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Single crystalline Au(111) surface is the most sought 
after platform for studying molecular and other inter-
esting phenomena. Here we report the synthesis of  
giant Au(111) single crystalline microplates along with 
their prototype applications. The single-crystal surfaces 
are atomically flat and possess areas extending over 
~ 100,000 μm2. The synthesis method is simple involv-
ing a one-step thermolysis process, i.e. heating on a 
hot plate, of a alkylammonium salt, making the process 
flow easy and scalable for mass production. Other  
interesting anisotropic structures such as nanorods 
and microstars are also obtained by slightly varying 
the synthetic conditions. 
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WELL-DEFINED metal surfaces are important in studying 
any surface phenomenon such as surface reactions1, reac-
tion kinetics2 and catalysis3, molecular self-assembly4, 
etc. Such surfaces are usually obtained by cutting and 
polishing metal single crystals5 to specific crystallo-
graphic orientations or by growing oriented thin films6  
either chemically or by physical deposition methods. 
While surfaces of transition metals have been extensively 
employed for surface reaction studies, the Au(111) sur-
face has attracted unprecedented attention because of its 
use in molecular self-assembly7. But Au single crystals 
are not easily affordable, due to which usually thin, ori-
ented Au(111) films are always preferred for routine use. 
Conventionally used Au(111) substrates are derived from 
bead crystals produced by resistive heating8 or by flame 
annealing of the thin films of polycrystalline Au9. But 
both require high-temperature processing and in addition 
require large amounts of the raw metal. Other methods 
for Au(111) include templated stripping of flame-
annealed Au10 and acid treatment of Au surface11. How-
ever, it is not trivial to produce flat, clean, atomically 
smooth Au(111) surfaces as substrates for instance, for 
use in scanning tunnelling microscopy (STM) imaging, 
by any of these methods. STM studies therefore rely on 
other substrates such as highly oriented pyrolitic graphite 
(HOPG), which provides atomically smooth and clean 
surface just by peeling. HOPG being chemically inert, 
surface functionalization is rather difficult. Thus it is of 
paramount importance to develop methods to produce 

large, flat smooth Au(111) surfaces on a routine basis. 
We have come up with a process which makes use of sim-
ple, chemical Au organic precursors, involving alkylam-
monium phase-transfer agents. 
 Albeit the known use of quaternary ammonium salts 
with metal anions in the extraction of metals from aque-
ous solutions12,13, it is far less explored in materials  
research. One noteworthy example from the literature has 
been the Brust method14, where (AuCl4)– ions extracted 
using tetraoctylammonium bromide (ToABr) in toluene 
were employed for controlled synthesis of alkanethiol-
capped Au nanoparticles. Recently, we have reported15 
that the Au–ToABr precursor (i.e. (AuCl4)– ions stabi-
lized by ToABr in toluene) upon thermolysis gave rise to 
Au microplates having edge lengths of 100 μm with areas 
up to 12,000 μm2. Subsequently, we studied the growth 
mechanism of these microplates using detailed in situ  
microscopy16. With the quest for obtaining giant Au  
microplates, we have recently optimized the recipe. In 
this article, we report the formation of very large Au  
microplates extending up to sub-millimetre sizes and  
possessing areas of ~ 100,000 μm2, and study the utility 
of the giant microplates in various applications. 
 The synthesis consists of a simple single-step thermo-
lysis of phase-transferred Au–ToABr precursor. Freshly 
prepared Au–ToABr precursor solution (100 μl, 200 mM) 
was drop-coated onto a well-cleaned, thin glass slide and 
heated at 130°C in air on a hot plate for 55 h (Figure 1 a) 
to produce large Au single crystals. 
 After thermolysis, the unreacted Au–ToABr was washed-
off in toluene. Figure 1 b shows several microplates cov-
ering the substrate, with the magnified images of single 
Au microplates shown in Figure 1 c and d. The Au micro-
plates thus formed are visible even to the unaided eye. 
The plates exhibit polygonal morphology; many appear 
as hexagons and truncated triangles. These microplates 
possess areas ~ 80,000 to 100,000 μm2, i.e. ~ 0.1 sq. mm, 
significantly larger than the ones previously reported by 
us15 with areas below 12,000 μm2. In terms of synthesis, 
the present method differs in certain parameters from the 
one reported earlier15, in that, keeping the thermolysis 
temperature as low as possible, i.e. at 130°C, the anneal-
ing time was increased from a few hours to a few days. 
The slower kinetics seems to play an important role in 
yielding larger microplates. Also, the concentration of the 
precursor does not proportionately increase the size of the 
microplates; instead there was an optimum concentration,
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Figure 1. Giant Au microplates. a, Schematic of the synthesis of Au microplates. b, Optical images of the as-synthesized  
microplates. Dark traces on some of the microplates are due to the unreacted precursor. c and d, Magnified images of the giant Au 
microplates. Thermolysis was done at 130°C for 55 h. 

