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Abstract

The growing demand to manufacture, with high accuracy, structures enabling medical diagnostic tests on polymer 
disposable devices introduces the needs to improve manufacturing technology including in-line quality verification. 
This paper focuses on hot embossing as a process suitable to replicate nano test structures on thermoplastic 
substrates.  A metrological approach based on calibrated AFM measurements allows for process optimization and 
equipment calibration. Bulk deformation measurements are used as a surrogate for dimensional variation of the
replicated test structures to enable real time cycle-to-cycle process and product dimensional control. Scatterometry 
measurements were performed to demonstrate future possibilities for in-line post process nano-scale dimensional 
quality control.
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1.     Introduction

Progress of nanotechnology innovations during the 
past decades has been significant. Such a trend 
motivates the development of manufacturing 
technologies capable of producing dimensional 
structures across the length scales from 10 to 10 m. 
The possibility of mass production of such complex 
systems with critical dimensions in the sub-
requires verifying process performance, in terms of 
product reproducibility within tolerance limits defined by 
the product functionality. An important aspect that 
favours the use of polymer based devices over silicon 
and glass substrate is the capability of large volume 
production technologies, thereby decreasing the cost of 
the final product [1]. Today’s focus of R & D is to lower 
existing barriers in terms of technological challenges, 
which hinder the transfer of emerging 
nanotechnologies into the market place [2,3]. The 
present study focuses on the replication quality of
master/shim geometries in a polymer substrate using
hot embossing equipment [4]. The equipment is highly 
flexible and has lower capital costs than a process 
such as injection moulding. The equipment has been 
extensively studied [5] giving focus on its robustness 
[6] at different aspects of the replication phase [7] 
related to measurements and process control [8]. To 
date, statistical and cycle-to-cycle feedback methods 
were implemented [9] for a binary micromixer device 
with critical channel cross section dimensions equal to 
40 x 50 μm2.

This paper reports on the replication quality of 
nano-scale channels arrays (finger print test structures)
representing critical structures fabricated on a nano 
fluidic system enabling single-molecule denaturation 
mapping of DNA. Due to the dimensional range of the 
fabricated embossed polymer structures in the nano 
meter range, the existing vision system of the micro 
factory cell does not have the required resolution for 

the produced samples. Dimensional quality of the 
replicated polymer features was quantified by 
calibrated AFM measurements. Features quality 
variation was based on deviation from theoretical full 
replication represented by calibrated measurement of 
the nickel shim master geometries. Following 
dimensional characterization of the produced features, 
the study explored the possibility to link nano meter 
scale product variation measured on produced polymer 
parts with the equivalent bulk deformation measured 
during each embossing experiment.  This correlation 
would allow real time (cycle to cycle) process control 
based on a simple equipment-based sensor. This link 
between process data acquisition from the hardware of 
the embossing machine and the final quality of the 
produced parts has been established with product 
conformance verified for a particular process set-up
that decreased the process variation within a range of 
±10 nm and bulk deformation limited within a range of 
300 μm displacement. 

Finally, towards effective total process and 
products quality control, a measurement scheme 
based on scatterometry was developed. The basic 
principle of scatterometry is to measure the diffraction 
efficiencies, e.g. for a range of wavelengths, and 
compare these to computer simulated values using an 
inverse modelling approach [10, 11]. The scatterometry 
technique is fast, very robust and can measure on 
moving samples and in industrial environments, 
making it suitable as an in-line characterization method
for periodic nano structures [12].

2.     Experimental set-up

2.1. Tooling for nano-embossing manufacturing

The hot embossing machine design was 
constructed as described in [8]. The design of the 
thermal stack responsible to heat and cool the material 
while it is under load is shown in Fig. 1. The tooling 
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side of the hot embossing machine featured a 
rectangular frame to hold in place the nickel shim 
during the compression phase.  This design permits 
rapid heating and cooling with excellent temperature 
uniformity. Small changes from the original tooling side 
[13] of the machine were made to mount the new nickel
shim tool with the integrated nano gratings, Fig. 2, 
while leaving the lower platen unchanged.

Fig. 1: Design of the thermal stack upper and lower.

