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ABSTRACT 

 
Micron sized structures/components are commonly employed in a variety of devices (e.g., biosensors, array devices). At 
present such devices are based on macroscopic technologies. Future applications of differentiated structures/surfaces are 
expected to place considerable demands on down-sizing technologies, i.e. enable meso/nanoscopic manipulation. An 
emerging set of methods known collectively as soft lithography is now being utilised for a large variety of applications 
including micromolding, microfluidic networks and microcontact printing. In particular stamps and elastomeric elements 
can be formed by transfer of a pattern to a polymer by a master. The ‘master’ can be fabricated by a variety of techniques 
capable of producing well-defined surface topographies. Established lithographic techniques used in the microelectronic 
industry, such as photolithography, are generally used to fabricate such master templates at the micron scale. 
 
A number of polymers can be used to transfer patterns. One of the most widely used polymers for pattern transfer has 
been polydimethylsiloxane (PDMS). The elastomer is chemically resistant, has a low surface energy and readily 
conforms to different surface topographies. Obtaining a master is the limiting factor in the production of PDMS replicas.  
 
In this study we demonstrate the use of Diamond-Like-Carbon (DLC) as a master template for producing PDMS 
micro/nano stamps and 3 dimensional PDMS structures. Intricate surface relief patterns were formed on the DLC surface 
from lithographic techniques by Atomic Force Microscopy (AFM) operated in the electrical conductivity mode. 
 
Attributes of the technique include 
 
- Features with line widths less than 20 nm can be formed on the DLC. 
- The radius of curvature at edges can be less than 10 nm. 
- The slope of the features is limited by the aspect ratio of the tip. 
- Highly complex shapes can be fashioned. 
- Feature depth can be controlled by DLC film thickness and/or by the bias voltage applied. 
- The master is highly durable. 
- The master relief after patterning is extremely flat. 
 
Keywords: Atomic force microscopy, PDMS, stamps, DLC, Diamond-like-Carbon. 
 
 

1. INTRODUCTION 
 
The invention of the scanning tunnelling microscope (STM), and the subsequent development of a suite of related local 
probes, known collectively as scanning probe microscopies (SPM), have given the scientific community new tools with 
which to visualize on the nano- and meso-scale the structure and properties of surfaces and interfaces. Recently it has 
become apparent that the ability to manipulate purposefully those structures and properties may be an even more 
important attribute of the SPM family. 
 
A number of potentially enabling SPM-based nano-technologies for manipulation of surfaces have been proposed in 
recent years. Those are described variously as nano-writing or nano-lithography, probe-based data storage, surface 
patterning, templating, or nano-machining. The common element is exploitation of the localized interaction between a 



sharp tip and a surface for the purpose of spatially-resolved manipulation of surface structures and/or properties. For 
instance, oxide structures with a line-width resolution of less than 10 nm can be written by an SPM probe to a silicon 
surface or certain metallic substrates by anodic oxidation, e.g. [1-3]; mechanical inscription on a surface can be carried 
out with a diamond-tipped stiff lever4; polymer surfaces can readily be indented, either by tip-induced ‘ploughing’ or by 
a thermo-mechanical mechanism5; the local magnetic6 and ferroelectric structure7 can be manipulated by magnetic force 
and ‘electrostatic’ force microscopy, respectively. Of greater relevance to the present project is a description of oxidative 
nano-lithographic patterning of amorphous graphitic carbon films8-10. In another AFM-based study the wear 
characteristics during application of a bias voltage have been investigated for amorphous carbon films11. 
 
An emerging set of methods known collectively as soft lithography is now being utilised for a large variety of 
applications including micromolding, microfluidic networks and microcontact printing [e.g., 12]. The fabrication and use 
of micro/nano stamps and fluidic channels using PDMS material has been demonstrated in a number of studies [e.g., 13-
16]. In particular stamps and elastomeric elements can be formed by exposure of a polymer to a template. Established 
lithographic techniques used in the microelectronic industry, such as photolithography, are generally used to fabricate 
such master templates at the micron scale. 
 