 
 

 
 

Figure 2. SEM images of the Au microplates synthesized on various substrates, indicated over the image. Thermolysis 
was done at 250°C for 3 h. 

 
 
i.e. 200 mM above or below which smaller microplates 
were obtained. Importantly, we have found that a freshly 
prepared Au–ToABr solution unexposed to ambient light 
is much more effective than an aged solution left in the 
ambient. As is well known17, aged (AuCl4)– solutions 
contain some reduced Au species which may follow a dif-
ferent trend of growth than those from the molten precur-

sor and in effect, hinder the latter growing into large-
sized single crystals. 
 The synthesis of the Au microplates can be carried out 
on various substrates, such as Si, glass, stainless steel, 
polyimide, polydimethylsiloxane (PDMS), mica, HOPG, 
etc. In fact, almost any substrate that can stand the ther-
molysis temperature and remain insoluble in the solvent 
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(i.e. toluene) can be used. Figure 2 shows the scanning 
electron microscopic (SEM) images of the Au mi-
croplates synthesized on various substrates, at a thermo-
lysis temperature of 250°C for 3 h. Notably, even on a 
rough surface such as textured Si, Au microplates could 
grow but with small cracks on the surface. Among others, 
Si and coverslip substrates prove to be the best for growing 
giant, unbroken Au microplates with good yield (Figure 2). 
 Au being a plasmonic metal, we considered it interest-
ing to study the prospects of using the surface of the  
microplates for surface-enhanced Raman spectroscopy. 
For this purpose, a 1 mM solution of a Raman marker 
(thiophenol) was chemisorbed onto the surface of a  
hexagonal microplate by self-assembly. Raman spectrum  
recorded on the corners of the microplate is shown in 
Figure 3 a, along with that recorded on the glass slide 
coated with 1 mM thiophenol solution. Figure 3 b shows 
 
 

 
 

Figure 3. a, Raman spectrum of thiophenol chemisorbed on a Au mi-
croplate, recorded on a corner. b, Raman mapping of 1000 cm–1 peak 
recorded on the hexagonal microplate (shown as dotted line). Corners 
show enhanced Raman signal. c, EFM data. AFM topography image of 
the Au microplate and the corresponding EFM images at 0, 5 and 10 V 
respectively. For EFM, a biased conducting tip coated with a 20 nm 
layer of Pt/Ir evaporated on top of a thin 3 nm Cr adhesion layer was 
used. The lift height was 150 nm. 

the Raman mapping of the 1000 cm–1 peak across the  
entire Au microplate surface. Owing to the smoothness of 
the Au microplate, there was no enhancement at the centre 
of the microplate, and the enhancement in the Raman 
signal was clearly evident only at the corners. In order to 
understand this phenomenon, electrostatic force micro-
scopy (EFM) was performed on the Au microplates (Fig-
ure 3 c). EFM measures local electrical properties by 
measuring the electrostatic force between a biased AFM 
tip and the sample surface18. Figure 3 c shows the topo-
graphy image of a Au microplate. While applying differ-
ent bias values, EFM images were recorded at a lift 
height of ~ 150 nm, as shown in Figure 3 c. With  
increased tip bias, i.e. at 10 V, we see the edges and cor-
ners of the microplate appear brighter (with either posi-
tive or negative bias), indicating a higher electric field in 
those regions. This observation agrees well with the  
literature reports19 that along the sharp edges and corners 
of metal nanostructures, there will be an enhanced elec-
tric field and hence enhanced Raman signal. 
 As-synthesized Au microplates are transferrable to other 
substrates, which is important in properties such as site-
selective wettablity, cytophilicity, etc. Here we show how 
Au microplates could be embedded in a polymer matrix. 
The process of doing so is explained in Figure 4 a. The 
polymer chosen here was PDMS, which is extensively 
used as a biomaterial in ear and nose implants, pacemaker 
insulation, catheters, drainage tubing, for membrane  
oxygenators, etc.20. In the recent past, use of PDMS for 
replicating nanostructures with high fidelity is well  
acknowledged and it forms the heart of a branch of  
lithography named soft lithography21. PDMS elastomer 
mixed with curing agent was poured over the microplates 
on a given substrate and the entire set-up was kept in an 
oven at 50°C overnight for curing the PDMS. After  
 
