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Silicon based low-roughness Au/Ti/SiO2/Si substrates were fabricated using standard IC fabrication
processes. Evolution of surface roughness during substrate fabrication process was studied. Fabrication
process steps, namely, thermal oxidation and e-beam evaporation for ultra-thin Ti(~ 5 nm)/Au(22 nm)
films, were optimized to result in surface r.m.s roughness ~ 0.2 m and ~ 1.0 nm, after thermal oxidation
and Ti/Au deposition steps respectively. Surface roughness was estimated by atomic force microscope
(AFM) imaging and image analysis. Nano-patterning experiments using thiol based 16-MHA molecular-ink
on fabricated substrates were carried out, under controlled environment conditions, by dip-pen-nanolithography (DPN) technique. Minimum line-width ~ 60 nm and circular dots radius ~ 175 nm were patterned.
Keywords: Atomic force microscopy, Dip-pen-nanolithography, Nanopatterning, Self-assembled-monolayers.
PACS numbers: 81.16.Nd, 68.35.Ct

1. INTRODUCTION
There has been a continuous quest for fabricating
smaller devices & circuits during last four decades following famous Moore’s law. Journey from few microns
to sub-100 nm gate-length has been possible due to
innovations in manufacturing equipments, materials,
processes, device-structures and circuit architectures.
Lithography, along with other process parameters, determines feature size and hence the components density on the chip. There are various techniques for patterning nanoscale feature sizes for ever shrinking
CMOS devices and circuits [1]-[6]. AFM based Dip-PenNanolithography (DPN) is relatively new technique
developed by Mirkin’s group [7], and is fast becoming a
powerful tool to generate nano-scale features of variety
of materials on compatible substrates. The generated
patterns are basically self-assembled-monolayers
(SAM) of desired molecules on substrate surface. In
brief, DPN is a direct writing technique utilizing ultra
sharp AFM cantilevered tip. Molecules, of the material
to be patterned, are coated on the AFM tip. The molecules coated AFM tip scannes the substrate surface in
close proximity. Due to ambient humidity a water meniscus is formed between tip and the substrate surface.
As tip scannes the substrate surface, ink molecules
diffuse through the meniscus to the substrate. The
basic system consists of an atomic force microscope
(AFM) stage, controlled environment chamber, controller and software for controlling AFM operation, writing
process, imaging, data acquisition etc. Direct writing of
viruses, protein nano-arrays is also possible with DPN
technique. The transported ink-molecules are adsorbed
on avaiable sites forming a nano-patterned SAM. The
patterning process is very sensitive to environmental
conditions (i.e. humidity and temperature), surface
conditions, and tip coating procedures [8]. Substrate
surface is crucially important for self-assembly process.