In this study we demonstrate the use of Diamond-Like-Carbon (DLC) as a template for producing polymer micro/nano 
stamps and 3-D polymer structures. Intricate surface relief patterns can be formed on the DLC surface from lithographic 
techniques by Atomic Force Microscopy (AFM) operated in the electrical conductivity mode. 
 
A number of polymers can be used to transfer patterns. One of the most widely used polymers for pattern transfer has 
been polydimethylsiloxane (PDMS). The elastomer is chemically resistant, has a low surface energy and readily 
conforms to different surface topographies. Obtaining a master is the limiting factor in the production of PDMS replicas.  
 

2. EXPERIMENTAL DETAILS 
 
2.1. Specimen materials 
Electrically conductive IB-DLC films were deposited onto polished n-type Si substrates. The process technology was an 
ion beam assisted variation of the generic chemical vapour deposition route. The substrate was maintained at 80oC at an 
ambient pressure of 10-6 Torr, while being exposed to a partial pressure of polyphenyl ether from a source held at 150oC. 
The outcome was a wear-resistant diamond-like carbon film, although with considerable graphitic character, and 
exhibiting low friction (0.1-0.2 for contact loads up to 100 N). RMS surface roughness of the films was in the range 
0.25-0.3 nm inferred from AFM imaging over fields of view of 1×1 and 2×2 μm2. 
 
The Si+oxide was an n-type industry-standard wafer (grown by the Cz-method with P-doping leading to a resistivity of 
9-15 Ω cm). The substrates had a typical rms roughness of 0.1 – 0.2 nm, as determined by AFM analysis. A fully dense 
and uniform oxide layer, of similar rms roughness, was then grown thermally on the substrates. The average thickness of 
the oxide of 2.4 nm was determined by ellipsometry. Specimens were cleaned ultrasonically in iso-propyl-alcohol, then 
rinsed with distilled water and allowed to dry in a clean laminar flow containment.  
 
PDMS (Sylgard®-184) was supplied by Dow Corning as a two part silicone elastomer. The base and curing agent were 
mixed at a 10:1 weight ratio, deposited onto the DLC templates and cured for 1 hour at a temperature of 100°C prior to 
peeling (removal of the polymer from the DLC template) and any subsequent analysis.  
 
2.2. SPM instrumentation 
The analysis was carried out with JEOL JSTM-4200D and JSPM-4200 multi-technique instruments. The JSPM-4200 
was utilised for the subsequent PDMS analysis. A typical sequence of DLC surface modification and analysis proceeded as 
follows: A large field of view, typically 1-4 μm2 was imaged in the contact mode with a lever-imposed force loading of 10-
100 nN and zero bias, in order to ascertain that the chosen surface region was free of any artefacts. The surface modification 
at a point, or over a small field of view, was then carried out, at particular values of bias voltage, scan speed and force 
loading. A larger field of view, centred on the location of the surface modification, was then rescanned at zero bias in order to 
reveal the topographical effects induced by the tip-to-substrate bias. The force-loading was maintained constant throughout 
the runs, whenever appropriate, as were the parameters used for topographical analysis, in order to improve reproducibility of 
outcomes.  



 
2.2. Probes 
The probe consists of a lever with an integral conical tip attached at its free end. The tip-to-surface point of contact 
defines the interaction volume, whereby a large amount of information such as topography, strength of in-plane and out-
of-plane forces is extracted. The point of contact is also that through which purposeful manipulation is effected.  
 
Beam-shaped levers were used in order to ensure that only simple bending modes needed to be considered. The data for 
the length, width and thickness of the lever were 350 μm, 35 μm and 2 μm, respectively. The radius of curvature at the 
tip apex, RTip, aspect ratio (opening half angle) of the tip, Ar, and surface chemistry (<10nm, <10° and native Si-oxide 
film or Au-terminated, respectively) were supplied by the suppliers’ specifications. 
 
The tips utilised for DLC manipulation were also characterized by ‘reverse’ imaging over a grid of spikey features; the radii 
of curvature were consistent with those claimed by the manufacturer. As well, the probes were subjected to I-V 
characterization before and during experimental runs by investigation of point-contact resistance on a Si-substrate covered by 
a gold film. Those probes that exhibited contact resistance greater than 1010 Ω were discarded. 
 