 

 
 

Figure 4. Transferability of Au microplates to other substrates. a, 
Schematic illustration of the process; The adhesive, i.e. either a scotch 
tape or a polymer such as PDMS which can be cured, is brought over 
the microplates on a substrate and peeled off. b, Optical image (in re-
flection mode) of the cured PDMS peeled-off from the substrate. c, 
SEM image showing the faithful transfer of Au microplates to the 
scotch tape. 
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Figure 5. SEM (a) and AFM (b) images showing the nanotrenches in the form of alphabets made by EBL (10 kV, 
0.6 mC/cm) on Au microplate surface. (c) Magnified AFM image and (d) the corresponding z-profile. 

 
 
cooling to room temperature, cured PDMS was peeled-off 
from the substrate, leading to Au microplate-embedded 
PDMS (Figure 4 b). PDMS hosting Au microplates pre-
sents a unique platform for hosting live cells, as the cells 
can be selectively adsorbed only onto the microplates as 
the microplate surface is cytophilic15 while the PDMS 
surface, as known22, should inhibit cell adhesion. Addi-
tionally, the microplates carrying cells can enhance  
fluorescence signal used as label. Instead of PDMS, the 
Au microplates can also be transferred to a scotch tape by 
simply peeling them off from a glass or Si substrate  
(Figure 4 c). 
 There are other possibilities relevant to technological 
applications. We have attempted nanopatterning on the 
surface of the microplates. Ion beam milling of metal  
surfaces to create nanoelectronic circuits is well-docu-
mented23. Au nanoplates have also been milled through ion 
beam to produce nanocomponents such as nanowheels24 
and nanoresonators25. Recently, plasmonic nanocircuits 

such as nanoantennas have been realized on single-crystal 
Au microplates by focused ion milling26. Here, we pro-
pose that our giant Au microplates could also be used  
efficiently for producing high-quality single crystalline 
components. In Figure 5, we show that, even a low-
energy electron beam (5 kV) is able to create trenches on 
a Au microplate surface. The trenches created were about 
~ 7 nm deep. 
 Since the Au microplates can enhance fluorescence of 
dyes, we extended the utility now to enhancing the fluo-
rescence of molecular crystals. In general, organic fluoro-
phores display very low quantum yield in the solid state. 
Strong fluorescence in solid state is important if one 
wants to use such molecules in device applications. A 
concept experiment of fluorescence enhancement for  
molecular crystals is demonstrated using 1,4-bis(phenyl-
ethynyl)-2,5-bis(n-propoxy)benzene as a model system. 
Crystals of this molecule are known to exhibit fluore-
scence around 515 nm in the solid state, with a high 
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Figure 6. Metal-enhanced fluoroscence: Dark field confocal (a) and optical images (b) of an organic fluoroscent crystal 
(oligo(phenyleneethynylene)) on a Au microplate. 

 

 
 

Figure 7. Ideal scanning probe microscopy substrates: a, Optical profilometric image of Au microplates. b,  
Average roughness versus area from which roughness was calculated. c, STM image of a Au microplate, showing 
typical (111) orientation (see dotted line). The image was recorded using a Bruker diInnova Scanning Probe  
Microscope with Nanodrive controller. Pt–Ir precision-cut wire (model no. CLST-PTBO) of 0.5 mm diameter and 
20 mm length was used as a tip. The noise and drift in the image are due to the instrument instability. 