Master geometries were created on the nickel shim 
using alternative fabrication techniques to the most 
used LIGA process. The DEEMO (dry etching 
electroplating and moulding) [14] process was applied. 
Geometries (height = 110 nm; width = 300 nm; pitch = 
1000 nm; length 450 μm), Fig. 2 b) and c), were first 
defined on a silicon oxide mask grown on top of Silicon 
master and later etched away by reactive ion etching 
(RIE) and deep reactive ion etching (DRIE). Following 
nickel electroplating on top of the etched silicon wafer 
the obtained nickel shim was cut by wire electrical 
discharge machining to fit the frame later secured on 
the upper platen of the hot embossing equipment.

a) b)

c)

1μm

1μm

Fig. 2: a) Upper tooling side of the embossing machine
showing the nickel tooling shim; b) horizontal grating SEM 
picture and its relative position in the nickel shim; c) vertical 
grating SEM picture and its relative position in the nickel shim.

2.2. Hot embossing experiments

The horizontal (position 1) and vertical (position 2) 
grating features were replicated on a commercially 
available Cyclic Olefin Copolymer (COC), Topas 5013. 
The blank chips, with an integrated square in the 
middle to accommodate the equipment design, were 
produced by injection moulding.To evaluate the 
influence of process parameters on the replication of 
nano scale structured surface, a statistically designed 
set of experiments was carried out. Three repetitions of 
a general factorial (32x2) design were carried out 
performing 54 hot embossing experiments. Maximum 
and minimum values of the selected process 

parameters were taken into account based on
equipment considerations and process feasibility. In 
particular, embossing force levels (Force: 900 N, 1200 
N, 1500 N) were set considering final dimensional 
accuracy and to avoid excessive deformation in 
combination with high temperature levels. Upper and 
lower platen temperature levels (Temp.: 130 °C, 133
°C, 136 °C) where chosen around the glass transition 
temperature from the material supplier (134 °C) to 
avoid material degradation and to enhance filling of the 
nano structures. Finally, different levels of forming time 
(30 s and 80 s) were tested to study filling of the 
cavities and shrinkage compensation. 

2.3. Metrological approach

Uncertainties involved in the measuring procedure 
must be smaller than the variations produced by 
different parameters settings on the measured 
structures to perform a reliable process analysis. 
Therefore, atomic force microscopy was used for this 
study. The final measuring set up was optimized with 
respect to accuracy and measurement time. The 
measured feature (trenches) height was adopted as the 
output for the statistical analysis of replication quality. 
For each scanned structure the ISO 5436 profile 
analysis procedure [15] was applied.

3.     Results and discussion

3.1. Real time dimensional verification

The AFM measurement campaign was originally 
carried out on the first DOE replicate to establish hot 
embossing equipment capabilities within the 
experimental process windows. Each test structure on 
the produced polymer samples was measured on three 
different locations of their structured area (450 x 450 
μm2) scanning an area of 5 x 5 μm2 with a total of 108 
AFM scans. The results presented in Fig. 3 show 
feature variation at the different combinations of 
process setup. The average of three step heights for 
each processing conditions are shown by the solid 
bars, and the error bars indicate experimental 
measuring uncertainty calculated including instrument 
calibration, measurements repeatability, and process 
reproducibility . (Umax = ± 6.2 nm measured for 
process combination: Form time 80 s, Force 1200 N, 
Mol. Temp. 130°C). The red line in the figure indicates 
the calibrated nickel tool height of 114.6 ± 0.3 nm, and 
the 5 yellow boxes indicate process parameters 
combinations showing good replication fidelity.

Following the results highlighted in Fig. 3, the main 
effect of the process parameters on final polymer bulk 
deformation are summarised in the form of a main 
effect plot shown in Fig. 4. Bulk deformation evolution
was acquired in real time during each of the performed
54 experiments. Values from a linear voltage 
displacement transducer (which is thermally and 
electromagnetically isolated) were evaluated for the 
analysis. Considering the trends depicted in Fig. 4, the 
force, forming time, and the temperature level at which 
the embossing is performed are all significant and 
proportionally influencing the amount of final 
deformation.  Of special interest is the effect of the 
temperature on the deformation of the polymer in a 
range of only 6 degrees. The graph highlights the 
importance of temperature monitoring control in the 
polymer embossing of nano structures.
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Fig. 3: Quality conformance assessment histogram. Of produced polymer nano structures.

