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Contact mechanics of a flexible imprinter for photocured nanoimprint 
lithography 
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A flexible imprinter can be used to accommodate substrate or template roughness in nanoimprint lithography. The contact 
mechanics of a multi-layer imprinter incorporating bending and local deformation is described. With the right combination of 
dimensions, moduli, and viscosity, the imprinter can transfer a pattern evenly to a non-flat substrate. These concepts have been 
used to pattern magnetic media for high density information storage. 
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1. Introduction 

In imprint lithography, the principle of transferring a 
pattern to a surface is the same as that used to mold 
vinyl records or CD-ROMs. But in lithography, the 
pattern is transferred to a resist that can be used in turn 
to pattern a wide range of underlying materials. The 
great recent interest in imprint lithography arises largely 
from its potentially low cost and its very high resolution, 
which is not limited by an optical wavelength [I]. 

Possible applications of contact lithography cover a 
very wide scope, ranging from changing macroscopic 
optical properties by texturing, to replacing optical 
lithography in microelectronic manufacturing. Our 
group has explored using imprint lithography to pattern 
magnetic films for high-density information storage. In 
this work, we used a compliant imprinter to accommo- 
date curvature and roughness of the disk substrate [2]. 
This paper describes issues of contact mechanics and 
thin film fluid flow which arise in this approach. Our 
magnetic film patterning work is reviewed briefly. 

2. The model 

A simple imprinting situation is illustrated in fig- 
ure l(a), and some variables are defined in figure 2. The 
features to be imprinted have a height hf and a packing 
fraction Ff in an otherwise flat template. Suppose that 
before contact the resist is evenly distributed at a thickness 
h, over the substrate. After the template is lowered into 
the resist, the bottom of the template features rest a dis- 
tance hb above the substrate. This base layer thickness is 
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In most cases the pattern imprinted into the film is 
transferred to the substrate by etching. Before etching 
into the material below, the resist base layer must be 
removed between the features. Next, an etch (normally 
with a different etchant) removes the substrate material 
below (figure I). In terms of the etch rate of the sub- 
strate and resist, the height of the etched features can be 
no greater than hf RsIR,. 

If the base layer is uneven across the sample surface 
due to uneven deposition of the resist or non-flatness of 
the sample or imprinter, uneven transfer of the template 
features to the substrate can result. Consider the usual 
condition, in which the resist is to act in a binary fash- 
ion: the template has high (H) and low (L) levels (with 
respect to the substrate), corresponding to thick and 
thin areas to be protected and etched respectively. A 
minimal condition for transferring the pattern is that the 
resist formed at the H regions is always thicker than the 
resist formed at the low levels. If etches were always 
completely vertical, and the two etches were perfectly 
selective for the resist and the substrate, the template 
pattern could then be transferred faithfully. But in 
practice, the substrate etch will also etch the resist, 
degrading the resist features as it does. If the base layer 
is uneven, then to remove the base layer everywhere 
will reduce the height of some of the resist features, 
degrading their shape and limiting the height that can 
be transferred. Achieving a uniform base layer in the 
imprint process is thus essential to achieving good 
lithography. 

If the template and substrate are both rigid and flat 
(aside from the desired features) a uniform base layer is 
achieved as long as there is not an overall angle between 
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Figure 1. Imprinting with (a) a rigid imprinter, and (b) a flexible imprinter. If the flexibility of the imprinter is adjusted properly, a uniform resist 
layer can be created on a non-flat substrate. 

the imprinter and substrate (figure l(a)). In fact, if the 
imprinter and substrate can be in contact long enough, 
an uneven distribution in the resist thickness will be 
pressed out by contact. 

There has been a great deal of progress recently in 
photocured nanoimprinting using rigid imprinters and 

substrates [3]. In a variant termed "step and flash im- 
print lithography", a bilayer resist scheme enables pat- 
terning with high aspect ratios, and affords a little 
tolerance to non-flat substrates [4]. Colburn et al. have 
analyzed the process by which pL to nL resist droplets 
can be deposited across a wafer [5]. This method allows 
a much more efficient use of resist [5] than does spin- 
coating. Using this method, the volume of dispensed 
resist can be varied across the die, to compensate for 
varying density of imprinter features. 