 
 
quantum yield of 0.53 (ref. 27). A crystal was grown on 
Au microplates by drop-casting a toluene solution of the 
molecule onto Au microplates. Slow evaporation of  
the solvent at room temperature led to crystal growth on the 

microplate surface (Figure 6). Confocal imaging of the 
crystals on Au microplates showed enhanced fluore-
scence compared to the ones grown on glass slide as con-
trol. Although the distance between the molecular crystal 
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Figure 8. Current–voltage characteristics recorded by C-AFM of Au microplate placed on a 
HOPG substrate: I–V data recorded on a microplate chemisorbed with dodecanethiol molecules 
(red) and those on the microplate without any molecules (black). (Inset) image of the microplate 
and position of the C-AFM probe. 

 
and Au microplate is small enough to cause quenching of 
luminescence due to charge-transfer interactions, we still 
observe enhancement in fluorescence. In general, metal-
enhanced fluorescence is observed only when there is a 
spacer between a dye film and the metal. Here, it might 
be explained that the crystal has thickness more than a 
few micrometres. So, even if the surface of the fluores-
cent crystal is in contact with the Au microplate, maxi-
mum portion of the crystal is at a distance, which could 
lead to enhancement. Thus, we can envisage that the 
solid-state quantum yield of industrially important  
organic molecules can be increased using Au microplates 
as platforms. 
 The microplates synthesized by the current technique 
have some unique properties – large, flat, clean and self-
supporting and movable – thus presenting them as ideal 
scanning probe microscopy substrates. First, as men-
tioned earlier, Au microplates are atomically smooth  
(surface roughness < 1 nm over tens of micrometres; see 
Figure 7 a and b). They are easily identifiable on a given 
substrate owing to their large size. The microplates being 
made up of Au, can be easily functionalized. Further, the 
microplates are amenable for manipulation. The STM  
image from Au microplate surface obtained in a prelimi-
nary study is shown Figure 7 c. Another potential applica-
tion of these microplates is to serve as molecular 
electrodes (Figure 8). Here we have shown large-area 
molecular electrodes using conducting-AFM (C-AFM) as 
probe. A microplate attached with dodecanethiol mole-
cules in the form of a self-assembled monolayer (SAM) 
was placed on a HOPG substrate. The I–V data (Figure 8) 

are nonlinear, typical of alkanethiol molecules. Knowing 
the area of the microplate (52.9 μm2) and the density of 
the SAM28 (4.67 × 1018 mol/m2), the resistance per mole-
cule was calculated based on the resistance near zero-bias 
(892.8 Ω). The resistance per molecule works out to be 
220 GΩ, close to literature values29. When the tip was 
placed on another microplate, which was not covered 
with the SAM, the I–V data showed a linear behaviour as 
expected. 
 Au–ToABr precursor can also be used for obtaining 
other interesting anisotropic structures. When the thermo-
lysis of the precursor was carried out on a substrate in a 
heat-confined environment (i.e. by placing a cured PDMS 
flat piece on top of the precursor film on a substrate),  
microstars were obtained instead of microplates (see Fig-
ure 9 a and b). In another instance, the synthesis of Au–
ToABr precursor itself was modified. Instead of using 
HAuCl4, the aqueous (AuCl4)– solution was obtained 
starting with an Au foil and dissolving it in aqua regia, 
and water was added to make up to the required concen-
tration. This was phase-transferred to toluene using 
ToABr, as usual. A 25 mM solution of the phase-
transferred Au–ToABr was drop-coated on a substrate 
and thermolysed at 130°C for 55 h. In this case, the syn-
thesis ended up with Au nanorods instead of microplates. 
The nanorods were ~ 70 nm in diameter and ~ 100 μm 
long (see Figure 9 c and d). 
 The scope of the microplates bearing such unique 
properties as shown above, is exciting. Thus, for instance, 
the process flow of making the STM substrate is to sim-
ply drop-cast the Au microplates dispersed in toluene 
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Figure 9. Other interesting anisotropic structures: a, SEM image of the Au microstars synthesized by confined heat 
treatment of Au–ToABr, b, magnified image of a single microstar. c, Au nanorods obtained from modified Au–ToABr 
precursor and; d, magnified image of a single nanowire. 

