 

⇒  Use vicinal surfaces to force micron-size ordering 

⇒  Built OPVs with improved efficiency (small HOMO-LUMO gaps) and electron transport 

properties (large-scale molecular ordering) 
 
 
B. Diaconescu, T. Yang, S. Berber, M. Jazdzyk, G. Miller, D. Tománek, and K. Pohl:  Molecular self-assembly of 

functionalized fullerenes on a metal surface  –  Phys. Rev. Lett. 102, 056102, 2009. 
 
J. Wang, I. Kaur, B. Diaconescu, J.-M. Tang, G. Miller, and K. Pohl:  Perfect assembly of single-domain dichloropentacene 

over large areas on vicinal gold surfaces  –  ACS Nano 5, 1792, 2011. 
 
J. Wang, J.-M. Tang, A. M. Larson, G. P. Miller, and K. Pohl: Sharp organic interface of molecular C60 chains and a 

pentacene derivative SAM on Au(111): A combined STM & DFT study – Surface Science 618, 78, 2013. 