Surface roughness influences both, the ink-molecules
transport as well as AFM imaging contrast [9]. Various
ink-substrate combinations have been explored for
writing nano-pattern using dip-pen-nanolithography
(DPN) [7]. Thiol based 16-Mercapto Hexadecanoic Acid
(16-MHA) is a much researched molecular-ink compatible to gold surface. Recently, we reported nano-scale
patterning of silicon nanoparticles on SiO2/Silicon substrate by DPN technique [10].
There are various techniques for depositing ultrathin films of Ti and Au, such as sputtering, thermal
evaporation, e-beam and more recent pulsed laser deposition (PLD) [11]. For nano-patterning, it is very important to have flat substrate surface with lowroughness and without any contamination. For developing silicon based nano-electronic devices, substrate
should be compatible with IC fabrication processes.
During device fabrication, substrate (normally, silicon
wafer) goes through many cycles of thermal, deposition,
patterning, chemical etching processes. So, it is compelling to study the evolution of surface roughness as wafer goes through the process steps and also to develop
processes which result in low surface roughness. In the
present study, Ti/Au thin film was taken up as compatible gold surface to 16-MHA ink. Surface roughness has
contributions from chemical cleaning, oxidation and
metal deposition processes. Silicon dioxide was grown
on silicon substrates by high temperature thermal oxidation, and Ti and Au were deposited by e-beam evaporation to result low surface roughness at final stage.
Experimental environment conditions were maintained
in an enclosed chamber. On the fabricated substrates,
experiments of AFM tip-inking, ink-calibration, and
then nano-writing of lines and circular dots were carried out. Written patterns were imaged and analyzed.
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2. EXPERIMENTAL
One-side polished 2’’ silicon wafers, n-type, 100 ,
0.01-0.02 Ohm cm, were diced into quarter pieces. These silicon quarter pieces were used in the experiments.
After thorough chemical cleaning, surface of starting
silicon substrate were imaged by AFM (Nanoscope II,
Digital Instruments) in contact mode. The obtained
AFM images were analyzed in the system software to
estimate r.m.s. roughness of the substrate surface. To
study the effect of oxidation process on surface roughness, these wafers were oxidized at two temperature
900 C and 1000 C in dry/wet/dry oxygen ambient to
result in ~90 nm thick oxide layer. Again, AFM imaging was carried out and roughness was estimated of
the oxide surface. For preparing substrate compatible
to thiol based 16-MHA ink, titanium and gold deposition runs were carried to get desired deposition rates
and thickness. Ti (5 nm)/Au (22 nm) were deposited by
optimized electron beam evaporation process parameters; Ti – pressure ~ 2 × 10 – 7 Torr, beam current
~ 20 mA, and Au – pressure 2-8×10 – 7 Torr, beam current ~ 30 mA. After gold deposition, again, surface
roughness was measured through AFM imaging. These
substrates were kept under vacuum to avoid surface
contamination.
Nano-patterning experiments were carried out using DPN NSCRIPTOR system from M/s Nanoink, USA.
Suitable environmental conditions i.e. temperature and
relative humidity were controlled and maintained in
the controlled environment chamber. DPN AFM stage
is enclosed in this chamber. This chamber is placed on
vibration isolation table. Commercial ink, 16-MHA in
acetonitrile solvent was used for writing. Nanopatterning was performed in controlled humidity, 3055 % and temperature, 25-35 C. Triangular shape
AFM tip was coated with 16-MHA ink using dipping
method and dried. System operation was controlled
through InkCAD software. Inking and ink-calibration
were performed prior to each writing experiment. After
ink calibration, lines and circular dots were designed in
the design template using InkCAD. The designed patterns were then written using coated tips mounted in
the AFM scanner. The written patterns were imaged
with the same system in lateral-force-microscopy
(LFM) Mode. The obtained results are presented in
next section.
3. RESULTS AND DISCUSSIONS
The AFM image of surface of starting silicon sample
is shown in Fig. 1a, the front surface of sample was polished and smooth, and the estimated r.m.s. roughness
was 0.23 nm. As shown in Figure 1b, after thermal oxidation at 900 C, the surface became slightly rougher
with r.m.s. roughness ~ 0.31 nm. Roughness were estimated over the window size of 500 × 500 nm. Fig. 2a
shows AFM image of silicon sample after oxidation at
1000 C, and the roughness of the surface was estimated
to be 0.21 nm. During oxidation process, initially, silicon
surface goes through roughening phase due to uneven
oxidation rates at localized non-uniformities at the
SiO2/Si interface. As oxidation proceeds, surface starts
getting smoother. This may happen due to viscous flow

of oxide at higher temperature followed by stress relaxation, and due to increased oxidation rates at the protrusions during the diffusion-limited oxidation phase. It
was observed that the interface became rougher after
initial phase of smoothening. The reasons for such observations are not clear [12]. Oxidation at 1000 C was
expected to result in smoother surface compared to the
oxidation at 900 C, because of improved viscous flow of
oxide.

a

b
Fig. 1 – AFM images of surface of starting cleaned silicon
wafer (a), and after 90nm thermal oxide grown at 900 C (b).
The estimated surface r.m.s. roughness are 0.23 and 0.31 nm
respectively, window size was 500 500 nm