In our work on patterning magnetic media, we nee- 
ded to pattern features 6 0  nm in diameter into glass 
substrates which were far from flat. For this purpose we 

This approach can also compensate for non-flatness of 
\ (b) 

- f the imprinter itself. 
One approach to achieving good contact is the mul- 

Figure 2. Filling of the imprinter features during imprinting. Starting thickness, significant bending compliance can be 

with a liquid resist layer of thickness h,, a base layer of thickness is achieved Over long distances good lateral 
formed under imprinted features. stability. But because the compliance varies as the third 
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Figure 3. A multilayer flexible imprinter in contact with a non-flat 
substrate showing (a) deformation by bending of the backing plate, 

and (b) local deformation at  the contact. 

power of the length, the stiffness becomes very large at 
small lateral length scales. By adding a pad between the 
template and the backing plate, short range compliance 
can be achieved in the normal direction (see the detail, 
figure 3(b)). We molded the template directly into the 
pad. 

To understand the mechanics of imprinting, defor- 
mations of the imprinter over a wide range of length 
scales (roughly, wavelengths) L must be considered. To 
approximate the bending deformation DB (L) of the 
backing plate by a pressure P over a region of length L 
across (figure 3(a)), we use the expression for the 
deformation of a circular plate clamped at the edges. 
For a diameter L, Young's modulus EB, and Poisson 
ratio VB, 

'To compute the local deformation of the pad (fig- 
ure 3(b)), we model the substrate by a sinusoidal wavy 
surface along the xy plane: 

The pressure to deform the pad to this shape is [S]: 

Identifying the lateral scale L of the deformation with 
A and the height of the deformation Dp with 4z0, the 
deformation of the pad a t  pressure P is 

In figure 4, DB(L) and Dp(L) are plotted for the 
geometry shown in figure 3, at a pressure of 2 MPa 
(20 atm). The plots are presented for two geometries 
used in our imprint work [2]. In one case (figure 3(a)) a 
glass (EB = 7 x 10" Pa) backing plate of thickness 
hB = 150 pm was used, with the template formed in a 
hp = 50 pm thick acrylate polymer (EB = 1.5 x lo9 Pa) 
pad. In other experiments (figure 3(b)) we used a 1.2-mm- 
thick PMMA backing plate (EB = 1.5 x lo9 Pa). A 
50-pm-thick patterned acrylate pad of the same modu- 
lus was molded directly on this backing plate, so effec- 
tively hp = 1.2 mm. The plots for local deformation are 
shown flattening out when the length scale becomes 
greater than the pad thickness. Also plotted in figure 4 
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Figure 4. Substrate roughness and imprinter deformation for glass (a) 
and polymeric (b) flexible imprinters, described in the text. The 
deformations achieved as a function of deformation length scales are 
plotted. Contributions from local deformation (equation (5)) and 
deformation of the backing plate (equation (2)) are presented. The 
short line represents the length scale of the features to be imprinted. 
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are measurements of the p-p roughness versus measur- 
ing length of a glass substrate typical of the ones used in 
our experiments [9]. A short line characterizing the size 
of the features we imprinted, (pillars with 60-100 nm 
period of height 30-50 nm). Observing that the sum of 
the deformation lines are everywhere greater than the 
disk roughness, it is clear that for all length scales 
>10 pm, the imprinter can conform to the disk surface, 
and that the remaining roughness at smaller scales is 
<5 nm. From the position of the short lines in figure 4, 
on the scale of the imprinted features themselves, the 
imprinter is rigid. 

Although the deflections over varying length scales 
are taken as independent, in fact they interact. This 
approach to understanding the imprinter contact is thus 
only a semi-quantitative guide. 

When the stamp is lowered on to the resist-coated 
substrate and pressure is developed at the high points of 
contact to induce stamp deformation, a pressure gradi- 
ent is developed, roughly 

A resist of viscosity v ] ,  and thickness h, will flow at an 
average velocity of v = (d~/dx)h~,/(12u],). The time to 
change the thickness by Ah, over a length L/4 is then 

Ah, L At = --- 
h, 4v 

At short distances, for which fluid flow occurs most 
easily, it is the pad term Dp(L) which determines the 
pressure. Using this quantity, 

For our disk patterning experiments, the etch process 
can tolerate a base layer thickness variation of 
dh = 10 nm. Referring to figure 4, roughness on this 
scale occurs at length scales L > 100 pn We use a resist 
of viscosity u] = 1 Pa-s (1000 cps), spun to a thickness 
h, = 15 nrn. For these parameters, At = 95 s. For 
comparison, the time between when full pressure is ap- 
plied to the stamp and when the resist becomes more 
viscous as cross linking occurs is less than 5 s. 