 
 
onto any conducting base substrate such as a thin film of 
metal, indium-coated tin oxide, HOPG, stainless steel, 
etc. The plates of desired size can be obtained by arrest-
ing the growth at any instant, by simply turning-off the 
hot plate and cooling to room temperature. Further, a 
halted process can be regained for further growth, if  
required, provided the substrate containing unreacted pre-
cursor is left undisturbed. 
 Using these microplates as STM substrates, one can 
envisage studying even complex molecular transforma-
tions and reactions between individual molecules. For in-
stance, Au microplates can be individually functionalized 
with different probe molecules, A and B. As the plates 
are movable, the microplates can be brought together  
using a simple manipulator. If there is any interaction  
between the probe molecules A and B, the edges of the 
microplates would be the first place for the initiation of 
the reaction, which can be dynamically captured by STM 
imaging or by SERS. Importantly, the choice of the base 
conducting substrate is not limited and it need not be 
atomically smooth as the roughness of the substrate is,  
in general, not reflected on the Au microplates. The  

applications are abound and exotic, such as making a 
sandwich device with two Au microplates with molecules 
captured in-between, microplates as electrodes for micro-
capacitor, etc. 
 In conclusion, we have reported a simple, single-step 
synthesis of giant Au microplates. These single crystal-
line microplates can serve as STM substrates and save the 
tedious process of processing atomically smooth sub-
strates. The process of electromagnetically enhanced 
SERS along the edges and corners of the microplate was 
clearly evident, which was supported further by EFM 
measurements. 
 
 

1. Ulman, A., Formation and structure of self-assembled monolayers. 
Chem. Rev., 1996, 96, 1533–1554. 

2. Madix, R. J., Reaction kinetics and mechanism on metal single 
crystal surfaces. Adv. Catal., 1980, 29, 1–53. 

3. Goodman, D. W., Model catalytic studies over metal single cry-
stals. Acc. Chem. Res., 1984, 17, 194–200. 

4. Tomba, G., Ciacchi, L. C. and de Vita, A., Atomic-level studies of 
molecular self-assembly on metallic surfaces. Adv. Mater., 2009, 
21, 1055–1066. 



SPECIAL SECTION: NANOMATERIALS 
 

CURRENT SCIENCE, VOL. 102, NO. 1, 10 JANUARY 2012 77

5. Campos, C., Cardoso, L. P. and Caticha-Ellis, S., A simple method 
to cut a single crystal in any desired direction. J. Appl. Crystal-
logr., 1983, 16, 360. 

6. Zhu, J., Xiao, D., Zhang, W., Zhu, J. and Qian, Z., Epitaxial or 
high-oriented platinum thin films grown on various substrates by 
the RF magnetron sputtering technique. Phys. Status Solidi A, 
1993, 139, K17–K20. 

7. Love, J. C., Estroff, L. A., Kriebel, J. K., Nuzzo, R. G. and  
Whitesides, G. M., Self-assembled monolayers of thiolates on 
metals as a form of nanotechnology. Chem. Rev., 2005, 105, 
1103–1169. 

8. Voigtländer, B., Linke, U., Stollwerk, H. and Brona, J., Prepara-
tion of bead metal single crystals by electron beam heating.  
J. Vac. Sci. Technol. A, 2005, 23, 1535–1537. 

9. Uosaki, K., Shen, Y. and Kondo, T., Preparation of a highly  
ordered Au (111) phase on a polycrystalline gold substrate by  
vacuum deposition and its characterization by XRD, GISXRD, 
STM/AFM, and electrochemical measurements. J. Phys. Chem., 
1995, 99, 14117–14122. 

10. Banner, L. T., Richter, A. and Pinkhassik, E., Pinhole-free large-
grained atomically smooth Au(111) substrates prepared by flame-
annealed template stripping. Surf. Interface Anal., 2009, 41,  
49–55. 

11. Kang, J. and Rowntree, P. A., Gold film surface preparation for 
self-assembled monolayer studies. Langmuir, 2006, 23, 509–516. 

12. Belova, V., Khol’kin, A. and Zhidkova, T., Extraction of plati-
num-group metals from chloride solutions by salts of quaternary 
ammonium bases and binary extractants. Theor. Found. Chem. 
Eng., 2007, 41, 743–751. 

13. Park, Y. J. and Fray, D. J., Recovery of high purity precious met-
als from printed circuit boards. J. Hazard. Mater., 2009, 164, 
1152–1158. 