In our experiments, roughness decreased slightly
from 0.31 nm to 0.21 nm with increasing the oxidation
temperature from 900 C to 1000 C for same oxide
thickness of 90 nm. Higher peak-to-peak surface
roughness has been observed for wet oxidation at a
temperature of 850 C [13].
Fig. 2b shows AFM image of substrate after Ti (5 nm)
and Au (22 nm) deposition by e-beam evaporation. Titanium was deposited to improve adhesion of gold film to
the silicon dioxide layer. The estimated roughness at
this stage was 0.99 nm. Very flat gold surfaces were obtained by evaporation of gold on mica and silicon wafer
followed by glue bonding and transfer on glass substrate
[14]. For semiconductor device fabrication, good adhering gold films on silicon substrate are required.
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Fig. 2 – AFM images of surfaces of silicon wafer after 90nm
thermal oxide grown at 900 C (a), and after Ti (5 nm)/Au
(22 nm) deposition by optimized e-beam evaporation process
(b). The estimated surface r.m.s. roughness are 0.21 and
0.99 nm respectively, window size was 500 500 nm

Fig. 3 – Snapshot of design template for nanowriting process for lines with different writing speeds (0.1-0.8 µm/sec)
(a), AFM images of 16 MHA lines written on gold surface
using desgined process parameters (b)

Thermal annealing of gold films further improves the
surface flatness. High temperature annealing step can
not be carried out at this stage because gold/titanium
films are to chemically etched after nano-writing. So,
efforts are needed to develop compatible processes to
give even flatter gold surfaces on silicon substrates.
Now we present results on nano-patterning. Figure
3a shows window of design template in InkCAD software. Experiments were designed to write lines with
varying speeds (0.1 – 0.8 µm/sec). Fig. 3b shows LFM
image of lines written with above speeds at R.H. 40 %
and temperature 25 C. Minimum width of 60 nm
was been achieved at the highest speed of 0.8 µm/sec. It
is evidenced that line-width decreased with increasing
writing speed. It is due to the fact that at higher tip
movement speed, ink-molecules diffusing per unit time
through water meniscus are less compared with lower
writing speed. These fewer ink-molecules self-assemble
on the gold surface resulting in smaller width. It is important to note that even the finest line was continuous. To further reduce the line-width, speed should be
increased. But very high writing speeds, may result in
broken lines, as molecules may not diffuse and arrive

as fast as the tip moves. So, there has to be a trade off
between writing speed and width of continuous line,
keeping other process parameters same.
Fig. 4 shows LFM images of dots written on fabricated substrate at temperature 32 C and relative
humidity 54 %. The dwell time of tip, i.e. time during
which tip was stationary at certain location, was varied
from 1, 2, 4, 8, 12, 20 seconds. The dots appeared to be
circular with little waviness at the periphery. As shown
in figure, the dots were marked and encircled, and the
area of the circle enclosing the dot was estimated by
the system software. Dot radius was calculated from
area of circles. The marked dot, written with dwell time
of 1 second, has minimum radius of 175 nm. As can be
seen, dot size increased with increasing dwell time of
the tip. This may be explained as follows, longer dwell
times allow more numbers of ink-molecules to diffuse
and self-assemble on the surface. Dot size may further
be reduced by controlling the number of ink-molecules
flowing through water meniscus. This may be achieved
by reducing the meniscus width through control of relative humidity. Another way may be by further reducing
the dwell time.
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4. CONCLUSIONS

Fig. 4 – LFM images of 16-MHA “Dots” generated with different dwell time of tip (L-R); 1, 2, 4, 8, 12, and 20 seconds at
R.H. 54 %, temp. 32 C, minimum radius is 175 nm

Smoother boundaries of lines and dots are expected
on surfaces with further lower-roughness and with less
number of grain boundaries, as grain boundaries facilitate uncontrolled diffusion of ink-molecules. Ideally
speaking, large grains (preferably single grains),
achievable in peeled gold films from mica-sheet/silicon
wafer are best suitable for nano-scale SAM patterning
[14]. But, for actual device applications, silicon/GaAs/Alumina based substrates are required. So,
much R & D efforts are needed to develop large area
substrates for DPN nanolithography and its integration with IC fabrication process.