In equation (8), the time scale depends on L3. Thus 
even for very large imprinted features, e.g. 5 pm, the 
time scale for filling is (5 s) x (51100)~ = 0.005 s. The 
viscosity of the resist is thus low enough to fill these 
large features, while high enough not to allow flow over 
the scale of the roughness, thus maintaining the template- 
substrate spacing and allowing an even base layer. 

Currently, the state-of-the-art optical lithography for 
microelectronics gives a minimum feature size of 65 nm, 
a number that is projected to decline to 32 nm in 
10 years. At this point, the overlay of successive litho- 
graphic steps will need to be within 5 nm.  The pressure 

required to flatten the interface generates lateral dis- 
tortion which can interfere with this overlay. In terms of 
the Poisson Ratio, the distortion over a imprinted area 
of radius Rd is 

For P = 500 kPa (5 atm) and Rd = 0.01 m, we find 
Ax = 7 nm for silicon, 13 nm for SO2, and 3 nm for 
sapphire, A1203. At this pressure, these numbers are a 
little larger than what is allowable, but several factors 
can mitigate this problem. If the wafer is fairly flat, 
then the applied pressure could be made lower, espe- 
cially if the backing plate is made thinner. And the 
distortion will actually be smaller than this estimate if 
the imprinted area is a single circuit within a large wafer. 
(The imprinter itself can be made to act the same way, 
with a slightly thicker central imprint region surrounded 
by a larger area plate). Finally the imprinter can be 
made of materials (perhaps layered) which match the 
elasticity of the substrate. It may be possible to use the 
flexibility of the wafer itself as part of the compliance. 

3. Application to patterning magnetic media 

The bits in modern hard disk drives occupy an area of 
only (80 nm)2 in a thin granular magnetic film. To lower 
recording noise by averaging over more grainslbit, the 
grains have been reduced in size to about 8 nm across. 
Further reduction is difficult, because smaller grains 
have so low a magnetic barrier to switching as to 
become thermally unstable. By patterning the film in 
polygranular magnetically isolated bits, the grains can 
be made to couple into a single uniformly-magnetized 
bit, and the noise can be greatly reduced [lo]. Lower 
noise allows further reduction of the bit size, higher 
recording density, and lower storage prices. 

Several years ago, we began developing a potentially 
manufacturable process to pattern magnetic media. 
Because the required resolution is much better than is 
available from optical lithography, and low price is 
essential, imprinting was chosen, as had been proposed 
by Chou et al. [ l l ] .  This application also was not seri- 
ously affected by some of the problems inherent in 
imprinting. Because only one lithography level was re- 
quired, overlay is not an issue. Long range distortion 
can be accommodated by tracking of the slider, which 
must in any case compensate for mechanical runout. 
And data loss due to localized patterning errors can be 
avoided by an error correction scheme, which is always 
used in magnetic recording. 

Following standard microelectronic fabrication 
practices, an obvious approach to magnetic patterning is 
to deposit a film, pattern a resist on top of it, etch away 
part of the film, and then remove the resist. In this 
approach, the magnetic film is subject to damage by the 
processing steps. We instead choose to pattern the glass 
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Figure 5. Process for patterning a magnetic layer on a glass substrate. The images are micrographs of the sample after each step. The final image 
is a magnetic force microscope scan, showing the quantization of the magnetization of the sample resulting from magnetic patterning. From [2], 

used by permission. 

substrate with cylindrical pillars (figure 5 )  121. The Copt 
multilayer film covers the tops of the pillars and the 
troughs below, but little magnetic material coats the 
sides of the pillars. Thus the magnetic film is isolated 
into individual bits [12]. 

The original master pattern was fabricated by e-beam 
lithography in SiOz (figure 5). The imprinter was formed 
by photocuring a polymer film over the master pattern 
so that it adhered to the backing plate. Adhesion and 
release treatments use to control the surface are de- 
scribed in [2]. As shown in figure 5,  the isolation of the 
individual magnetic bits was confirmed by magnetic 
force microscopy. 

4. Summary 

By a simple analysis of contact mechanics, we 
developed an imprint scheme that is compatible with 
rough substrates for patterning magnetic films for high 
density recording. The critical issues are adjusting 
compliance and viscosity, so the resist flows to fill the 
desired features, but not into the substrate roughness. 
And the imprinter must deform to the roughness, but 
not to imprinted features. By using an imprinter molded 
fr8m a master fabricated by e beam lithography, many 
imprints can be achieved from a single master. 
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