3.2. Micro-Nano Measurement Correlation

Finally, for an effective real-time process/ product 
quality and dimensional control, calibrated AFM 
measurements were correlated with real time data 
acquisition. In particular, height deviations between the 
calibrated mould (master) and polymer (replica) 
geometries were calculated from:

hdev = (hpolymer – hmould).

The relationship of these deviations to bulk deformation 
is reported in the graph of Fig.5.  AFM measurements 
were performed on additional polymer samples 
replicating the 5 process parameters combinations 
highlighted with yellow boxes in Fig.3.

Fig. 4: Main effect plot of measured maximum bulk deformation 
for the 54 total experiments.

Results show the possibility to identify within bulk 
deformation smaller than 250 μm, nano structures 
dimension within lower tolerance limit of product 
specification proposed during design phase.

3.3. Towards post process total quality control

AFM measurements are of high resolution but not 
suitable for in-process use.  Accordingly, scatterometry 

was evaluated as a technique for in-line 
characterization of polymer samples. For normal 
incidence scatterometry as in [12], the backside of the 
transparent sample will give a contribution to the 
measured diffraction efficiencies. To overcome this 
challenge we evaluate three measuring setups. The 
first is to illuminate the sample from the backside and 
spectroscopically measure the zeroth order diffraction. 
However, in this configuration the intensity of the direct 
beam is very high, and thus a detector has very limited 
resolution to small intensity variations. The second 
setup is to illuminate from behind and measure the 
intensity of multiple diffraction orders as in [11].
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Fig. 5: Hot embossing machine displacement calibration based 
on AFM dimensional measurements of produced polymer nano 
structures. DOE 1, DOE 2 and DOE 3 represent the original 
(32x2) design of experiment replicas. POS1 and POS2 
correspond to the two different grating produced on each 
polymer sample. Red line indicates lower tolerance limit from 
product design specification.

The challenge is here that the pitch of the grating 
is comparable to the wavelength of the light, and thus 
we only have very few diffraction orders, limiting the 
resolution. The third option is to use a scatterometer in 
a split configuration [10], with a high angle of incidence 
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(say 60°). The reflection from the backside of the 
substrate can then be spatially filtered by inserting a 
pinhole in front of the objective of the scatterometer as 
sketched in Fig. 6a). Furthermore, the third option is 
more versatile, as one can use the same setup for 
measuring on both transparent and opaque samples.

The designated test areas can be challenging to 
find with scatterometry and we therefore opted for an 
imaging scatterometry setup, where areas down to a 
few μm2 can be analysed [16]. The system was 
equipped with a 4x infinite focus objective (Olympus, 
RMS4X-PF, NA = 0.13) giving a field of view of 
approximately 2 mm2 in upright position. A custom-
made pinhole (Ø = 1 mm) was placed in front of the 
objective. Data obtained with and without the pinhole a

re shown in Fig. 6 b). A large effect can be seen from
removing the backside reflections. These reflections 
are detrimental to the reconstruction of the grating as 
they increase the diffraction efficiencies in an 
unpredictable way. The next step is to use an inverse 
modelling approach to derive values for parameters 
describing the grating, such as height and width.
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Fig. 6: Scatterometry of transparent samples a) Sketch of light 
passing through a transparent polymer sample.  With a pinhole 
the light reflected from the backside of the substrate can be 
blocked. b) Measuring on a test areas on the sample with and 
without a pinhole.

4. Conclusions

This work demonstrates the hot embossing process 
capability to replicate features with critical dimensions 
in the 100 nm range. Calibrated AFM measurements 
were carried out to assess the dimensional variation of 
the produced polymer features. The use of an AFM 
was required to ensure high resolution imaging, which 
at the moment is not possible with commercially 
available optical instruments. Dimensional 
measurements were correlated with bulk deformation 
data acquisition, introducing the possibility of real 
(polymer deviation from full replication) real time
process and product quality control. Finally, towards
post-process total quality control of produced 
transparent nano structures on polymer substrates a 
scatterometry based measuring method was 
developed. The developed optical instrument has high 
potential in becoming a main player in the field of in-
line nano quality control.
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