Surface roughness evolution during substrate fabrication for DPN nano-writing was studied. Surface
roughness at starting silicon wafer stage, after thermal
oxidation, and after Ti/Au ultra-thin films deposition by
e-beam evaporation process, were studied through AFM
imaging and analysis. Based on roughness analysis,
Au/Ti/SiO2/Si substrates with roughness r.m.s. value~1.0 nm were fabricated suitable for nano-patterning.
Nano-writing was carried out using 16-MHA by DPN
technique. Under optimized process conditions, minimum line-width = 60 nm and “dot” radius = 175 nm
were patterned. The achieved results are useful for
nano-scale device fabrication, as substrate fabrication is
critical for nanolithography. Moreover, the developed
process is compatible with IC manufacturing technology. However, much is to be done on integration of DPN
process with other device fabrication processes before
real nanotechnology-enabled nano-electronic/ molecular
devices are developed for ever demanding IT sector and
pressing health-care needs.
ACKNOWLEDGEMENTS
Authors are thankful to the Head, Sensors & Nanotechnology Group, and the members of semiconductor
device fabrication facilities for fabrication support. Help
by Mr. William R. Taube in manuscript formatting is
thankfully acknowledged. This work was carried out
under sponsored project from Ministry of Communication & Information Technology, Department of Information Technology, Government of India. Financial support is thankfully acknowledged.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.

R.F. Pease, S.Y. Chou, Proc. IEEE. 96, 248 (2008).
C. Wyon, Nucl. Instrum. Meth. B 186, 380 (2002).
K. Arshak,
M. Mihov,
S. Nakahara,
A. Arshak,
D. McDonagh, Superlattice Microst. 36, 335 (2004).
C. Vieu, F. Carcenac, A. Pepin, Y. Chen, M. Mejias,
A. Lebib, L. Manin-Ferlazzo, L. Couraud, H. Launois,
Appl. Surf. Sci. 164, 111 (2000).
W.J. Dauksher, N.V. Le, E.S. Ainley, K.J. Nordquist,
K.A. Gehoski,
S.R. Young,
J.H. Baker,
D. Convey
P.S. Mangat, Microelectron. Eng. 83, 929 (2006).
J.A. Helmuth, H. Schmid, R. Stutz, R. Stemmer, A. Wolf,
J. Am. Chem. Soc. 128, 9296 (2006).
D.S. Ginger, H. Zhang, C.A. Mirkin, Angew. Chem. Int.
Ed. 43, 30 (2004).
J. Haaheim, R. Eby, M. Nelson, J. Fragala, J. Rosner,

9.
10.
11.
12.
13.
14.

02022-4

H. Zhang, G. Athas, Ultramicroscopy 103, 117 (2005).
Q. Tang, S.Q. Shi, L.M. Zhou, J. Nanosci. Nanotech. 12,
2167 (2005).
A. Kumar, P.B. Agarwal, S. Sharma, D. Kumar, J. NanoElectron. Phys. 3, No.1, 127 (2011)
D.K.T. Ng, B.S. Bhola, R.M. Bakker, S.T. Ho, Adv. Funct.
Mater. 21, 2587 (2011).
Y.L. Khong, G.S. Tan, G.A. Tan, J. Electrochem. Soc. 143,
L254 (1996).
J. Nasrullah, G.L. Tyler, Y. Nishi, IEEE T. Nanotechnol.
4, 303 (2005).
D. Stamou, D. Gourdon, M. Liley, N.A. Burnham, A. Klik,
H. Vogel, C. Duschl, Langmuir 13, 2425 (1997).