Many polymers can be considered as ‘soft’ objects; therefore the imposition of forces at the point of contact will cause 
deformation and indentation, and will lead to an increase in contact area. Thus it is necessary to use levers with force 
constants, kN, ≤ 0.1 nNnm-1 in order to improve resolution and avoid unintended surface modification. Levers with force 
constants ≥ 4 nNnm-1 result in considerable surface manipulation.  
 

3. RESULTS AND DISCUSSION 
 
3.1. Oxidation in air 
Nano-manipulation by tip-induced local prompt oxidation of electrically conductive DLC material can be carried out to 
produce well-defined 3-dimensional lithographic patterns17, 18. The extent of spatial resolution for 3-dimensional 
structures is illustrated by the image and contour line in figure 1. A square pit shown in figure 1 (a) can be obtained by 
scanning at a sample bias of 4.5 V for a total duration of 90 s (1.5 ms per pixel over a field of view made up of 256×256 
pixels). The pit is 100×100 nm2 with a depth of 12-13 nm. The corresponding line profile is shown in figure 1 (b). The 
slope and shape of the side-wall was consistent with the tip apex being described by a parabolic section, and the bottom 
of the pit was flat to within ±1 nm. It is noteworthy that the ‘roughness’ of a line drawn along an edge of the pit was less 
than 5 nm. The in-plane curvature at a corner, and the out-of plane curvature at an edge were both ca. 5 nm. 
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Figure 1 – Contact mode image as a 3 dimensional representation (a) and cross-sectional contour line (b) illustrating the outcome of 
carrying out tip-induced oxidation in air. A positive sample bias of 4.5 V was applied for 90 s, with the tip being scanned over a 
100×100 nm2 field of view composed of 256×256 pixels. 



A series of trenches, 500 nm in length and offset by 100 nm, were each inscribed by a single linear raster of the tip (10 
ms per pixel for a total of 128 pixels per line). A 3-dimensional image and a transverse contour line are shown in figure 2 
(a) and (b), respectively. The dependence on tip-to-sample bias was explored over the range 5.0-6.5 V. The full width at 
half-maximum depth was in the range 20-40 nm. The scan direction was from top-left to bottom-right. The application of 
bias was synchronized with the start of the line scan. Accordingly the irregularities at the beginning of the line are 
indicative of the time delay for establishing stable (thermal) conditions. 
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Figure 2 – Contact mode image as a 3 dimensional representation (a) and contour lines of trenches (b) inscribed at bias voltages from 
5 to 6.5 V. Each line was generated by 128 pixels and a dwell-time of 10 ms/pixel. 
 
Figure 3 provides an additional illustration of the dependence on deposited energy per unit area. The image shows the 
outcome of applying bias voltages of 7.5, 8.5 and 9.5 V to a stationary tip (top to bottom in the grey-scale image). The 
dwell time of 15 s per location was constant, as were all other parameters. The contour line through the centres of the pits 
is shown. 
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Figure 3 - Grey-scale image (top) and contour line (bottom) illustrating the dependence on energy deposition per unit 
area. The features were generated by applying a bias voltage to a stationary tip. 



3.2. Tip-induced oxidation – Yield and effects on tip condition 
Tips with well-characterized initial conditions were used as probes for inducing local oxidation of Si and DLC. Yield, in 
terms of oxide growth, for Si, and conversion of carbon to CO2, for DLC, was determined as a function of tip condition. 
As well, the effects on the tip of its use as an oxidative probe were investigated.  
 
3.2.1. Au-coated tip 
The tip was initially ohmic versus an Au substrate, while the I–V data exhibited either direct or F–N tunnelling, 
respectively, versus either DLC or Si+2.4 nm oxide surfaces. The outcome of a zero scan on DLC for 60 s at a sample 
bias of 5 V was a pit of ca. 300 nm width and 90 nm depth; the feature is essentially an indentation mirroring the shape 
of the tip, see contour line in figure 5 (b). The volume of converted material was therefore ca. 2×106 nm3. The final state 
of the tip was subsequently checked by I–V analysis against the Au-substrate, and found to be ohmic and identical to its 
initial state. The same tip was then used to generate local oxide growth on a Si wafer with a pre-existing 2.4 nm thermal 
oxide layer. A 6 V pulse was applied to a stationary tip, resulting in an oxide feature of ca. 100 nm FWHM and 10 nm 
height, figure 4 (a). The tip was also rastered over an area 1×1 μm2 at a sample bias of 6V, resulting in uniform oxide 
growth of height 10 nm over the rastered area, figure 5 (b). The oxide feature at the upper left corner of the raster is due 
to that being the default resting location of the tip. 
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Figure 4 – (a) Oxide feature arising from 
applying 6 V sample bias to a stationary 
Au-coated tip in contact with a Si+2.4 nm 
oxide surface. (b) 1×1 μm2 oxide feature, 
10 nm high, arising from a raster at 6 V 
sample bias 