14. Brust, M., Walker, M., Bethell, D., Schiffrin, D. J. and Whyman, 
R., Synthesis of thiolderivatised gold nanoparticles in a two-phase 
liquid–liquid system. J. Chem. Soc., Chem. Commun., 1994, 7, 
801–802. 

15. Radha, B., Arif, M., Datta, R., Kundu, T. K. and Kulkarni, G. U., 
Movable Au microplates as fluorescence enhancing substrates for 
live cells. Nano Res., 2010, 3, 738–747. 

16. Radha, B. and Kulkarni, G. U., A real time microscopy study of 
the growth of giant Au microplates. Cryst. Growth Des., 2010, 11, 
320–327. 

17. Niu, J., Zhu, T. and Liu, Z. One-step seed-mediated growth of 30–
150 nm quasispherical gold nanoparticles with 2-mercaptosuccinic 
acid as a new reducing agent. Nanotechnology, 2007, 18, 325607. 

18. Girard, P., Electrostatic force microscopy: principles and some 
applications to semiconductors. Nanotechnlogy, 2001, 12, 485–
490. 

19. Hu, J., Wang, Z. and Li, J., Gold nanoparticles with special 
shapes: Controlled synthesis, surface enhanced Raman scattering, 
and the application in biodetection. Sensors, 2007, 7, 3299–3311. 

20. Visser, S. A., Hergenrother, R. W. and Cooper, S. L., In Polymers. 
Biomaterials Science, Academic Press, 1996, pp. 50–60. 

21. Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X. and Ingber, 
D. E., Soft lithography in biology and biochemistry. Annu. Rev. 
Biomed. Eng., 2001, 3, 335–373. 

22. Bai, H.-J., Shao, M.-L., Gou, H.-L., Xu, J.-J. and Chen, H.-Y., 
Patterned Au/poly(dimethylsiloxane) substrate fabricated by 
chemical plating coupled with electrochemical etching for cell  
patterning. Langmuir, 2009, 25, 10402–10407. 

23. Dhawan, A., Gerhold, M., Madison, A., Fowlkes, J., Russell,  
P. E., Vo-Dinh, T. and Leonard, D. N., Fabrication of nanodot 
plasmonic waveguide structures using FIB milling and electron 
beam-induced deposition. Scanning, 2009, 31, 139–146. 

24. Yun, Y. J., Park, G., Ah, C. S., Park, H. J., Yun, W. S. and Ha,  
D. H., Fabrication of versatile nanocomponents using single-
crystalline Au nanoplates. Appl. Phys. Lett., 2005, 87, 233,110-
233,113. 

25. Vesseur, E. J. R., Waele, R. de., Lezec, H. J., Atwater, H. A., 
Abajo, F. J. G. de. and Polman, A., Surface plasmon polariton 
modes in a single-crystal Au nanoresonator fabricated using  
focused ion-beam milling. Appl. Phys. Lett., 2008, 92, 083110–
083112. 

26. Huang, J.-S. et al., Atomically flat single-crystalline gold nano-
structures for plasmonic nanocircuitry. Nat. Commun., 2010, 1, 
150. 

27. Thomas, R., Varghese, S. and Kulkarni, G. U., The influence of 
crystal packing on the solid state fluorescence behavior of alky-
loxy substituted phenyleneethynylenes. J. Mater. Chem., 2009, 19, 
4401–4406. 

28. Akkerman, H. B., Kronemeijer, A. J., van Hal, P. A., de Leeuw, 
D. M., Blom, P. W. M. and de Boer, B., Self-assembled-
monolayer formation of long alkanedithiols in molecular junc-
tions. Small, 2008, 4, 100–104. 

29. Majumdar, N. et al., Nanowell device for the electrical characteri-
zation of metal molecule metal junctions. J. Vac. Sci. Technol. B, 
2005, 23, 1417–1421. 

 
 
 
ACKNOWLEDGEMENTS. We thank Prof. C. N. R. Rao (JNCASR, 
Bangalore) for encouragement. We also thank Dr Basavaraja, VINL for 
help in AFM, STM measurements and Ms Dhivya Maria Pushpam for 
assistance. Support from the Department of Science and Technology, 
New Delhi is gratefully acknowledged. B.R. thanks CSIR, New Delhi 
for a fellowship. 

 

 
 
 
 