 



3.2.2. Si-tip with native oxide coating 
The tip was non-ohmic versus both Au and DLC substrates; the I–V data reflected direct tunnelling through the native 
oxide layer. A zero scan was carried out on DLC, with identical conditions to those for the Au-coated tip. The yield was 
now considerably lower, producing a conical pit of ca. 150 nm width by 40 nm depth, equivalent to a volume of ca. 
2×105 nm3, see image and contour line in figure 5 (a) and (b), respectively.  
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Figure 5 – (a) Tip-induced conversion of 
carbon to CO2 by stationary non-ohmic Si-tip 
terminated by native oxide at 5 V sample bias 
for 60 s. (b) Contour lines of zero scan 
manipulation of DLC at 5 V sample bias for 
60 s by ohmic Au-coated (solid symbols) and 
non-ohmic Si-tip terminated by native oxide 
(open symbols) 

 
3.3. DLC template and PDMS stamp formation 
As shown in the previous sections, by inducing thermal oxidation on a DLC surface, intricate details have been 
produced. The formation of features in the tens of nm have now been routinely reproduced. Figure 6 shows a 
lithographic pattern created by thermal oxidation. The DLC substrate is extremely durable, with the intricate details 
produced having a slope only limited by the aspect ratio of the tip (< 10° in this case). 
 



(a)
 

Figure 6 – DLC Template formed by tip-induced thermal oxidation. 
 
The template created in figure 6 was coated with a layer of PDMS and thus used as a master. The PDMS was 
subsequently peeled off the DLC surface and imaged with a soft lever in order to avoid manipulation. The resultant 
fabricated PDMS stamp is shown in figure 7. The relief of the stamp correlates very well with the dimensions of the 
DLC master.  
 

(b)
 

 
Figure 7 – The resultant PDMS structure -stamp formed by exposure of the polymer to the template topography. 

 



A 3 dimensional image of the PDMS stamp, and corresponding line profile along one of the longer stamp elements (A), 
are shown in figure 8 (a) and (b), respectively. The line profile perpendicular to one of the shorter elements (B), as shown 
in (a), for the PDMS stamp and the original DLC template are shown in figure 8 (c) and (d) The figure illustrates the nm 
scale surface roughness and height of the stamp (ca. 250 nm) with (c) and (d) showing comparable dimensions of the 
master and resultant stamp. 
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Figure 8 – (a) 3 dimensional representation of the stamp shown in figure 7 revealing more height detail. (b) shows a corresponding 
line profile showing the surface roughness of the stamp along one of the longer elements (A). (c) A line profile perpendicular to one of 
the shorter arms (B). (d) is a comparable line profile but taken on the original DLC master. The dimensions are comparable. 
 
 

CONCLUSION 
 
In this study we have demonstrated the use of Diamond-Like-Carbon (DLC) as a master template for producing polymer 
micro/nano stamps and 3-D polymer structures. Intricate surface relief patterns can be formed on the DLC surface from 
lithographic techniques by Atomic Force Microscopy (AFM) operated in the electrical conductivity mode. 
 
Attributes of the technique as a template include 
 
- Features with line widths less than 20 nm can be formed on the DLC. 
- The radius of curvature at edges can be less than 10 nm. 
- The slope of the features can only be limited by the aspect ratio of the tip. 



- Highly complex shapes can be fashioned. 
- Feature depth can be controlled by DLC film thickness and/or by the bias voltage applied. 
- The master is highly durable. 
- The master relief after patterning is extremely flat. 
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